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Abstract

Quantum chromodynamics (QCD) is the branch of fundamental particle physics that
studies the strong interaction, which is responsible for binding quarks and gluons into
the familiar protons and neutrons that compose almost all ordinary matter. One of
the most exciting predictions of this theory is the existence of a new state of matter,
known as the quark-gluon plasma (QGP). At extreme temperatures and densities,
protons and neutrons dissolve into their constituent quarks and gluons, forming a
soup-like plasma of deconfined partons. This QGP is thought to have existed in the
early universe, thus studying its formation and properties can help answer questions
about the evolution of the universe and the nature of the strong force. However,
recreating the extreme conditions of the early universe can be achieved by smashing
together heavy nuclei at very high energies. This can only be done at the world’s
most powerful particle accelerators.!

Unfortunately, QGP produced in these collisions only lasts for around 10723 sec-
onds, making it impossible to study the plasma directly. Instead, there are a few key
experimental observables that are associated with the characteristics of this plasma
which can be studied. One such signature of QGP formation is known as strangeness
enhancement, where the production of strange quarks within the QGP is enhanced
relative to the standard up and down quarks that compose protons and neutrons.
Previously believed to be unique to heavy-ion collisions, recent measurements have
indicated that this enhancement is also present in high multiplicity proton-proton (pp)
and proton-lead (p—Pb) systems as well. These measurements hint at the formation
of a QGP in these smaller collision systems, calling into question the prediction that
the formation of this plasma is only possible in heavy-ion collisions. While statistical
and phenomenological models are capable of describing this enhancement in these
smaller collision systems, the microscopic origins of strangeness enhancement are not
well understood.

Jets, which are streams of hadrons produced by an initial hard scattering of the
partons within the colliding nuclei, can be used to illuminate the underlying pro-

cesses that produce these strange particles. By measuring the angular correlation

I'Making the QGP the most expensive soup on the menu.
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between a high-momentum trigger hadron (as a proxy for a jet axis) and a lower
momentum strange hadron, it is possible to differentiate the strangeness-producing
mechanisms between hard (jet-like) and soft (underlying event) processes. This an-
gular correlation technique can be used to study the production of strangeness as a
function of multiplicity in these regimes, giving insight into the origins of the observed
enhancement.

This thesis presents the first results utilizing azimuthal angular correlations to
measure the production of A baryons—which are composed of an up, a down, and
a strange quark (uds)—in p-Pb collisions at /sy = 5.02 TeV using the ALICE
detector at the LHC. The correlation measurements are used to extract the A jet-like
and underlying event yields, as well as obtain the widths of the jets to provide more
context for the observed jet production. These results are studied as a function of
the A momentum and collision multiplicity, which are used to quantify the enhance-
ment of strange quark production in these different kinematic regimes. Comparisons
with theoretical predictions are also made to provide a framework for interpreting the
results of this thesis. Moreover, these yield measurements are compared with pub-
lished measurements of the ¢(1020) meson (s5), which utilized similar techniques, to
investigate the differences between open (|S| > 1) and hidden (|S| = 0) strangeness
production. These strange measurements provide new insight into the production
of strangeness in smaller collision systems, thus further constraining the microscopic

origins of strangeness enhancement.
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Chapter One: Introduction

The initial section of this chapter will mostly serve as a historical overview of the
field of particle physics, leading to the development of the Standard Model: the
theory that describes all of the fundamental® particles and the way in which they
interact with each other. An emphasis will be made on the discovery of quarks and
gluons, as the research presented in this thesis is centered around these particles.
The second section will more thoroughly introduce the Standard Mode and its three
distinct sectors, with the goal to provide a high-level mathematical overview of the
theory.

The third section of this chapter will delve into the details of Quantum Chromo-
Dynamics (QCD), which is the component of the Standard Model that describes the
interactions between quarks and gluons, the constituent particles of the more famil-
iar protons and neutrons. As many theoretical calculations are difficult to perform
in QCD, the use of computationally-intensive numerical techniques is often required
to make precise predictions. One such prediction is a phase transition from nuclear
matter at everyday energies—in which the quarks and gluons are confined within
protons and neutrons—into a novel state of matter at extreme temperatures or den-
sities, known as the Quark-Gluon Plasma (QGP). Section 1.4 will detail the QGP
and many of its interesting properties predicted by QCD, with an emphasis on the
production of strange quarks within the plasma.

The final two sections of this chapter will discuss how high-energy particle colli-
sions can be used to study the QGP. This can be done in the real world by utilizing
powerful particle accelerators like the Large Hadron Collider (LHC), and in the virtual

world by simulating these collisions using state-of-the-art theoretical models.

LAs of the year 2023, but reading this chapter will hopefully illustrate why this may be subject
to change in the (likely very distant) future.



1.1 What is fundamental?

The answer to the question

’ What are the fundamental building blocks of our universe?

has changed drastically over the course of human history. The idea that all matter
is composed of smaller, uncuttable pieces has been around since 5th century BCE
when Greek philosophers Democritus and Leucippus first introduced the concept of
an atom [1]. While this idea was mostly motivated by philosophical reasoning, it was
later adopted by the English scientist John Dalton in the 19th century to explain the
results of his chemical experiments, where he found that chemical elements always
combined with each other by discrete units of mass [2]. As scientists discovered more
and more of these elements, the number of “fundamental” building blocks grew as
well. By the late 1800s, over 70 unique chemical elements had been discovered, though
they would often be grouped together due to similar chemical properties using what
chemist Dimitri Mendeleev dubbed the periodic table of elements [3]. An example of
the periodic table from the time of Mendeleev can be seen in Figure 1.1. While this
grouping was useful for chemists, it also served as a hint to physicists that perhaps
these elements were not actually fundamental, but rather composed of even smaller

pieces.

Ti=50 Zr == 90 ? =180
V=51 Nbum 94 Ta = 182
Cr =52 Mo= 96 W =186
Mn == b5 Rhows 1044 Pt==1974
Fo==56 Riem104,4 Ir=—=198
Ni = Co==59 Pd = 106,6 Os==199
H=1 Ca==63,4 == 108 Hg =200
Besx 94 Mg=—24 In=652 Cd=112
B == 11 Al==274 ?==68 Ur-—116 An= 1977
Cem12 ~ Sie28 =70 8Sn =118
N=14 P =3l Ag =176 8b =122 Bi==210?
Q=16 8 =32 Se=1794 Toe=1287
F=19 01—35,5 Br =80 J =121
Liww 7 Na == 23 K=39 Rbw854 Cop==133 Tl == 204
Ca =40 Sr—=2876 Ba==137 Pb == 207
?—45 Ce-=-92
IEr == 56 La =94
TYt=260 Di==95
Mo =756 Th==118?

Figure 1.1: Dimitri Mendeleev’s periodic table of elements from the late 1800s, taken
from [4]. The elements are grouped by similar chemical properties, and the gaps in
the table are where Mendeleev predicted that new elements would be discovered.



Scientists’” understanding of the building blocks of matter changed again around
the turn of the 20th century, with physicists J.J. Thomson, Ernest Rutherford, and
James Chadwick determining that the supposedly indivisible atom was composed
of even smaller subatomic particles, eventually named electrons, protons, and neu-
trons [5]—[7]. Thus the number of fundamental blocks of matter had decreased sub-
stantially from nearly 100 to just three. However, this number would need to be
updated again only months later, as the fundamental anti-particle of the electron—
known as the positron—was discovered in 1932 by Carl Anderson [8]. In the next two
decades, the number of known fundamental particles would skyrocket. In 1947, the
muon was discovered [9], followed by the discovery of a laundry list of particles [10]—
[12] that participate in the same interaction that holds the positively charged protons
together in the nucleus of an atom—the so-called strong nuclear force. These “fun-
damental” particles were collectively called hadrons, which were further separated
into lighter and heavier categories, dubbed mesons and baryons, respectively [13].
By the late 1960s, the number of known hadrons had grown to well over 100 [14],
even more than the number of “fundamental” chemical elements that were known to
exist in the 1800s.

In the same way that Mendeleev tried to group the elements by their similar
chemical properties, physicists attempted to group the hadrons together based on
their known subatomic properties. The first successful attempt at such a grouping
was the Eightfold Way, which was independently proposed by Murray Gell-Mann
and Yuval Ne’eman in 1961 [15], [16]. This grouping was found by examining the

following properties of the hadrons:

1. Isotopic spin: a quantum number introduced by Werner Heisenberg in 1932
to try to explain the apparent symmetries between the proton and neutron
with respect to the strong nuclear force [17] (i.e. although the proton and
neutron have different electric charges, the strong interaction does not seem to

distinguish between the two)

2. Strangeness: another quantum number introduced by Gell-Mann and Nishi-
jima in 1953 to explain why some hadrons decayed much more slowly than
expected, and such particles appeared to be created in pairs [18]. In other
words, the strong interaction responsible for the creation of these particles ap-

peared to conserve this quantum number, but the weak interaction responsible
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Figure 1.2: The “Eightfold Way” diagrams of the J = 1/2 mesons (left) and J =
3/2 baryons (right) plotted against strangeness and electric charge. Understanding
the underlying symmetry group that gives rise to such patterns® ultimately led to
the development of the quark model. While the original patterns were found using

isotopic spin and hypercharge, it is trivial to convert between the two using the Gell-
Mann-Nishijima formula [19], [20].

for the slower decay of these particles did not. Strangeness? will be discussed

in more detail in Section 1.3.2.5.

Plotting the baryons and mesons in a two-dimensional space based on these two
properties revealed striking patterns, as shown in Figure 1.2. Similar to Mendeleev,
Gell-Mann also left a blank space* where he believed a new particle-the Q~—would
be discovered. The patterns in these diagrams hinted at an underlying symmetry
governing the strong nuclear force, and ultimately led to the invention of the very
first quark model by Gell-Mann and Zweig in 1964 [21]. This model proposed that
all of the hadrons were actually composed of even smaller particles, which Gell-Mann
dubbed “quarks.” The quark model was able to explain the patterns seen in Figure 1.2
by introducing three different types of fermionic quarks—up, down and strange—along

with their corresponding anti-quarks. Baryons would then be composed of three such

2The “strangeness” being referred to in this section was introduced a few years before the very
first quark model, but it now has the modern interpretation which is directly related to the number
of strange and anti-strange quarks within a hadron.

3Namely SU(3), but this is a history lesson. Also the path from SU(3) to patterns of this type
is long and arduous, involving a thorough understanding of representation theory.

4The original paper on the Eightfold Way does not contain any of these diagrams, but there are
discussions about the properties of particles that should exist if the theory were correct, but had
not been observed [15].



quarks, whereas mesons would be composed of quark and anti-quark pairs. If the
quark model were correct, the number of fundamental building blocks of matter would
again decrease from over 100 to just 14: electrons, muons, electron neutrinos, muon
neutrinos, up quarks, down quarks, strange quarks, and all of their corresponding
anti-particles.

Initially, many physicists believed that the quarks from this model were just a
mathematical abstraction [22]. This possibility did not stop Sheldon Glashow and
James Bjorken from extending the quark model less than a year after its inception by
introducing a fourth quark: the charm [23]. This new quark was primarily introduced
to equalize the number of leptons (four at the time: electron, muon, and their re-
spective neutrinos) with the number of quarks. The theory was mostly aesthetic [24]
in that the charm quark was not explicity required by any known mechanisms. It
was only after the Glashow-Iliopoulos-Maiani (GIM) mechanism was introduced in
1970 [25] that the existence of the charm quark became necessary. This mechanism
helped explain why neutral kaons decayed into two muons at a much lower rate than
expected, but it required the existence of a quark with the same charge as the up
quark but with a much larger mass.

The notion that protons and neutrons were fundamental particles was also being
challenged on the experimental side. The deep inelastic scattering experiments at the
Stanford Linear Accelerator Center (SLAC) performed by Kendall, Friedman, and
Taylor in 1968 [26]-[28] revealed unexpected® behavior when probing the structure
of the proton: it appeared to be composed of point-like particles. These experiments
were performed by firing electrons at stationary protons and measuring the energy
distributions of the scattered electrons at different scattering angles. An example
of such a distribution for electrons with initial energies of 10 GeV scattered at 6
degrees can be seen in Figure 1.3. The large spike on the left side of the distribution
corresponds to the elastic scattering of the electron off the proton, which was well
understood at the time [29]. The “bumps” observed at lower values of the scattered
electron energy were also well understood [30], and they correspond to the “shallow”
inelastic scattering of the electron off the proton, where the proton gets excited into a
so-called resonance state (like the A baryon). However, the “background” underneath

the bumps and the apparent continuum of events at even lower values of the scattered

®Depending on who you asked at the time, both the three and four quark models were not
universally accepted.



electron energy corresponded to a host of unidentified particles being produced. This
host of particles appeared to grow with increasing scattering angle and decreasing
scattered electron energy, which ultimately led to the conclusion that the proton was
composed of point-like particles that were being “knocked out” of the proton by the

incoming electron [26], [31].
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Figure 1.3: The energy distribution of electrons scattered off of protons at an initial
electron energy of 10 GeV and a scattering angle of 6 degrees. The large spike on the
left side of the distribution corresponds to the elastic scattering of the electron off the
proton, and the “bumps” correspond to the inelastic scattering of the electron off the
proton. The “background” underneath the bumps and the apparent continuum of
events at even lower values of the scattered electron energy correspond to a mess of
unknown particles being produced. The behavior of this continuum with respect to
the scattering angle and the scattered electron energy ultimately led to the conclusion
that the proton was not fundamental.

While many physicists were perfectly happy to interpret these point-like particles
as the very same quarks from the aforementioned quark model(s), they received the
much more noncommittal name partons after Richard Feynman’s parton model of
hadrons [32]. The association of these partons with quarks® was not universally
accepted” until the discovery of the J/1 meson in 1974 [33]. In the meantime, the

theoretical description of the strong nuclear force was closing in on its final form.

6And eventually gluons, which are the mediating bosons of the strong interaction.
"No acceptance of any model is a step function, but the discovery of J/¢ seems to be a turning
point in literature.



The formulation of Quantum ChromoDynamics (QCD) in the early 1970s by Gell-
Mann, Fritzsch, and Leutwyler [34] resolved many of the issues that were present in
the initial quark models.® QCD introduced the concept of color charge, which all of
the quarks would carry. The mediating bosons of the strong interaction—known as
gluons—were also introduced, carrying color charge as well.

While QCD gave a solid mathematical description of the strong interaction, it
wasn’t until the discovery of asymptotic freedom [35], [36] by Gross, Wilczek, and
Politzer in 1973 that the theory became experimentally testable. Asymptotic freedom
refers to the property that the strong interaction becomes weaker at higher energies,
allowing for QCD calculations to be performed using perturbative techniques. This
discovery allowed theorists to use QCD to make predicitions of the results of very
high energy particle collision experiments. The first QCD prediction to be experimen-
tally verified came from the Positron-Electron Tandem Ring Accelerator (PETRA)
in 1979 [37], which experimentally confirmed the existence of gluons [38]. With ex-
perimental verification of QCD, it became clear that the association of partons with
quarks was indeed incorrect: they are both quarks and gluons.

In addition to the theory of QCD, the theory of electroweak interactions was also
being developed during the 1960s by Glashow, Weinberg, and Salam [39], [40]. With
this new theory came the prediction of four? new bosons: the Higgs boson, the charged
W bosons, and the neutral Z° boson. With the combined theories of the electroweak
and strong interaction, the Standard Model of particle physics—which describes

the now sixty-one!® fundamental particles and how they interact—was complete.

8For example, the wavefunction of the AT+ baryon under the first quark model was not anti-
symmetric, which is a requirement for fermions.

9The Higgs mechanism (which predicts the existence of the Higgs boson) came before electroweak
unification [41], but it was a requirement for the theory.

0T here are many ways to count fundamental particles, but this particular number is obtained
by: 6 leptons (x2 for anti-leptons), 6 quarks (x3 for each color, x2 for anti-quarks), 1 gluon (x8
for color), 1 photon, the W and Z bosons, and the Higgs boson.



1.2 The Standard Model

The Standard Model of particle physics is a quantum field theory (QFT) that
describes the interactions between all'' of the fundamental particles. QFTs describe
the dynamics of a quantum system in terms of fields, which are functions of space and
time. The fields are the fundamental objects of QFT, and their excitations correspond
to the particles that are observed in nature. The Standard Model fields can be broken

down into three sectors, which will be discussed in the following sections.

1.2.1 The gauge sector

The gauge sector of the Standard Model corresponds to the spin-one bosons that
mediate the strong and electroweak interactions. In a general sense, this sector corre-
sponds to the mediating particles for three of the four fundamental forces: the strong
nuclear force, the weak nuclear force, and the electromagnetic force. The fourth
fundamental force—gravity—is not included in the Standard Model, as it is not yet
understood from a quantum perspective [44].

The symmetry group of the gauge sector is given by
SU(3). x [SU(2); x U(1)y]. (1.1)

SU(3). is the symmetry group of the strong interaction, which is described by the QFT
known as Quantum ChromoDynamics (QCD). The subscript ¢ stands for “color,”
indicating that the gauge fields in QCD (gluons) only couple to colored objects. QCD
will be discussed in more detail in Section 1.3. The symmetry group of the electroweak
interaction is SU(2)r,x U(1)y, where the subscript L stands for “left-handed” and the
subscript Y stands for “weak hypercharge.” Again, these subscripts indicate the types
of objects to which the corresponding gauge fields couple. For example, the gauge
fields of SU(2)y, only couple to left-handed objects, and the gauge fields of U(1)y
only couple to weakly hypercharged objects. Initially, there are four massless gauge
fields in the electroweak theory.!? After the spontaneous symmetry breaking of the
Higgs mechanism [41], these fields mix to give rise to three massive gauge fields and

one massless gauge field. The three massive gauge fields correspond to the familiar

Ulgnoring potential gravitons [42] or dark matter candidates [43]
12Three corresponding to the generators of SU(2), one corresponding to the generator of U(1).



W# and Z° bosons, which are the mediating bosons of the weak interaction. The
massless gauge field corresponds to the photon, which mediates the electromagnetic

interaction.

1.2.2 The scalar sector

The scalar sector of the Standard Model is quite lonely, and only corresponds to
one spin-zero field: the Higgs [41]. As mentioned in the previous section, the Higgs
mechanism that corresponds to this field is responsible for the acquisition of mass
by the W* and Z° bosons. The Higgs field also couples to all of the fermions in the
Standard Model, resulting in their non-zero masses. The associated Higgs boson was
discovered by the A Toroidal LHC Apparatus (ATLAS) and Compact Muon Solenoid
(CMS) collaborations in 2012 [45], [46], and was the last major piece of the Standard
Model to be experimentally verified.

1.2.3 The fermionic sector

The fermionic sector contains all of the spin one-half particles (quarks and leptons)
in the Standard Model. It is often convenient to group these particles into three
generations, where each generation is identical except for the masses of the particles.
It is even more convenient to group the fermions within each family into multiplets,
where the members of the multiplet are related to each other by transformations
within the gauge group of the Standard Model (Equation 1.1). In other words, the
fermions within a particular multiplet can only be transformed to fermions within the
same multiplet under the aforementioned SU(3),x[SU(2); x U(1)y] gauge symmetry,
prior to spontaneous symmetry breaking. A table of the fermions in the Standard
Model and their corresponding multiplets can be seen in Table 1.1. The indices L and
R correspond to the chirality of the fields, and the indices r, g, and b represent the
color charge of the fields. The color charges are only non-zero for the quarks, making
them the only fermions that couple to the gauge fields of the strong interaction

(gluons).



Table 1.1: The fermions of the Standard Model for each generation and their corre-
sponding multiplets. The Standard Model does not allow for fermions to leave their

respective multiplets.
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1.3 Quantum chromodynamics

Quantum chromodynamics (QCD) is the component of the Standard Model that
describes the strong interaction between quarks and gluons, the fundamental particles
that make up most of the matter in the universe. In this theory, the fermionic quarks
have “color charge,” which can either be red, green or blue for quarks, or anti-red,
anti-green, or anti-blue for anti-quarks. The gluons, which are the mediating bosons
of the strong interaction, also carry color charge, but in the form of a superposition of
both color and anti-color. At everyday energies, these quarks and gluons are bound
together in color-neutral states known as hadrons, like the protons and neutrons
that compose the nuclei of atoms. These hadrons can be further grouped into two
categories: mesons, which are composed of a quark-anti-quark pair with opposite
colors, and baryons, which are composed of three quarks—one of each color.!* A

diagram of a meson and baryon can be seen in Figure 1.4.

Meson Baryon

M
.@

Figure 1.4: A diagram of a meson (left) and baryon (right). The meson is composed of
a quark-anti-quark pair (blue-anti-blue), and the baryon is composed of three quarks
(red, green, and blue).

However, the full theory of QCD is more rich and complicated than this simple
picture. As such, the remainder of this section will delve into the details of QCD,
emphasizing the properties of the strong interaction that make it so challenging to

study.

I3Either (red, green, blue) or (anti-red, anti-green, anti-blue).
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1.3.1 The QCD Lagrangian

The dynamics of the Standard Model fields and how they interact are completely
encoded within the Lagrangian of the theory, which can be used to calculate exper-
imental observables like cross-sections and decay rates. However, the Lagrangian of
the Standard Model is fairly long [47], and often not particularly insightful when
trying to study a specific aspect of the theory. As such, when studying QCD, it is
often useful to throw away the electroweak gauge fields, leptons, and scalars to look
at only the QCD Lagrangian [48],
Locop =— Lpa pamw igy" <a + igsl)\AAA> q
4 1 9 1
— pMar — Miqr — fw,

where all repeated indices are summed over.

The gluons are described by the vector gauge field Al‘:‘, with index A representing
one of the eight color labels. These eight components belong to the color group
SU(3)., which is the gauge group of QCD. The corresponding coupling constant is
gs, and the field strength tensor F MAV is given by

Fi = 0, — 0, A% + g, fAPC ABAC, (1.2)

where fABC are the structure constants [49] of SU(3).. Note that while this field
strength tensor shares the same letters as the electromagnetic field strength tensor
F,u, the additional term g, f4#“ A% A in Equation 1.2 separates QCD and QED in a
very fundamental way: the gluons are allowed to self-interact. This self-interaction is
a direct result of the non-vanishing structure constants of SU(3).', and is responsible
for the challenging nature of QCD calculations [48].

The quarks are represented by the field ¢, where the color, flavor and spin indices

have been suppressed. In reality, the quark field ¢ has:
e six flavor indices {u,d, s, ¢, b, t},
e four spin indices {0, 1,2,3}, and

e three color indices {r, g, b},

Y4 Structure constants of Abelian gauge groups like U(1) are trivially zero.
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where all of these indices are being implicitly summed over in Loep. Luckily, all of
the matrices (.Aﬁ, M, M, y*) act on separate sets of indices.!® For example, the s
only operate on the spin indices, whereas the Gell-Mann matrices [15] A operate on
the color indices. These Gell-Mann matrices are the generators of SU(3)., and they

satisfy the commutation relation
A NB] = 24 fABCNC, (1.3)

The chiral quark fields ¢r, and gr are defined as %(1 —75)q and %(1 +75)q, respectively.
The mass matrix M operates on the flavor indices, and its form depends on the choice
of basis for the quark fields [48]. It is often convenient to choose a basis where the
mass matrix is diagonal, which can be done by independent rotations of ¢r, and ¢gr in

SU(6). Doing so gives the more familiar term

6
—qMa, — @Miqr == gymyqy, (1.4)
F=1
where m is the mass of the quark with flavor f, and g is the flavor component of
the quark field. Note that this term completely violates the SU(2)xU(1) electroweak
symmetry, indicating that the given Lgcp is determined after the spontaneous sym-
metry breaking described in the previous section.

These quark masses are also subject to renormalization [50], which is the process
of removing the infinities in QFT calculations by redefining the parameters of the
theory. In QCD, renormalization results in the running of the quark masses with
respect to the energy scale p of the interaction.'® More simply, the quark masses are
inversely dependent on this energy scale: at large u, the quark masses are small, and
at small p, the quark masses are large. At the energy scale u ~ 2 GeV (close to the
mass of the proton), the masses of the up, down, and strange quarks—collectively
referred to as the light-flavor quarks—are approximately 2.2 MeV/c?, 4.7 MeV /c?,
and 96 MeV/c?, respectively [52]. The heavy-flavor charm, bottom, and top quarks
have masses of approximately 1.28 GéV /c?, 4.18 Gé&V/c?, and 173 GéV/c?, respectively.

The final term, known as the f-term [53], is something of a mystery. It is a

scalar term that violates CP symmetry [54], and is often set to zero as there is no

15Really the components of the field corresponding to those indices.
16They also depend on the choice of renormalization scheme, with the most commonly imple-
mented one being minimal subtraction or MS [51].
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experimental evidence for its existence. However, it is not clear why this term is zero,
as there is no symmetry that explicitly forbids it. This is known as the strong CP

problem, and is one of the biggest open questions in particle physics [55].

1.3.1.1 Brief aside: Why eight gluons?

The gluon field A# transforms under the adjoint respresentation of SU(3), which
is a representation of SU(3) on the vector space of its Lie algebra su(3). As su(3)
has eight basis elements (for instance, the Gell-Mann matrices A\ from above), the
adjoint representation of SU(3) is eight-dimensional. Thus the gluon field has eight
independent components, or, equivalently, there are eight gluons. In principle, QCD
could have been built on top of a U(3) gauge group, which would give rise to nine
gluons (as the dimension of U(n) is n?). However, the singlet state in U(3) would be
required to be non-interacting; if it were, color neutral baryons would interact with
each other via the strong interaction at a much longer range [56]. Such interactions
have not been observed [57]. As there is no physical difference between U(3) with a

non-interacting singlet and SU(3), the simpler gauge group was chosen.

1.3.2 Properties of QCD
1.3.2.1 Confinement

One of the unique properties of QCD is the phenomenon of confinement, which is
the observation that quarks and gluons are never seen in isolation. Instead, they are
confined inside of the color neutral bound states known as hadrons. This property
is mostly understood in terms of the coupling constant g;. The renormalization [58]
of QCD gives rise to a g, that varies with energy scale or distance. As the distance
between two quarks increases, so too does gs. At some point, the coupling becomes so
strong that the energy required to separate the quarks is enough to create a quark-
anti-quark pair from the vacuum. Thus any attempts to separate a quark from a
hadron will always result in the creation of a new hadron, making it impossible to
observe single quarks in isolation.

The large coupling constant in this low energy regime makes it impossible to
describe this phenomenon using perturbative techniques, so the exact mechanism of

confinement is still not fully understood. However, it is often described using the
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phenomenological Lund string model [59]. In this model, the field lines of two quarks
are pulled together due to the self-interaction of the gluons. This creates a string-like

structure between the two quarks, with a potential given by

4 o

where r is the distance between the two quarks, a, = % and k is the string tension.
This can be contrasted with the potential between two electrically charged particles,
where the field lines are not pulled together and become less dense as the distance
between the two particles increases. As such, the potential decreases with increasing
distance, opposite to that of the Lund model. A schematic of these differences can
be seen in Figure 1.5. Pulling the quarks apart eventually “breaks” the Lund string,

forming two separate quark-anti-quark pairs, as shown in the bottom right of the

A
= Y

Figure 1.5: A schematic of the field lines between two electrically charged particles
(left) and two quarks (right). The field lines between the quarks are pulled together
due to the self-interaction of the gluons, whereas the electic field lines are not.

figure.

1.3.2.2 Asymptotic freedom

Just as the coupling constant becomes large at low energies and large distances, it
also becomes small at high energies and small distances. This property is known

as asymptotic freedom: at high enough energies, the quarks and gluons can be
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Figure 1.6: The value of the strong coupling constant o, as a function of momentum
transfer (), which represents the energy scale of the interaction.

thought of as “free,” and their interactions can be modeled using perturbative QCD
(pQCD). As discussed in Section 1.1, the discovery of asymptotic freedom in QCD was
what allowed for the accurate predictions of the results of high energy particle collision
experiments like SLAC [60] and PETRA [37]. The results of such experiments have
also been used to calculate the value of the coupling constant itself at different energy
scales, as shown in Figure 1.6. The value of oy at the Z° mass is also given in the

figure, which is the most accurate measurement of «; to date [52].

1.3.2.3 Chiral symmetry breaking

The mass term in the QCD Lagrangian,
—qrMar, — LM qr, (1.6)

explicitly breaks chiral symmetry: independent rotations of ¢;, and ¢r in flavor-

space (i.e. SU(6)) do not leave the Lagrangian invariant. The breaking of chiral
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symmetry due to the non-zero quark masses is referred to as explicit chiral symmetry
breaking.

However, even in the limit of massless quarks, chiral symmetry is broken by the
QCD vacuum. This is known as spontaneous chiral symmetry breaking, which is

due to the non-zero vacuum expectation value of the quark condensate [61]

(79) = (qLgr + Graqr) # 0. (1.7)

This non-zero value is a direct result of the confinement of QCD [62] (Section 1.3.2.1),
and implies that the ground state of the theory is filled with quark-anti-quark pairs.
The spontaneous breaking of chiral symmetry in QCD gives rise to eight massless

Nambu-Goldstone bosons [63], which are the pseudoscalar mesons 70, K+:0

, 1, and
n’. These mesons then acquire a small mass due to the aforementioned explicit chiral

symmetry breaking from the quark masses.

1.3.2.4 Jets

During high energy particle collisions (between two protons, for example), the con-
stituent partons of the protons will sometimes scatter off each other in a way that con-
verts most of their initial longitudinal momentum (along the collision axis) into trans-
verse momentum (in the plane perpendicular to the collision axis). Such a scattering
is often referred to as a hard scattering. Because the momentum transfer is large,
the cross-section of the parton-parton scattering is calculable using pQCD. Further-
more, branching processes of the high momentum partons—Ilike gluon radiation—can
also be calculated perturbatively. Eventually, however, the partons will lose enough
energy such that their behavior can no longer be described using perturbative tech-
niques.

Luckily, the aforementioned Lund model is well-equipped to deal with lower energy
partons. Under the Lund model, as these colored partons move away from each
other, the force between them increases until there is enough energy to produce
a quark-anti-quark pair (as discussed in Section 1.3.2.1). This process—known as
string fragmentation—continues until the partons are no longer energetic enough to
move away from each other, at which point they hadronize into a large number of
color neutral bound states. These particles are roughly collimated in the direction(s)

of the initial hard scattering, forming sprays of hadrons known as jets. A diagram
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depicting the formation of a jet from an initial hard scattering of partons can be seen

in Figure 1.7.

Figure 1.7: A diagram depicting the formation of a jet within the Lund model from an
initial hard scattering of partons, adapted from [64]. The vertices represent perturba-
tive QCD processes, the shaded regions represent string fragmentation/hadronization,
and the outgoing arrows represent the resulting hadrons (which may decay further).

1.3.2.5 Flavor conservation

One interesting feature of the interactions in QCD is that all flavor quantum numbers
are conserved. Specifically, the number of quarks minus the number of anti-quarks of
each flavor is a conserved quantity in every strong interaction.!” In this thesis, the

most important flavor quantum number is strangeness, which is defined as

S = —(ns — nsz), (1.8)

17Conservation of the “historical” flavor quantum number isospin (from Section 1.1), which is
+% for up quarks and —% for down quarks, is equivalent to the conservation of ny 4 — ny ; when
baryon number is considered. Baryon number is an absolutely conserved quantum number in the

Standard Model [52], and (anti-)quarks have baryon number (-)1.’
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where n; is the number of strange quarks and n; is the number of strange anti-quarks.
The “minus” sign in front of the expression indicates that the strangeness of a strange
quark is negative (—1), and the strangeness of a strange anti-quark is positive (+1).
This convention is chosen'® to make the signs of these “flavor charges” consistent
with the signs of the electric charges of these quarks, which are —% for the strange
quark and —i—% for the strange anti-quark.

Strangeness conservation has an interesting consequence for particle collisions be-
tween atomic nuclei: as the total strangeness of these nuclei (protons and neutrons)
is zero, the number of strange and anti-strange quarks produced from the strong in-
teraction during these collisions must be equal. In other words, the production of
strange quarks in these collisions must come in the form of strange quark-anti-quark

(s5) pairs.

18Really this is a historical convention that stems from the fact that “strangeness” was introduced
as a concept before the existence of any quark models, as mentioned in Section 1.1.
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1.4 The Quark-Gluon Plasma

One of the consequences of the asymptotic freedom of QCD is the possibility of
a new state of matter at extreme temperatures and densities: the quark-gluon
plasma (QGP) [65], [66]. In this plasma, the quarks and gluons are not confined
inside hadrons, and instead behave as quasi-free particles. This is analogous to an
electromagnetic plasma, where electrons and protons are dissociated from their atoms.
A phase diagram of QCD matter showing the transition between hadronic matter and
the QGP can be seen in Figure 1.8. This diagram has two axes: temperature and
baryon density. Increasing either of these quantities beyond a certain threshold will
cause a phase transition from normal hadronic matter to the QGP. Similarities can
be drawn between this phase diagram and that of a snowball: heating or squeezing

a snowball will cause it to melt into a liquid.'®

3
g Quark-gluon plasma
Critical endpoint .

Smooth crossover _ (deconfined)
| [~
% Critical temperature
< (Te = 160 MeV)
a
£
it

Hadronic matter
(confined)
Normal matter Neutron stars?

Net Baryonic Density=

Figure 1.8: A phase diagram of QCD matter, where the axes are temperature and
baryon density. The dashed line represents the region in which 1QCD predicts a
smooth crossover between hadronic matter and the QGP, with a critical temperature
Te =~ 160 MeV. The critical endpoint is the point at which the smooth crossover
ceases, above which the phase transition becomes first-order.

19Be careful: if you continue to heat up the snowball enough, or squeeze hard enough, it will
undergo another phase transition into the QGP.
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Figure 1.9: A schematic of the evolution of the universe. The QGP phase of the
universe on this diagram lies roughly between 10719 and 107% seconds after the Big
Bang. Credit: NASA

Numerical simulations of QCD on a lattice [67], [68] (known as lattice QCD or
1QCD) have shown that at zero baryon density, the transition from hadronic matter to
the QGP occurs as a smooth crossover [69], [70] with a critical temperature T ~ 160
MeV or 10'? K, which is over 10,000 times hotter than the center of the sun. LQCD
has also been used to predict the existence of a critical endpoint in the QGP phase
diagram at a non-zero baryon density [71], beyond which the transition from hadronic
matter to the QGP is no longer a smooth crossover, but a first-order phase transition.
However, due to the complex action problem [72] (also known more generally as
the “sign problem”), 1QCD simulations at non-zero baryon densities are extremely
difficult.?’ Thus the exact location of this critical endpoint is still unknown, and is
the subject of much experimental and theoretical research [75].

As the temperatures at the early stages of the universe were much larger than 160
MeV, it is thought that the universe was filled with a QGP in the first few microsec-
onds after the Big Bang [75]. Thus studying the QGP is of interest to cosmologists, as
it can give insight to the early universe and its expansion, which is schematically rep-
resented in Figure 1.9. It is also postulated that QGP formation occurs in the cores

of neutron stars [76], giving another avenue of interest for astrophysicists. Further-

20Though there are plenty of techniques to extend the 1QCD results [73], [74], they are only
applicable at small baryon densities.
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more, studying the QGP and its properties can help illuminate the dark, confounding
corners of QCD that are not yet understood from first principles—Ilike confinement—
making it an exciting area of research for particle physicists. The remainder of this

section will discuss the theoretical characteristics of this interesting plasma.

1.4.1 Properties of the QGP
1.4.1.1 Deconfinement

The most defining characteristic of the QGP is that the quarks and gluons within the
plasma are not confined inside hadrons, and instead interact as quasi-free particles. As
mentioned in Section 1.3.2.2, the coupling constant g, becomes smaller with increasing
energies. At high enough energies, the coupling constant becomes small enough
that the quarks and gluons become deconfined. In 1QCD, the order parameter for
deconfinement is the Polyakov loop?! expectation value [78] (L), which is zero in the
confined phase and greater than zero in the deconfined phase. This transition (from
(LY =0to (L) > 0) is used to define the transition from hadronic matter to the QGP.

1.4.1.2 Chiral symmetry restoration

As mentioned in Section 1.3.2.3, the QCD vacuum has a non-zero quark condensate
(qq) which spontaneously breaks chiral symmetry. However, this non-zero condensate
is the direct result of the confinement of QCD [62]. Thus, within the QGP—where
the quarks and gluons are no longer confined—the quark condensate should vanish.
As such, another defining characteristic of the QGP is the restoration of the spon-
taneously broken chiral symmetry of QCD, often referred to as chiral symmetry
restoration. The transition from (gg) > 0 (broken chiral symmetry) to (¢q) = 0
(restored chiral symmetry) is also used to define the QGP phase transition.

An 1QCD diagram of the deconfinement order parameter (L) and chiral symmetry
order parameter (¢G) (along with their corresponding susceptibilities) as a function of
the inverse coupling 3 = 6/g? can be seen in Figure 1.10. Note that the susceptibilities
are maximal at the same coupling value (corresponding to a critical temperature of

around 170 MeV), indicating that both deconfinement and chiral symmetry restora-

21A Polyakov loop is the thermal analogue of a Wilson loop: a gauge invariant operator that
arises from the parallel transport of gauge variables around a closed loop [77].
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Figure 1.10: The deconfinement order parameter (L) and chiral symmetry order pa-
rameter (¢q) (along with their corresponding susceptibilities) as a function of the
inverse coupling 8 = 6/g? using 2-flavor 1QCD, taken from [79]. The critical temper-
atures (indicated by the maxima of the susceptibilities) occur at roughly 5 = 5.28,
corresponding to a temperature of around 170 MeV.

tion correspond to the same phase transition. Namely, the transition from hadronic
matter to the QGP.

1.4.1.3 Hydrodynamic behavior

The QGP is a strongly interacting plasma. As such, it is expected to exhibit fluid-
like behavior at a macroscopic level. Unfortunately, the calculation of QGP transport
coefficients from first principles using QCD is very difficult [80]. Using perturbative
techniques to calculate the shear and bulk viscosities of the QGP results in values that
are an order of magnitude larger than those extracted from experimental data [81].
The extraction of these transport coefficients using 1QCD is also challenging, as the
aforementioned complex action problem makes it nearly impossible to simulate the
QGP at non-zero baryon density. The most promising approach to calculating these
transport coefficients is through the use of the AdS/CFT correspondence [82], which
is a duality between a strongly coupled gauge theory (like QCD) and a weakly inter-
acting gravitational theory (like string theory [83]). This approach has been used to

23



approximate the lower bound of the shear viscosity of a strongly-coupled medium [84],
n/s ~1/4m, (1.9)

which is often described as the shear viscosity of a “perfect fluid.” Experimental
evidence suggests that the QGP has a shear viscosity that is very close to this lower

bound [85], indicating that it is a nearly perfect fluid.

1.4.1.4 Radiative energy loss

Partons traveling through the QGP lose energy through both collisional and radiative
processes, as shown in Figure 1.11. The collisional energy loss is due to the elastic
scatterings between the parton and the constituents of the QGP. For a parton with
energy F much greater than its mass and the temperature of the QGP, the collisional
energy loss is given by [86]

AE.n ~ ?T?L, (1.10)
where T is the temperature of the QGP and L is the length of travel through the

medium (which is assumed to be larger than the critical length L., ~ %LT %)

Collisional Energy Loss Radiative Energy Loss

E E-AE

E /'/AE

|
|
+ AE | E-AE
|
X
(medium)

Figure 1.11: A diagram depicting the collisional (left) and radiative energy loss (right)
processes of a parton traveling through the QGP. Radiative energy loss is the domi-
nant energy loss mechanism for all energetic partons in the QGP.

The radiative energy loss is due to gluon radiation, induced by the presence of the

medium.?? Again, for a parton with E >> M, T, the radiative energy loss is given

22Similar to bremsstrahlung, where electrically charged particles radiate photons in the presence
of other charged particles.
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by
AEB..q ~ o>V ET3L, (1.11)

where F is the energy of the parton. As the radiative energy loss is proportional to
VE, it is the dominant energy loss mechanism for light, energetic partons (i.e. u, d,
and s quarks as well as gluons). However, gluons are expected to lose more energy
than the light quarks due to their larger color charge.

The heavier quarks (b, ¢) are expected to lose less energy through radiative pro-
cesses than the lighter quarks and gluons due to the dead cone effect, whereby the
gluon radiation is suppressed in the forward direction due to the larger masses of the
heavy quarks [87]. Even still, the radiative energy loss of heavy quarks is larger than
their collisional energy loss, making radiative energy loss the dominant energy loss

mechanism for all energetic partons in the QGP.

1.4.2 Enhanced s-quark production

In the context of the research presented in this thesis, the most important character-
istic of the QGP is the increase in the production of strange quarks when compared to
strange quark production within a hadronic gas [18]. Predicted in 1981 by physicists
Johann Rafelski and Rolf Hagedorn, this enhancement in the production of strange
quarks in the QGP is often referred to as strangeness enhancement. As mentioned
in Section 1.3.2.5, strangeness is conserved during strong interactions. As such, the
production of s§ pairs can only come from four Feynman diagrams (to lowest order
in pQCD), shown in Figure 1.12. A key insight made by Rafelski and Hagedorn is
that in the QGP, the higher temperatures allow for the thermal production of s5 pairs
through gluon fusion (gg — s5 or diagrams (a) (b) and (c) in Figure 1.12). This gluon
fusion occurs much faster than the quark-based production (¢g§ — s5 or diagram (d)
in Figure 1.12), and allows for the full chemical equilibration of strangeness in the
QGP in a very short time frame. For a QGP at 160 MeV, this equilibration can occur
in less than 10722 seconds, as shown in Figure 1.13. Also shown in the figure is the
strangeness equilibration time for a hadronic gas at the same temperature, which is

nearly 100 times slower.
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Figure 1.12: The four leading-order Feynman diagrams responsible for the production
of s§ pairs in the QGP, adapted from [18]. Diagrams (a), (b) and (c) are the gluon
fusion processes, while diagram (d) is the quark-based process.
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Figure 1.13: The strangeness equilibration time for a QGP (left [18]) and a hadronic
gas (right [88]) at a temperature of 160 MeV. The QGP can exhibit full chemical
equilibration of strangeness in less than 10722 seconds, while the hadronic gas takes
nearly 100 times longer.

26



1.4.2.1 Statistical hadronization

The production of strangeness within a system of particles is often described in terms
of the statistical hadronization model [89] (SHM). The SHM is based off of the
Fermi model of hadron formation, where it is assumed that the strong interactions
saturate the quantum particle production matrix elements [90]. This assumption
allows for the calculation of the particle yields using only conservation laws and
the available phase space, while ignoring the unknown microscopic details of the
hadronization process. In the fundamental micro-canonical approach for the SHM,
the available phase space is determined by the energy density of localized “clusters”
within the system. However, a grand canonical framework for the SHM is often
used for highly energetic systems, where the phase space is determined by a global
temperature-like parameter 7.

The most important quantity for describing particle yields within the grand canon-

ical SHM is the particle fugacity \;, which is defined as
N = etil/T (1.12)

where p; is the chemical potential of particle 7. In essence, the fugacity “counts” the
number of particles of type ¢ in the system [18]. For systems in absolute chemical
equilibrium, the chemical potentials for particle and anti-particle flavors are opposite
to each other. Consequently, the relationship between the particle and anti-particle
fugacities is given by

A= Ah (1.13)

However, this relationship does not hold for systems that have not reached absolute
chemical equilibrium, as the chemical potentials of the particle and anti-particle fla-
vors are no longer opposite to each other. Due to the higher mass of the strange
quark, the production of s§ pairs usually proceeds at a much slower rate than the
production of u# and dd pairs. As such, obtaining absolute chemical equilibrium for
strange particles is difficult, especially in hadronic matter.?

To account for this, the SHM introduces the concept of relative chemical equilib-
rium, in which the strange phase space is not fully saturated, but whatever strangeness

is produced is distributed among the strange hadron channels according to the law

23 As mentioned in the previous section, strangeness equilibration in a hadronic gas is over 100
times slower than in the QGP
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of maximum entropy [91]. The extent to which the strange phase space is saturated

is parameterized by 0 < s < 1, which gives a modified particle fugacity,
Aot = A, (1.14)

where n(i, s) is the number of strange quarks plus the number of strange anti-quarks
in particle i. The factor v, approaches unity whenever the strange phase space is fully
saturated (i.e. when the system is in absolute chemical equilibrium). This factor can
be determined by looking at strange particle ratios, which are sensitive to the value
of 5. For example, the ratio of A baryons to protons is related to ~, by [90]

V== x (1.15)

p

(3]
=
S| =

As these particle ratios can be measured by particle collision experiments, it is
possible to determine the value of ~, for a given collision system. Measuring v, in
heavy-ion collisions is of particular interest, as it is believed that the QGP is formed
in these collisions. However, heavy-ion collisions are very short-lived systems, last-
ing only around 10723 — 10722 seconds [92]. As mentioned previously, full chemical
equilibration in a hadronic gas cannot occur within this time frame. As such, mea-
suring large values of 7, in heavy-ion collisions would be a strong indication of QGP

formation.
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1.5 Using Heavy-Ion Collisions to Study the
QGP

As mentioned in Section 1.4, there are two ways to transform a hadronic system
into the QGP: increasing the system’s temperature or increasing its baryon density.

Noteably, these two methods are not mutually exclusive:

e Baryon density can be increased by looking at systems with a lot of baryons

packed together (like the nucleus of a lead atom)

e Temperature can be increased by smashing the aforementioned systems together

at higher energies (like in a particle accelerator)

Thus one of the best (and only) ways to study the QGP in a laboratory setting is
through relativistic heavy-ion collisions: the colliding together of two heavy nuclei
at very high energies using a particle accelerator.

Unfortunately, producing the QGP in this manner has a major drawback; while
it is possible to heat up the system beyond the critical temperature required for
QGP formation, the system expands and cools very quickly. For example, the QGP
produced by colliding lead ions with center-of-mass energy /syy = 2.76 TeV at the
Large Hadron Collider (LHC) only lasts for around 3 fm/c [92], or 10723 seconds. A
diagram depicting the formation and evolution of the QGP in a heavy-ion collision

can be seen in Figure 1.14. This diagram can be split up into the following stages:

1. The Lorentz-contracted nuclei approach each other at very high energies, and

the partons within the nuclei scatter off each other (t = 0 fm/c).

2. As new partons are created from the initial scatterings, the energy density of

the system increases. Eventually this energy density is high enough to create
the QGP (t =~ 1 fm/c).

3. Once the QGP is formed, it expands and cools in a hydrodynamic manner.

4. After the QGP cools below the critical temperature, the partons begin to

hadronize, resulting in the formation of a hadron gas (t &~ 3 fm/c).
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5. The hadron gas will continue to expand until the hadrons within the gas are no
longer strongly interacting with each other (t ~ 10 fm/c). This is often broken

up into two stages:

e The hadrons cease to interact inelastically, called chemical freeze-out.

e The hadrons cease to interact elastically, called kinetic freeze-out.

6. The final state hadrons travel outward, where they can be detected experimen-
tally (t =~ 10 fm/c).

The last stage of this diagram is perhaps the most frustrating: it is only possible
to study the QGP by observing the final state hadrons. Luckily, there are some
key observables associated with those final state hadrons that can shed light on the
formation and evolution of this exciting plasma. Before those observables can be
discussed, however, it is necessary to introduce a key concept in heavy-ion collisions:

the collision coordinates and the centrality of the collision.

Relativistic heavy-ion collisions

kinetic
freeze-out &
Hadronization

Initial
energy
density

\ ./ S
) 4 ‘

! QGPp

pre-equilibrium viscous hadronic
dynamics hydrodynamics transport free-streaming

t~1 fm t~10 fm t~10"fm

Figure 1.14: A schematic of the formation and evolution of the QGP in a heavy-ion
collision. The QGP is formed in the overlap region of the two colliding nuclei, and
then expands and cools very quickly.
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Figure 1.15: A diagram showing the cylindrical coordinates used to describe particle
collision systems.

1.5.1 Collision coordinates

In order to discuss the physics of any collision system, suitable coordinates must
be chosen. As many heavy-ion experimental apparatuses are cylinders, the most
pragmatic choice is cylindrical coordinates, with the z-axis pointing along the beam
line. An example of this cylindrical coordinate system is shown in Figure 1.15. The
plane defined by the x- and y-axes is often referred to as the transverse plane, with
the angle ¢ referred to as the azimuthal angle.

Heavy-ion collisions involve particles moving at relativistic speeds in the beam (z)
direction. As such, the polar angle # is not particularly useful, as it is not Lorentz

invariant. Instead, a more useful quantity is the rapidity y, which can be defined as

1 E—+p,
= —1 1.16
v=1 n(E_pz), (1.16)

where FE is the energy of the object being measured and p, is the momentum in the
z-direction. This quantity is preferable to € as differences in rapidity are invariant
under Lorentz boosts along the z-axis. This follows directly from the fact that rapidity

is often defined in terms of such boosts,

ct’ coshy —sinhy ct ct
L= ' = Ay) : (1.17)
z —sinhy  coshy z z
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It can be shown?! that A(y) obeys

A(yr +y2) = Ay1)A(y2), (1.18)

which in turn gives a rapidity addition rule for reference frames A, B and C moving

along the z-axis,

Yac = YaB + YBcC- (1.19)

Now suppose reference frame A is the lab (stationary) frame, and reference frames B
and C correspond to two different particles. The above equation can then be written
as

YAC — YAB = YBc = Ya'B — Ya'c, (1-20)

where A’ can be any reference frame. In other words, the difference in rapidity
between any two particles does not depend on the reference frame the measurement
is made in. Another consequence of this property is that rapidity distributions of
particles do not change shape in different reference frames: they only get shifted
along the rapidity axis.

However, the total energy of a given particle is often not known, and thus rapidity

is replaced by the more experiment-friendly pseudorapidity,

":%IHGZIjZ) — I (m%), (1.21)

where 6 is the aforementioned polar angle. This quantity can be directly measured by

experiment, at the expense of losing a small amount of Lorentz invariance: the pseudo
part of pseudorapidity comes from the idea that at very high momentum (p >> m),
the rapidity and pseudorapidity are approximately equal.

1.5.2 Collision centrality

The very first step of the heavy-ion collision process involves the scattering of the
partons within the two nuclei. However, these nuclei are not point-like objects: they
have a finite size, and therefore need not collide “head-on.” Instead, the nuclei
can collide at different impact parameters (commonly denoted as b), as shown in

Figure 1.16. The impact parameter is defined as the distance between the centers

24Using various properties of the hyperbolic trigonometric functions.
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of the two nuclei, measured in the transverse plane (the plane perpendicular to the
initial directions of the nuclei). Collisions with a large impact parameter give rise to
spectator nucleons, which do not participate in the collision and continue traveling in

the same direction as the initial beams.

Participants

before collision after collision

Figure 1.16: A schematic of a heavy-ion collision with impact parameter b, taken
from [93].

The impact parameter is very important when studying the QGP for a fairly
straightforward reason: as the impact parameter decreases, the number of partonic
scatterings increases, which in turn increases the energy density of the system. In
some sense, the size of the impact parameter determines whether or not the QGP is
formed in the subsequent stages of the collision. As such, characterizing heavy-ion
collisions by their impact parameter is quite useful. However, the impact parameter
is not directly measurable and must be inferred from the final state hadrons.

Instead of classifying collisions based off their unobtainable impact parameter,

they can instead be classified by their collision centrality. The collision centrality

Jydo/dydy 1 [Ydo
c=20 = ——dv, (1.22)
[ dojdbdy — oan Jo db

where oaa is the total cross-section of the nucleus-nucleus (A-A) collision. As this

is defined as

number is strictly between 0 and 1, it is often expressed as a percentile: 0% corre-
sponds to the most central collisions (lowest impact parameters), and 100% corre-
sponds to the most peripheral collisions (highest impact parameters). If a monotonic
relationship between b and the number of final state particles seen in the detector is

assumed, the collision centrality can be experimentally determined [94]. The number

33



of final state particles from a collision is called the multiplicity of the collision, and
is often denoted as Ng,. The subscript ch indicates that only charged particles are
counted, as neutral particles are not seen by most detectors.

In practice, the collision centrality percentiles are usually determined by looking
at the distribution of events as a function of the signal (effectively Ng,) as measured
by a particular detector. The percentile for a specific event can then be determined
by integration: X . g

o

c R P~ . Wclthéh, (1.23)
where N, is the multiplicity of the event in question. An example of separating
events into centrality percentiles using this method can be seen in Figure 1.17. In
this plot, Pb—Pb collisions are characterized by their event activity in the ALICE
VZERO detector (which will be discussed in more detail in the next chapter). The
red points correspond to fits obtained using Monte Carlo simulations based off of the
Glauber model [94], [95]. The Glauber model [96] is a geometric model that treats
the nuclei as a collection of nucleons, and models the collisions as a superposition of
binary nucleon-nucleon collisions. This model gives a relationship between the impact
parameter b, the number of participating nucleons N4+, and the number of binary
nucleon-nucleon collisions N.,;. While not of particular import to this thesis, fitting
the Glauber model to the data actually allows for the determination of the impact
parameter correponding to a given multiplicity percentile. The fact that the model
describes the data well also serves as a sanity check for the experimental estimation
of the collision centrality. In this thesis, the terms “multiplicity percentile” and
“collision centrality” will be used interchangeably.

The approximation given by Equation 1.23 has an additional benefit: it allows
for the classification of the “size” of a collision without a clearly defined impact
parameter. This is useful for proton-proton and proton-lead collisions, where the

impact parameter is ill-defined.

1.5.3 Experimental signatures for QGP formation

As mentioned in Section 1.5, the QGP produced within a heavy-ion collision is very
short-lived. As such, any attempt to study the QGP and its formation must be

done using the detector-accessible final state hadrons. Luckily, there are a number
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Figure 1.17: The distribution of Pb—Pb collision events as a function of event activity
in the ALICE VZERO detector, taken from [95].

of experimental signatures associated with the theoretical properties of the QGP

discussed in Section 1.4.1. These experimental signatures include:

e jet quenching [97], where the energy of a jet is heavily reduced due the ra-
diative energy loss of its constituent partons as they travel through the QGP
(Section 1.4.1.4)

e collective flow [98], where the fluid-like motion of the partons within the QGP

(Section 1.4.1.3) results in correlations between the final state hadrons

e strangeness enhancement [18|, where the enhanced production of strange
quarks in the QGP (Section 1.4.2) results in an increase in the relative produc-

tion of strange final state hadrons when compared to non-strange hadrons.

1.5.4 Jet quenching

The high momentum partons produced in the initial hard scatterings of heavy-ion
collisions often traverse the QGP medium. Much like electron tomography, where

the passage of electrons through an atomic medium can give insight to the structure
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of the atoms within, high momentum partons can be used to probe the QGP. These
colored partons interact with the colored medium, losing energy in the process due
to the collisional and radiative processes described in Section 1.4.1.4. As discussed in
Section 1.3.2.4, these partons are never observed individually; instead, they hadronize
into a spray of particles known as a jet, which can be measured by the detector. Thus
the energy lost by the parton is not observed directly, but rather as a reduction in
the energy of the resulting jet. This phenomenon is known as jet quenching, and
is one of the most well studied signatures of QGP formation.

Experimentally, this quenching is observed by studying dijets. While the term
“jet” refers to a single spray of particles observed in the detector, the initial hard
scattering responsible for the formation of the jet corresponds to the production of
two high momentum partons. Traveling in opposite directions in the transverse plane,
these partons often produce two jets that are back-to-back in ¢ (the azimuthal angle
in the transverse plane). These two jets are collectively referred to as a dijet. In pp
collisions, the energy of the two jets is roughly equal as the corresponding partons
don’t lose energy to a medium. In heavy-ion collisions, however, the partons lose
energy to the QGP due to gluon radiation and elastic scattering with the medium’s
constituents [99]. If one of the two partons has a larger path length through the
QGP, it will lose more energy than the other parton, resulting in an imbalance in the
energy of the two jets. A schematic of this process for pp and A—A collisions can be
seen in Figure 1.18.

However, the path length within the QGP of the dijet-forming partons should be
roughly uniform, washing out this assymetry over a large event sample. As such, jet
quenching is experimentally observed by selecting high momentum “trigger” hadrons,
which most likely originated from the parton with the smaller QGP path length. The
jet corresponding to this higher momentum trigger—referred to as the “near-side” jet—
is then compared with its partner jet, which would be 180° away in azimuth—called
the “away-side” jet. The first collaboration to observe this jet quenching was the
STAR collaboration at the Relativistic Heavy Ion Collider (RHIC) [100]. By looking
at high transverse momentum hadrons produced in Au—Au collisions, they found that
the away-side jet began to “disappear” as the centrality of the collision increased, as
shown in Figure 1.19. This disappearance is due to the away-side jet losing energy
to the QGP, such that the corresponding hadrons in the away-side fall below the

momentum cutoff.
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Figure 1.18: A schematic of the formation of dijets in pp and A—A collisions, taken
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Figure 1.19: Hadron yields corresponding to the near-side jet (near Ay = 0) and
the away-side jet (A = +m), taken from [100]. In pp and minimum bias Au-Au
collisions, the away-side jet is present. However, at high centrality (0-10%), the away-

side jet completely disappears.

37



1.5.5 Collective flow

As mentioned in Section 1.4.1.3, the QGP is a strongly coupled medium, whose
constituent partons are heavily coupled to their surroundings. Just as the pebbles
within a river get swept up in the flow of the water, the partons within the QGP are
influenced by the flow of this medium. This flow manifests itself by the presence of
collective effects in the final state hadrons, which are often quantified using collective
flow components. These flow components are obtained by expanding the final state

hadron distribution in a Fourier series with respect to the azimuthal angle ¢ [102],

N 1 d®N -
E = — 1+ 2u,cosn(p— W , 1.24
o gy (1 D 2ncosin (o ) 121

where E is the energy of the particle, p is its momentum, pr is the momentum
component in the plane transverse to the beam axis, y is the particle’s rapidity, and
U is the reaction plane angle. This reaction plane angle is defined by the beam axis

and the impact parameter vector. The Fourier coefficients

v, = (cos[n(¢d — Yg)|) (1.25)

determine the “strength” of the corresponding flow component. The first two co-
efficients, v; and vq, are referred to as directed (radial) flow and elliptic flow,
respectively. A non-zero directed flow originates from a longitudinally slanted colli-
sion [103], and is often much smaller than elliptic flow (by over an order of magni-
tude) [104]. However, it can still effect some of the measurements presented in this
thesis (see Section 5.2.2 for more details).

Elliptic flow characterizes the anisotropy of the particle production in the trans-
verse plane. This anisotropy is believed to be caused by the initial anisotropy of the
collision geometry, where the overlap region of the colliding nuclei forms an “almond”
shape. This almond is where the initial QGP is formed, which then hydrodynamically
expands and thermalizes nearly instantaneously. The initial spacial anisotropy results
in unequal QGP path lengths for the consituent partons, which ultimately results in
an anisotropic momentum distribution for the corresponding hadrons (i.e. partons
which travel through more medium lose more energy, as discussed in Section 1.5.4).

A diagram depicting this process can be seen in Figure 1.20.
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Figure 1.20: A schematic of the formation of elliptic flow in a heavy-ion collision.
The initial anisotropy in coordinate space results in a pressure gradient that causes
a momentum space anisotropy in the final state hadrons.

1.5.5.1 Measuring flow using two-particle correlations

Reconstructing the reaction plane angle Wy is difficult, as it must be done on an event-
by-event basis [102]. As such, it is often more convenient to measure the collective
flow components by looking at two-particle correlations in the azimuthal angle ¢. In
other words, the flow components can be obtained by looking at the distribution of
pairs of particles as a function of A¢p = ¢1 — ¢o, where ¢; and ¢, are the azimuthal
angles of two (non-identical) particles. This distribution can be decomposed into a

Fourier series similar to Equation 1.24 [105],

d Npair
dAy

= ag + 2a1 cos Ap + 2a5 cos2Ap + . . ., (1.26)

where v, = a,/ag are the very same flow coefficients from before. This bypasses the
need to reconstruct the reaction plane angle Wg, but it also makes clear that any
analyses involving two-particle angular correlations (like the one presented in this
thesis) must be mindful of the presence of these coefficients (see Chapter 3 for more
details).
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1.5.6 Strangeness enhancement

As mentioned in Section 1.4.2, strangeness production within the QGP is enhanced
relative to a hadronic gas due to the thermal production of strange quarks via gluon
fusion. This production mechanism is much faster than strangeness-producing mech-
anisms within the hadronic gas, allowing for strangeness in the QGP to reach chemical
equilibrium within the lifespan of a heavy-ion collision. Thus measuring the extent
to which this equilibrium is reached for a given collision system can provide insight
into the formation of the QGP.

Experimentally, the degree of strangeness equilibration is measured by looking at
the abundance of strange hadrons relative to non-strange hadrons, like pions. For
central heavy-ion collisions—both at the LHC and RHIC—these strange/non-strange
particle ratios are found to be consistent with the grand canonical approach to the
SHM discussed in Section 1.4.2.1 [106], [107] with v, values approaching unity, as seen
in Figure 1.21. As mentioned at the end of Section 1.4.2.1, this is a strong indication

that the QGP is formed in these collisions.
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Figure 1.21: The yields of different hadrons as measured in heavy-ion collisions at
V/3nn = 7.6 GeV (left) and /syy = 200 GeV (right), compared to the grand canonical
SHM (black points). In the lower energy collision, the temperature (138 MeV) is well
below the critical temperature for QGP formation, and chemical equilibration is not
reached (75 ~ 0.6) (found by Equation 1.15). In the higher energy collision, the
temperature is high enough for QGP formation, and chemical equilibration is nearly
reached (v &~ 1). Taken from [106].
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The particle ratios as measured in lower multiplicity pp collisions at the LHC
are also found to be consistent with the grand canonical SHM without chemical
equilibriation [108], [109], with a measured ~y,; ~ 0.6 across a wide range of values for
the collision energy, as shown in Figure 1.22. Under the strangeness enhancement
picture, this indicates that QGP formation does not occur in these lower multiplicity

pp collisions.
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Figure 1.22: The measured values of v, in low multiplicity pp collisions across a
wide range of collision energies (1/s4). The extracted temperatures (under the grand
canonical SHM model) are greater than 160 MeV for each reported energy. As ~; is
much less than unity, the chemical equilibration of strangeness is nowhere near being
reached. Taken from [108].

1.5.6.1 Strangeness in small systems: is the QGP formed?

Filling in the gaps between low multiplicity pp collisions and high multiplicity Pb—Pb
collisions reveals a complicated picture, as shown in Figure 1.23. The strange/non-
strange particle ratios seem to be consistent with a smooth transition between the
two regimes, independent of the collision system. In other words, the ratios in higher

multiplicity pp and p—Pb collisions match up nicely with the ratios in lower mul-
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Figure 1.23: The particle ratios of strange hadrons to pions as a function multiplicity
for different collision systems (left) and those same ratios normalized to an inclusive
pp sample (right). The ratios appear to only depend on the multiplicity of the
collision, and not the collision system. Taken from [110].

tiplicity Pb—PDb collisions. This indicates that the enhanced production of strange
quarks is not exclusive to heavy-ion collisions; there is an “onset” of strangeness en-
hancement occuring in lower multiplicity pp and p—Pb collisions. Furthermore, this
enhancement is seen to scale with the number of strange quarks in the hadron: the €2
baryon (sss) exhibits the largest enhancement, while the proton (uud) sees virtually
no increase.

As discussed in Section 1.4.2; the equilibration of strangeness within a hadronic
gas is orders of magnitude slower than the equilibration within the QGP. As such,
the onset of strangeness enhancement (which can be viewed as an onset of a full
chemical equilibration) in these smaller collision systems can only be explained by
the formation of QGP.2> While extensions to the aforementioned statistical models
can describe these multiplicity-dependent particle ratios in a phenomenological man-

ner [111], the microscopic origins of this enhancement are not well understood. By

250r, at the very least, smaller QGP-like droplets that exhibit similar thermal strange quark
production.
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investigating the production of strange hadrons in p—Pb collisions (where the onset
is greatest), this thesis aims to shed light on the origins of this strange enhancement.
However, it is necessary to first introduce some theoretical models to help interpret
the results of this thesis.

1.6 Simulating Heavy-Ion Collisions

Theoretical models of heavy-ion collisions are necessary for the understanding of QCD
and the QGP. Without them, there would be no framework for interpreting the re-
sults from the experiments dedicated to studying this strongly interacting plasma.
Unfortunately, due to the complexity of these heavy-ion collision systems, there is no
single model that can describe the entire collision evolution. Instead, the choice of
model to compare a particular observable to depends very heavily on the observable in
question. For example, some models treat the QGP phase of the collision as a hydro-
dynamic system, washing out information about the initial partonic scatterings [112].
This can be useful when trying to study bulk properties of the QGP (like the v, from
Section 1.5.5), but not-so-useful when studying jets and their consituents. Other
models focus more on the individual partonic scatterings and subsequent hadroniza-
tion, but do not include an explicit QGP phase [113], [114]. Such models are powerful
tools for analyzing smaller collision systems (pp and lower multiplicity p—Pb), but fail
to capture many of the features observed in heavy-ion collision data. In this section,
the models used to help interpret the results of this thesis will be discussed. All of
these models are capable of simulating pp, p—Pb, and Pb—Pb events.

1.6.1 PHSD

Parton-Hadron-String-Dynamics (PHSD) [115], [116] is the only model explored in
this thesis that utilizes a microscopic transport approach: it simulates the full
space-time evolution of a heavy-ion collision by modeling the interactions of individual
particles. Here “particles” refers to different quantities (strings, partons, hadrons)
which are all evolved in different ways. The transport equations of the partons and
hadrons are derived from the Kadanoff-Baym (KB) equations [117], which describe
the non-perturbative transport of particles in a strongly interacting system. The

evolution of a collision within PHSD is described in the following sections.
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1.6.1.1 Initial stages

Prior to the collision, the simulation is broken up into a 3D-grid of size 56 in each
of the x, y, and z directions. The total size of the grid increases with each time step
such that the number of particles within a given cell evolves smoothly with time. The
initial momentum distribution and abundances of partons within the nuclei (prior to

any collision) are given by the thermal distributions

f(w,p) = Cop*wpi(w, P)nrys(w/7), (1.27)

where p; are the spectral functions of the quarks and gluons (i = ¢, q, g) and ng/p are
the Fermi-Dirac (for quarks) and Bose-Einstein (for gluons) distributions. Once the
nuclei collide, the partons interact with each other under the Lund string model to
form leading hadrons (at large rapidity) and pre-hadrons (at midrapidity), as shown
in Figure 1.24. The leading hadrons are immune to dissociation within the QGP,

while the pre-hadrons are not.

pre-hadrons

\

leading
hadron

L.

Figure 1.24: The Lund string model, with pre-hadrons and leading hadrons labeled.
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1.6.1.2 QGP phase

If the energy density € of a given cell increases beyond the critical energy density
€. = 0.5 GeV/fm?3, the pre-hadrons within that cell are dissolved into partons. The
partons are then treated as interacting quasi-particles under the DQPM [118] model,

with Lorentzian spectral functions given by

% 1 B 1
pi(w) = E, <(W_Ej>2+%2 <M+Ej)2+7?> (1.28)
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where i is one of (¢, g, g) and the width ~; is given by

¢*T . 2c B N2 —1¢°T . 2c

fyg(T):Nc—lng—Q, v,(T) = ON. 8n n?,

o (1.29)

where T is the temperature (calculated from the energy density within a given cell).
This is the key difference between DQPM and other transport models—the quarks and
gluons have non-zero temperature-dependent widths in the medium! The coupling

constant ¢ is also temperature dependent, and is of the form

4872

92 (T/TC) = (].1Nc _ 2Nf) In ()\2 (T/Tc - TS/TC)2 .

(1.30)

The parameters Ty and A are fit to 1QCD results [116]. The spectral functions are
enough to describe the propagation of the mean-fields of the partons (effectively their
Green’s functions) via the aforementioned KB equations. The collisional terms in
these equations are determined by the modified scattering cross-sections of the par-
tons. These cross-sections are calculated using the leading order Feynman diagrams,

with the DQPM-modified quark and gluon propagators given by

. q+ M,
10,5 - 1.31
Tq? — M2 + 2iv,q0 (1.31)
and 2
[ /e
g, L1 /M (1.32)

q* — M2 + 2ivyq0°
respectively. Due to the large masses of the gluons, ¢+ ¢ — g+ g and g — g+ g are

suppressed and thus not included in the model.

1.6.1.3 Hadronization

Whenever the energy density of a given cell falls below the aforementioned critical
energy density (e. = 0.5 GeV/fm?), the partons within begin to hadronize. The

dynamical hadronization of partons into hadrons is modeled by the equations

ANy (2, p)
d*xd*p
X wypy (Py) Wapq (Pe) [vagl” Wn (g = 24, (pg = pa) /2)
X Ny (x4,pq) Ny (24, pg) 6( flavor, color ).

= Tr, Try 6" (p — py — pg) &* <% — x)

(1.33)
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for mesons and

dNB (iC,p)
d4xd4p = Tr‘h Trq2 Trq:s & (p - pézs) &t (f - 53) 0 (71 - T2>2
X Way Pg; (P1) WaaPgs (P2) Was Pas (P3) (1.34)

X ’quq’2 WB (flv 527p£17p£2)
X Ny, (x1,p1) Ny, (22, 02) Ny, (23, p3) 6 (flavor, color).

for baryons. The terms for the meson case are described as follows:

e Tr, is shorthand notation for Tr, = 3 _ [ d*z, [ ng)i, where ¢ is summed over

all spin, color, and flavor degrees of freedom.

e 5*(p — p, — pg) forces conservation of four-momentum. Note that the quarks
and anti-quarks are allowed to be off-shell (due to their non-zero widths), thus

this can result in off-shell mesons.

o (MQI‘Z — x) puts the resulting meson in-between the quark and anti-quark

pair.
e w, and wy are the energies of the quark and anti-quark, respectively.

e p,(py) and p; (p;) are the aforementioned spectral functions of the quark and

anti-quark, respectively.

° |qu|2 is the DQPM-determined effective quark-anti-quark interaction, which is
shown as the green dashed line in Figure 1.25. Note that this value is very small
for large quark (energy) densities, and thus this entire equation is effectively
zero. However, for low quark densities this value blows up, which “turns on” the

hadronization (and also guarantees that all partons will hadronize eventually).

o W, (x, — x5 (py — pg) /2) is the phase-space distribution of the resulting pre-

meson

o N, (z4,p,) and Nj (x4, p;) are the phase-space densities of the quark and anti-

quark, respectively.

e §( flavor, color ) represents the function responsible for ensuring flavor quantum

numbers are conserved, and that the resulting hadron is color neutral.
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Figure 1.25: The effective quark-quark (green), quark-gluon (blue), and gluon-gluon
(red) interactions as a function of parton density in DQPM, taken from [115].

The terms for the baryon case are similar.

The numerical integrations of equations 1.33 and 1.34 for a fixed test parton
ultimately give the probability for a hadronization event to occur. From there, events
are randomly selected using Monte Carlo techniques, which give a color neutral state
with definite x, p and flavor. However, this is still not enough to specify a hadron
completely: many hadronic states of the same flavor have large widths. Thus to
determine the identity of the final hadron, the weight of each possible?® hadronic
spectral function is computed. The hadron is then randomly assigned an identity

based on these weights using Monte Carlo.

1.6.1.4 Hadronic phase

All of the hadrons produced in the previous steps are transported using Hadron-
String-Dynamics [120] (HSD). The phase-space distributions of the hadrons in HSD

26PHSD only includes the baryon octet/decouplet, the spin 0 and spin 1 meson nonets, and a
few higher resonance states. Furthermore, if the invariant mass of the color neutral state is above
1.3 GeV (for mesons) or 1.5 GeV (for baryons), the state is treated as a Lund string with further
decay handled by the JETSET algorithm [119]
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are transported using the equation
{1, — LU, — MydhUR) 04 + (IL,OLUY + MyoiUy) 04} fulz, p)
= > /d2d3d4. GG, g Or (4TI — Ty — T, .. )
ho hy hy... (1.35)
X {fh3 (2,p3) [y (x,D4) fh(iﬁ,p)fm (z,p2)
—fh(xap)th (90,102) fh3 (x,p:s) fh4 (33,]94)} ceey

where U and U} are the scalar and vector hadron self-energies, respectively. The

effective mass of the hadron M} is given by
M; =M, + U, (1.36)

and its effective momentum is given by

" =p" - U} (1.37)
The “collisional” term [GTG] 1934 1s the transition rate for the process 1 +2 —
3+ 4+ ..., which is modeled using Lund string fragmentation. The self-energies U;’

and U}’ are evaluated on the basis of a Nambu-Jona-Lasinio (NJL)-type model [121]
for the QCD Lagrangian. Once these self-energies (and [GTG}

the transport equation (Equation 1.35) can be solved.

19534 ) are specified,
1.6.1.5 A simple overview

While the equations that govern PHSD are quite complicated, the overall picture is

relatively simple. It can be summarized as follows:

e First, the simulation is split up into cells whose sizes evolve with time, as shown

in Figure 1.26.

e As the initial nuclei collide, and the interacting partons form pre-hadrons and

leading hadrons.

e If the energy density of a cell is too high, the pre-hadrons dissolve into partons,
which are handled by the DQPM model.

e If a cell with partons in it cools off, the partons dynamically hadronize.

e The resulting hadrons (and any hadrons present in a particular cell) are trans-

ported using HSD.
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Figure 1.26: The cells within PHSD. If the energy density of the cell is greater than
the critical energy density, the pre-hadrons dissolve into partons.

1.6.2 EPOS LHC

Another model used to simulate heavy-ion collisions is the EPOS LHC [122] model.
In this model, the initial colliding nuclei results in many parton-parton scatterings
happening in parallel, as shown in Figure 1.27. These simultaenous scatterings form a
parton ladder, which are modeled as relativistic Lund strings. Long before hadroniza-
tion, the model separates into two distinct parts: the core and the corona. This
designation is based on the string density (i.e. the number of string segments per
unit volume). If the string density exceeds a critical density p., the string segments
are considered to be in the core. Otherwise, they are in the corona.

The core is evolved in a hydrodynamic manner, which loses all information about
the initial string segments and their interactions. Hadronization in the core is handled
by a microcanonical procedure known as Cooper-Frye freeze-out, which is described
in detail in [123]. The core is associated with the QGP medium, and dominates
particle production at higher multiplicities. The corona, however, corresponds to
unmodified Lund string fragmentation, which dominates at large rapidity and in

lower multiplicity events.
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Figure 1.27: A schematic of the elementary interaction in EPOS LHC in which many
parton-parton interactions are ocurring simultaneously [122].

1.6.3 DPMJET

Perhaps the most simple?” event generator explored in this thesis is the DPMJET [124]
model. DPMJET combines the Dual Parton Model (DPM) [125] with the Lund string
model [59] to describe proton-proton, proton-nucleus, and nucleus-nucleus collisions
across a large range of energies. The DPM describes all of the soft, non-perturbative
multi-particle events that occur within a heavy-ion collision using various large N,
and Ny limits of QCD [125]. This is the only model explored in this thesis that
does not have an explicit QGP phase, as the collision constituents are always treated
independently. Thus, DPMJET serves as a good baseline for vacuum fragmentation,
and can be compared with other models (and data) to help quantify the effects of the
explicit QGP phase.

27Still extremely complicated from a theoretical perspective, but has the least moving parts.
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Chapter Two: Experimental Apparatus

The data analyzed in this thesis was gathered using the ALICE detector at the Large
Hadron Collider (LHC) at CERN. In this chapter, a brief synopsis of the LHC will
be provided, followed by a much more detailed overview of the ALICE detector and

its sub-detectors most relevant to this thesis.

2.1 The LHC

Located along the Swiss-French border near Geneva, Switzerland, the Large Hadron
Collider (LHC) [126], [127] is the largest particle accelerator on the planet. At a
circumference of 27 kilometers, its tunnels lie almost 200 meters beneath the surface of
the earth. Inside the tunnels are two high-energy particle beams pointing in opposite
directions, with the beam pipes being kept inside of an ultra-high vacuum. The
particles inside the beam are guided by a multitude of superconducting magnets:
393 quadrupole magnets keep the beam focused, while 1232 dipole magnets bend
the particles along the circular path. The beams are designed to collide at four
intersection points along the LHC, each with a corresponding detector surrounding
the collision points, along with a corresponding scientific collaboration. The four

main detectors/collaborations are:
1. A Large Ion Collider Experiment (ALICE) [128]
2. A Toroidal LHC Apparatus [129]
3. Compact Muon Solenoid (CMS) [130]
4. LHC-beauty (LHCb) [131]

A diagram of the LHC with these four intersection points can be seen in Figure 2.1.
As of 2023, the highest center of mass energies achieved for each of the main collision
systems (pp, p—Pb, Pb-Pb) are /s = 13.6 TeV for pp, /s = 8.16 TeV for p-Pb and
Vs = 5.36 TeV for Pb—Pb.
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Figure 2.1: A diagram depicting the LHC with its various main detectors shown
underground. Illustration by Philippe Mouche, taken from [132]
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Figure 2.2: A 3-D schematic of the ALICE detector, with labels for all of the sub-
detectors, taken from [133]. Note the humans-for-scale in the bottom left of the
diagram.

2.2 The ALICE Detector

The detector used by the A Large Ion Collider Experiment (ALICE) collaboration,
known as the ALICE detector, has the primary focus of investigating the physical
properties of the strongly interacting quark-gluon plasma created during heavy-ion
collisions. The detector weighs over 10,000 tons, and spans 26 meters in length with
a 16-meter height and width. It is composed of 18 sub-detector systems, all of which
work together to help reconstruct the collisions within the detector. A diagram of
the detector with its corresponding sub-detector systems can be seen in Figure 2.2.
As the primary focus of the ALICE detector is to study heavy-ion collisions, all of
its components must work together to reconstruct very high multiplicity events. The

components most relevant to this thesis, namely
e the Inner Tracking System (ITS),
e the Time Projection Chamber (TPC),
e the Time of Flight detector (TOF), and

e the VZERO Detector,
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Figure 2.3: A schematic of the ITS showing the six layers of silicon detectors, taken
from [136].

will be discussed in the following sections.

2.3 The Inner Tracking System

The Inner Tracking System (ITS) [134] is the innermost component of the ALICE
detector, lying closest to the beam pipe. It is composed of six cylindrical layers of
silicon detectors that are coaxial with the beam pipe and cover the pseudorapidity
range |n| < 0.9. The distance from the beam line varies from 3.9 c¢m for the first layer
to 43 cm for the sixth layer. A diagram of the I'TS can be seen in Figure 2.3. Because
of its proximity to the interaction point, the ITS is invaluable for reconstructing the
initial collision point (known as the primary vertex or PV) as well as identifying the
vertices of particles originating from weak decays (known as secondary vertices or
SVs). The vertex resolution of the I'TS is around 50 microns in high multiplicity Pb—
Pb collisions [135]. Moreover, the ITS can also track particles that are not detected or
missed by the external barrel detector due to acceptance limitations and momentum
cutoffs.

The ITS uses different types of silicon detectors for each layer, which will be briefly
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discussed in the following sections.

2.3.1 Layers 1 and 2

The first and second layers of the ITS are composed of Silicon Pixel Detectors
(SPD) [137]. The SPD inner and outer barrel layers have radii of 3.9 cm and 7.6
cm, respectively. The pseudorapidity coverage is |n| < 1.95, the highest of all the
ITS detectors. The SPD is segmented into 10 sectors which each cover 36 degrees in
azimuth. Each of these sectors contains 12 modules—caled half-staves—which them-
selves consist of 10 silicon pixel chips. These chips are 13.68 mm x 15.58 mm in size
and contain 8192 pixels each, corresponding to a pixel size of 425 pm x 50 pm. This
small pixel size gives rise to a very low occupancy (< 2%) for even the most central
Pb—Pb collisions. As the track densities in the innermost layers are very high (up to
100 tracks/cm? for central Pb—Pb collisions), the SPD has a very high granularity in
order to keep the occupancy low. The SPD is also used to generate the LO trigger
signal, which is used to trigger the readout of the TPC and TRD.

2.3.2 Layers 3 and 4

The middle two layers of the I'TS are made up of Silicon Drift Detectors (SDD)[138].
These layers extend from an inner radius of 14 ¢cm to an outer radius of 24 cm, and
cover the pseudorapidity range |n| < 0.9. There are 260 large area (7.02 x 7.53 cm?)
SSD modules in total, which are split into two drift regions. As an ionizing particle
passes through the drift regions, the resulting electrons drift into the collection an-
odes, which are at the ends of the drift regions and are connected to the frontend
readout electronics. This separates the SPD and the SDD in a fundamental way—the
data from the SDD is analog, and depends very much on how many electrons were
“knocked loose” during ionization. The SPD, on the other hand, is digital, and only
registers a hit (1) if a charged particle passes through the pixel. This analog informa-
tion can be used to help identify the ionizing particle species using the Bethe-Bloch
formula, which will be discussed in more detail in Section 2.4. Furthermore, there
are MOS charge injectors [139] connected to the cathodes in the drift region, which
provide precise timing information to compute the electron drift velocity. This ve-

locity is needed to precisely measure the location of the initial ionizing particle along
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the direction of the applied electric field. As the track density in the middle layers is

lower than in the innermost layers, the SSD has a coarser granularity than the SPD.

2.3.3 Layers 5 and 6

The last two layers of the ITS are Silicon Strip Detectors (SSD) [140], which
have an inner radius of 38 cm and an outer radius of 43 cm. The SSD covers the
pseudorapidity range |n| < 0.9, and is composed of 1698 modules in total. Each model
is a 1536-strip double-sided silicon sensor, with each strip connected to the front-end
readout electronics. Similar to the SDD, the SSD collects electrons generated when
the ionizing particle travels through the silicon-though the drift distance is much
smaller (300 microns for the SSD vs. 70.2 mm for the SDD). The SSD provides
two dimensional measurements of the ionizing particle’s position with a 20 micron
resolution in the 7y direction. The SSD also captures an analog signal, and is therefore

used to help identify the ionizing particle species.

2.3.4 ITS Upgrade

During the long shutdown (LS2) from December 2018 to June 2022, the LHC under-
went a fairly substantial upgrade to allow for higher beam energies and luminosities.
The luminosity increase from Run 2 (before LS2) to Run 3 (after LS2) was substantial,
from 12 inverse femtobarns before the shutdown to well over 200 inverse femtobarns
after [141]. As such, the ALICE detector needed to undergo a number of upgrades to
keep up with the increased collision rates. In terms of pure hardware upgrades, only

three detectors were affected, namely
e the Time Projection Chamber (TPC) [142],
e the Muon Forward Tracker (MFT) [143], and
e the ITS [144].

The TPC and MFT upgrades will not be summarized in this thesis!, but some key

features of the ITS upgrade will be discussed in the following sections.

!The author of this thesis was intimately involved with the ITS upgrade, and thus would be
unable to provide a fair and unbiased description of the TPC and MFT upgrades.
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2.3.4.1 Motivation for the ITS upgrade

As mentioned previously, the increased collision rates associated with the higher
luminosity LHC beam necessitated an upgrade to the ITS. Previously, the readout
rate for the ITS was 1 kHz for both pp and Pb—Pb collisions. The upgraded I'TS, on
the other hand, is able to readout at 100 kHz for Pb—Pb and 200 kHz for pp collisions,
drastically increasing the amount of possible data to be taken over the course of Run
3. The upgraded ITS also has a much finer impact parameter resolution than the
previous ITS, improving by a factor of 3 in the r¢ coordinate and by a factor of 5 in
the z coordinate. This improved resolution is crucial for the ALICE physics program,
as it allows for the reconstruction of more secondary vertices—like those from the decay
of a B meson, which was previously not possible. The tracking efficiency at lower pr
was also improved, thanks to a strong reduction in the material budget (from 1.14%
Xp to 0.35% Xp).

2.3.4.2 Hardware overview

The upgraded I'TS consists of seven layers of silicon detectors, as shown in Figure 2.4.
There are a total of 192 staves—rows of silicon chips—which cover a total area of 10
square meters. Each chip is of the same technology, which will be discussed in more
detail in the next section. The first three layers form the Inner Barrel (IB), and
contain 48 staves of 27 cm length. The remaining layers are referred to as the Outer
Barrel (OB). The OB is further separated into the Middle Layers (MLs) and Outer
Layers (OLs), which correspond to the 4-5th and 6-7th layers, respectively. The MLs
each have 54 staves of length 84 cm, and the OLs have 90 staves of 150 cm. The
grouping of the layers into the IB and OB has ramifications for the hardware testing

procedure, which is described in Section 2.3.4.4.

2.3.4.3 The ALPIDE chip

The most important component of the I'TS upgrade is the introduction of a new silicon
pixel chip: the ALPIDE [145]. The ALPIDE chip is a CMOS Monolithic Active Pixel
Sensor (MAPS) that has a few advantages over its predecessors (e.g. the SPD):

e Thanks to a deep p-well, complex logic at the pixel level can be employed. This
deeper p-well prevents the n-well PMOS part of the CMOS transistor from
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Figure 2.4: A schematic of the ITS upgrade, showing the seven layers of silicon
detectors.

collecting unwanted electrons (which are intended for the collection electrodes)

e The CMOS transistors allow for complicated in-pixel circuitry, which (when
coupled with the priority encoder) drastically reduces the data rate by only

sending the addresses of “hit” pixels to the frontend electronics

Each chip is 15 x 30 mm?, and contains over half a million pixels (512 rows, 1024
columns). This corresponds to a spatial resolution of 5 microns, which is much better
than the SPD of the old ITS (around 50 microns in r¢). A diagram of the cross
section of an ALPIDE (or more generally a MAPS) pixel can be seen in Figure 2.5.
In this diagram, a charged hadron flies through the chip, generating many electron-
hole pairs. The electrons are guided to the n-well diode, which ultimately collects
the electrons and generates a signal. The CMOS transistors (NMOS and PMOS
transistors) are vitally important for the pixel-level logic. Without the deep p-well to
protect the PMOS’s n-well from wandering electrons, the PMOS (and therefore the
CMOS) transistors would be rendered useless.

The CMOS transistors work together to form the logic within the pixel, shown as
a block diagram in Figure 2.6. First, the collection diode sends a signal SUB, which

comes in the form of a large voltage drop in a very short (&~ 10 ns) time, followed by a
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Figure 2.5: A diagram showing the basic operating principle of a MAPS pixel.

slow requilibration. The VPULSEFE signal is used for testing purposes, where a “fake”
charge can be sent to the capacitor, generating a similar signal to the collection diode.
The resulting PIX_IN signal is sent to an amplifier + signal shaper, and then to a
discriminator with threshold THR. If the amplified signal is less than the threshold,
no OUT_D signal is generated. If the signal passes the threshold, the digital OUT_D
signal is then sent into a simple AND gate, where the other input signal is the digital
STROBE. This strobing window is ultimately initialized by a trigger signal, and its
width is configurable. If the OUT_D signal is high during the strobing window, then
one of the three hit storage registers is “latched” (i.e. set to one). Also included in
the pixel logic is a masking register, which masks the pixel during readout when hot.

The priority encoder (which physically lies between two columns of pixels) se-
quentially provides the addresses of the latched pixels to the frontend electronics on
the chip. An important feature of the on-pixel electronics and priority encoder is the
lack of a clock: this means that there is no activity if there are no hits. In other
words, the ALPIDE chip only sends the registered signals to the readout electronics,

saving precious bandwidth.
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pixel.
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2.3.4.4 ALICE Service Work: The ALPIDE Software

In order to become a fully recognized member of the ALICE collaboration, the author
of this thesis was required to complete six months of “service work,” which started in
June of 2018 and ended in February of 2020.2 The primary goal of this service work
was to write software that could be used to characterize the ALPIDE chips during the
commissioning phase of the ITS upgrade. This work required a thorough knowledge
of the ALPIDE chip, along with the readout electronics used to communicate with
the chip.?

Each ALPIDE chip has over 500,000 pixels, each with their own circuit logic.
Excluding issues with the frontend electronics on the chip, that is still over 500,000
possible points of failure. As such, the chips were thoroughly tested to determine if
they were suitable for being installed in the ITS. There are three main tests that were

performed on each chip:

1. Fake hit rate: All pixels are unmasked, and a STROBE signal is repeatedly
sent to each pixel. As the THR signal should prevent any hits from being

registered, any latched pixels are considered “fake hits.”

2. Threshold scan: A predetermined amount of charge is injected into each pixel
via the VPULSE signal, and the THR signal is varied. There should be a clear

threshold where every pixel registers a hit, and vice-versa.

3. Readout tests: Either a digital signal (by writing the hit storage register)
or an analog signal (by injecting charge into the capacitor) pattern is sent to
the entire chip, and then the corresponding output is read out. The resulting

output should be the same as the input, like the example shown in Figure 2.7.

These tests were run on the ALPIDE software, which is a graphical user interface
(GUI) that allows for easy communication with the chips. The resulting output of
the tests was simply one of four options, which are summarized in Table 2.1. This
medal system was used to determine where the chip should be installed within the
detector. If a chip was GOLD, it was reserved for the IB. If the chip was SILVER, it

2Six months is the “official” requirement. After becoming an expert on certain aspects of the
ITS upgrade, the author of this thesis would make routine visits to CERN outside of the scope of
the service work.

3And the writing of over 100,000 lines of code.
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Figure 2.7: The signal that was read out from the ALPIDE chip after sending an
extremely technical digital input pattern.

Table 2.1: A summary of the medal system used to determine where a particular chip
should be installed. Note that while 99% seems strict, it corresponds to over 5000
misbehaving pixels.

Medal | % of good pixels

GOLD 99.99%
SILVER 99.67%
BRONZE 99.00%

FAIL < 99.00%

could be installed in either the MLs or the OLs. If the chip was BRONZE, it could
only be installed in the OLs. Finally, if the chip FAILed the tests, it was discarded.*
Further characterization was done at the stave level to determine where within the

IB or OB a particular stave should be installed.

2.3.4.5 The readout unit

Another large overhaul for the ITS upgrade was a complete redesign of the readout
system, from chip to DAQ. A schematic of the new readout system can be seen in
Figure 2.8. Each detector stave is connected to a readout unit (RU) via a relatively

long copper data cable. A single RU has a lot of responsibilities, including

4Sent to the poor souls developing the ALPIDE software.

62



e communicating with the power board so it can properly power the chips,

e receiving the trigger information from the Central Trigger Processor (CTP) and

sending it to the chips (which generates the STROBE signal discussed above),

e receiving all of the data from the chips on the stave, which each have their own
1.2 Gbps link (for the IB chips, the OB chips share a 400 Mbps link in groups

of seven), and

sending the readout data from the chips to the Common Readout Unit (CRU),

all while being in a highly radiative environment (only 6-8 meters away from the
detector).

Detector staves Trigger, timing Pa§s_ive Central Trigger
GBT links (fiber) splitting Processor

22 Common
Readout Units
(CRUSs)

Control/data
GBT links (fiber)

192

Clock/control/data 624 EPAEEETe[o]N]: CANbus Detect
TwinAx, copper Units etector
192 Control System
Low voltage
Power ozl 141 Power JRCIENY Power system
i Boards 7 (CAEN)

Figure 2.8: A schematic of the ITS readout system, showing the various components
of the system.

These responsibilities are mostly handled by two on-board field-programmable
gate arrays (FPGAs): an SRAM FPGA for actually handling all of the aforemen-
tioned data transfer between the various components, and a flash FPGA for ensuring
that the SRAM FPGA does not misbehave in the radiative environment. The SRAM
FPGA continuously scrubs the flash FPGA to ensure that it has not been misconfig-
ured due to a radiation upset. If it has, the SRAM FPGA will reconfigure it using
the “golden image” of the SRAM firmware stored in the flash memory of the flash
FPGA (hence the name). Even still, the important modules of the SRAM FPGA are

triplicated, meaning that if one module is subject to a radiation upset, the other two
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Figure 2.9: A picture of a readout unit in its (not-so) natural habitat at the University
of Texas at Austin. The heat sink and fan are covering the main SRAM FPGA, and
to its north-east is the flash FPGA.

can outvote it. An image of the RU at the University of Texas at Austin can be seen

in Figure 2.9.
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Figure 2.10: A schematic of the TPC field cage, taken from [146]

2.4 The Time Projection Chamber

The largest component of the ALICE detector is known as the Time Projection
Chamber (TPC) [146], [147]. The TPC is a gas-filled volume with an 85 c¢m inner
radius, a 250 cm outer radius, and a five meter length along the beam axis. This
corresponds to an active volume of around 90 cubic meters, all of which is filled with
a Ne-CO4-Ny (90-10-5) gas mixture. The TPC is an ionizing drift detector: charged
particles moving through the detector ionize the gas, and the resulting electrons drift
towards the endplates of the detector®—due to the presence of a strong 400 V/cm
electric field along the z-axis. This electric field is generated by a central cathode
that is kept at a potential of 100 kV. A schematic of the TPC field cage can be seen
in Figure 2.10.

Readout chambers with design based off of the Multi-Wire Proportional Chamber
(MWPC) technique are installed at both endplates. In short, these chambers contain

A very similar mechanism to the SDD, on a much larger scale.
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an array of wires that are held at a high voltage and positioned in front of a plane of
pads held at ground. The electrons that drift towards the endplate pass through this
region, which causes a localized cascade of ionization® that is ultimately collected by
the pads. The inner readout chamber has 5504 total pads, while the outer readout
chamber (i.e. the one visible in Figure 2.10) has nearly 10000. The pads are grouped
into 18 trapezoidal sectors, each of which covers 20° in azimuth. Unfortunately the
boundaries of these sectors don’t contain any pads, resulting in very narrow “dead
zones” within the azimuthal acceptance of the TPC. The momentum resolution of
tracks reconstructed using the TPC is below 5% from 0.1 to well over 100 GeV /c [147].

The TPC is also capable of providing information that can be used to identify
particles. As a charged particle travels through the active volume of the TPC, it loses
energy as it ionizes the gas in a way that only depends on the particle’s velocity. This
energy loss is often described by the Bethe-Bloch formula [148]

< dE> _ Kzzzi {ln 2m.c* > e 6(57)

—= - 220 2.1
dx I 2 (2.1)

where K is a constant coefficient (= 0.31 MeV mol™! cm?), z is the charge of the
particle, Z and A are the atomic and mass numbers of the gas, [ is the velocity of
the particle in units of the speed of light, ~ is the Lorentz factor, m. is the mass
of the electron, c is the speed of light, and I is the mean excitation energy of the
gas. An important feature of this equation is that most of the parameters depend on
the gas mixture and the mass of the electron. For a fixed gas mixture, this equation
gives a relationship between the energy (loss) and the velocity of the particle. As the
momentum of the particle is known, the mass (and therefore the particle species) can
be determined. To see this explicitly, it is useful to look at a common parameterization
of the Bethe-Bloch formula [149],

F(B) = ;;4 (P2 _BP (P3 4 (ﬁ#)) | (2.2)

where parameters P; only depend on the gas mixture. Rewriting this equation in

terms of the momentum p of the particle gives a curve for each particle species with

60ften called a Townsend avalanche, where the ionizing electrons from the initial ionization of
the ionizable gas ionize the ionizable gas, creating more ionizing electrons to ionize more ionizable
gas...
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Figure 2.11: The energy loss signal for different particle species using the ALICE
TPC gas mixture, taken from [149]. The solid lines represent the expected energy
loss signal for each particle species (Equation 2.3).

mass m;,

P4 P4
m? + p? p ml®
f(p, mz) = Pl (T P2 — \/W:W —In <P3 + pP5 ) . (23)

Examples of the energy loss signal for different particle species using the ALICE
TPC gas mixture can be seen in Figure 2.11. Note that while there are clearly
defined lines for each particle species from Equation 2.3, the actual signal is spread

out around these lines due to the energy loss and momentum resolution of the TPC.

Furthermore, many of the curves intersect at higher momentum. As such, it is useful

to define the quantity

(dE/dx)meas — (AE /AT exp
OTPC 7

(2.4)

norpc =

which is the number of standard deviations away from the expected energy loss signal

for a given particle species. If an unidentified particle has an norpc value close to
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zero, it is likely that the particle is of that species. However, when investigating
a specific particle species, compromises must be made-requiring a low norpc value
may result in less contamination from other particle species, but also yields lower

statistics.

2.5 The Time of Flight detector

The Time of Flight (TOF) detector [150] is a large array of Multi-gap Resistive
Plate Chambers (MRPCs) [151] that is used to measure the time of flight of charged
particles from the nominal interaction point. The TOF is located directly outside
of the TPC at a radius of around 3.7 meters, and covers the pseudorapidity range
In| < 0.9. It consists of 1593 MRPC strips, arranged in 18 sectors along the azimuthal
direction. Each MRPC strip has two rows of 48 pickup pads with area 3.5 x 2.5 cm?,
to ensure low occupancy even in the most crowded events. This gives a total of
96 pads per strip and 152,928 readout channels in total. The TOF MRPC has a
double-stack structure; each of the two stacks has five gas gaps each. The resistive
plates are made of standard soda-lime glass sheets. The gap (250 pm) is created
by commercial fishing line stretched over the glass sheets. The average MRPC time
resolution, including the effects of the full front-end and readout electronics, was
measured to be better than 50 ps in a beam test setup.

The primary goal of the TOF detector is particle identification: the time of flight
of a particle is directly related to its velocity (as the TOF is a fixed length away from
the interaction point), which can be used with the particle’s momentum to determine

its mass. More explicitly, the velocity 3 of a particle is given by (in natural units)

L

)
tror

Bror = (2.5)

where L is the distance from the interaction point to the TOF (3.7 meters) and ttor

1S e time O 1 (6] € particle. simmg p = 1m , PToF Can be written as a
is the ti f flight of th ticle. Using \/f_ﬁ be writt

function of p for a particle of mass m;,

p
Bror(p, m;) = ———=.
TOF( ) \/m

Much like the TPC, plotting the TOF signal versus momentum provides a unique

(2.6)

curve for each particle species, as shown in Figure 2.12. Also much like the TPC, the
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Figure 2.12: The time of flight signal Sror measured in 5.02 TeV Pb-Pb collisions
for different particle species as a function of momentum [152]. The curves are labeled
with the particle species they correspond to.

signal is spread out around the expected curve due to the timing resolution of the
TOF and momentum resolution of the TPC + ITS. As such, the quantity

o Bmeas - ﬁexp
)

NoTOF = (27)

OTOF

is defined, which serves a similar purpose to notpc.

2.6 The VZERO Detector

The VZERO detector [153] consists of two end-cap scintillators: the VOA, located
in the forward pseudorapidity region (2.8 < 1 < 5.1); and the VOC, located in the
backward region (—3.7 < n < —1.7). While most of the interesting physics lies at

midrapidity, these detectors are vital for determining the multiplicity percentile of
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a collision event (as discussed in Section 1.5.2). The VZERO detectors also pro-
vide a trigger for the other detectors: whenever a coincident signal occurs in the
VOA and VOC, a collision event must have occured between the two detectors. The
VZERO system is also used to monitor LHC beam conditions and reject beam-gas
and beam-halo events. As the data analyzed in this thesis is from p—Pb collisions,
only information from the VOA detector—which faces the lead ion beam-is used for

determining the multiplicity percentile of the collision events.
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Chapter Three: Analysis Motivation and
Methodology

This chapter will provide the underlying motivation for the main topic of this thesis,
along with a high-level overview of the methodology used to perform the analysis.
First, the motivation for this analysis will be given in detail, emphasizing the impor-
tance of the A baryon and why it was chosen for this study. Next, the main technique
used to perform the analysis will be introduced, along with a brief overview of the
analysis procedure. Finally, the main observables of interest will be mathematically

defined to avoid any ambiguity in the following chapters.

3.1 Motivation

As mentioned in Section 1.5.6, the enhancement of strange quarks relative to non-
strange (u and d) quarks in heavy-ion collisions is a key indicator of the production
of a QGP. Experimentally, this enhancement is seen by measuring the production of
strange hadrons (A, K°, ¢, =, Q) relative to the production of pions as a function of
event multiplicity. The results of such measurements from the ALICE collaboration
is shown again in Figure 3.1 for reference.

This figure shows a clear indication of an onset of strangeness enhancement, which
transitions smoothly from low multiplicity pp to high multiplicity Pb—Pb in a way that
is independent of collision system. While statistical models are able to well-describe
these particle ratios in low multiplicity pp (in the form of the canonical SHM from
Section 1.4.2.1 without chemical equilibriation [108], [109]) and high multiplicity Pb-
Pb (with the grand canonical SHM and full chemical equilibriation [106], [107]), such
models cannot describe the transition region. Phenomenological extensions to these
models are able to produce a smooth transition between the two regimes [111], [154],
but the microscopic origins of this observed enhancement are still unknown.

This thesis aims to shed light on these origins by investigating this enhancement

in different kinematic regimes. In particular, the production of strangeness within the

71



g 0o
o ALl 2K9
A o © 0 gy T ALICE
;ﬁ e _ | @pp.§=7TeV Eﬂj g
A+A(x2) 20— o
| Op-Pb,5y, =5.02TeV Bk Eﬁﬂ
" g B g - @K 1 Eﬂ“
L e 4 B B il [ ma ‘
T - Z+ 57 (x6) < L = @
22 15[ g .ﬁﬂﬂ [y
g >3 - G
, zﬁ; EE“ [ﬂtrﬂt & T ﬂn i o
3 : S i i D o1
3 107 H H“d&ﬂ 27+ 3 (x16) § r {]% . _@_
R : Q i ey 'EW{B}-@-
o : b gubes
[ t K 10— _‘_m -t h [
I : ALICE lE ---- B d
r ® pp5=7TeV o
O P-Pb,iSy = 5.02 TeV -
R [] Pb-Pb,s;=2.76 TeV :% .‘
—— PYTHIAS 05 Ht" L
F i e DIPSY - 1 1 Lo 1 ] 1
i e EPOS LHC 10
. <chh/d'7)|u| <05
Lo e T T R
10 10? 10
(de/dM,,\ws

Figure 3.1: The enhancement of strange hadrons relative to pions as a function of
event multiplicity in pp, p—Pb, and Pb—Pb collisions at ALICE, taken from [110].

near-side and away-side components of dijets! will be studied and compared with the
strangeness production outside of the dijet system. The production in the near-side
component of the dijet corresponds to mostly unmodified strange quark production
in a jet, whereas the away-side production corresponds to strangeness production
in a jet whose initial partons traversed through the QGP medium. The production
outside of the dijet system is meant to represent the production of strangeness in the
QGP medium itself, and serves as a baseline for “soft” quark production. Measuring
the strangeness production in these regions can be used to determine their relative
contributions to the overall observed enhancement, in turn illuminating some of its
origins at a fundamental level.

The p—Pb collision system is ideal for this study for two major reasons. The first
is that the p—Pb system captures the entirety of the observed onset of strangeness
enhancement, as seen in Figure 3.1. Thus, when trying to study this onset, p—Pb

collisions are the most natural choice. The second reason is that pp collisions give

1For more details see Section 1.5.4 in the introduction.
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rise to a large amount of jet-like production, with very little medium-like production.
Pb-Pb collisions, on the other hand, are dominated by medium-like production with
very little jet-like contributions. The p—Pb system produces a significant amount of
both jet- and medium-like production, making it the ideal candidate for analyzing

the production of strangeness in these two regimes.

3.1.1 The A baryon

When studying strange quark production in experiment, a choice of strange hadron
must be made. In this thesis, the strange hadron of choice is the lambda baryon
(A). The A is a neutral hadron with mass 1.116 GéV/c?, consisting of one up, one
down, and one strange quark (uds). The reasons for choosing the A baryon for this
analysis are as follows.

Firstly, it is the lightest baryon containing a strange quark, and is thus the most
abundantly produced strange baryon in high energy particle collisions. This makes
it an ideal candidate for differential studies—like the one presented in this thesis—
as correlation measurements require a significant sample size to extract statistically
meaningful trends. Second, the A has a very long lifetime-relative to the collision

evolution—as it can only decay weakly. This has two effects:

1. A baryons produced early on in the collision survive until the end of the collision,
keeping their decay products in-tact. This is not the case for strongly decaying
resonace states like the K*, which often decay within the hadronic gas phase
of the collision. This can result in their decay products “rescattering” off other
hadrons within the gas [155], making it impossible to reconstruct the original

resonance.

2. The A often travels a significant distance before decaying, which allows for the
reconstruction of its decay vertex in the detector. This substantially reduces
the background contribution to the A signal, which is discussed in more detail
in Section 4.3.1

Furthermore, the integrated production of A baryons relative to pions has been stud-
ied extensively in pp, p—Pb and Pb—Pb collisions at ALICE, as shown in Figure 3.2.

Due to its strange quark content, the A/pion ratio exhibits a large enhancement,
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Figure 3.2: The pr-integrated A/pion ratio as a function of event multiplicity in pp,
p—Pb, and Pb—Pb collisions at ALICE.

especially in the p—Pb region. The measurements in Figure 3.2 serve as a baseline for
the differential studies presented in this thesis.

Finally, the A baryon, with a net strangeness of one, shares a similar mass with
the ¢(1020) resonance (s5), which has a net strangeness of zero. Thus the differences
between “open” strangeness (|S| > 0) and “hidden” strangeness (|S| = 0) can be
studied by comparing the production of A baryons with the production of ¢ reso-

nances. Due to their similar masses, any changes in the production of these two

10

10° 10°

<chh/ dm) Inl< 0.5

hadrons due to differing masses would be negligible.
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Figure 3.3: A cartoon of a Pb-Pb (p—Pb) collision that produces particles in the
near- and away-side jets, along with the UE. The corresponding regions in the Ay
distribution are highlighted on the right.

3.2 Methodology

3.2.1 The main technique

To separate the production of A baryons into the jet and non-jet regions, two-
particle angular correlations are used. By looking at the relative azimuthal angles
AP = Pirigger — Passociated Petween a high momentum trigger particle and a lower mo-
mentum associated particle, the resulting distribution can be used to separate the
production of the associated particles into distinct regions. These regions can be seen

in Figure 3.3, and will be referred to as

e the near-side region shown in red, corresponding to near-side jet production

with no medium interactions,

e the away-side region shown in blue, corresponding to away-side jet production

with possible medium interaction, and

e the underlying event (UE) region shown in green, corresponding to the

production within the medium that is not correlated with a jet.
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The clear separation between these regions in the Ay distribution can be under-
stood from the following argument. If the trigger momentum is high enough ( > 4
GeV/c), it must be closely aligned with the near-side jet axis [156]. As such, the
associated particles that are produced in the near-side of the jet will have a small
relative angle to the trigger, near Ap = 0. The associated particle production in the
away-side jet would then be 180° away from the trigger, near Ay = 7. Finally, the
uncorrelated? associated particle production within the medium would be randomly
distributed across Ay, manifesting as a (mostly) flat background that the near- and

away-side peaks sit on top of.

3.2.2 The end goal

In this thesis, the h-A Ay distributions in p—Pb collisions at the ALICE detector
will be measured across a wide range of multiplicities. The resulting distributions
will be used to extract the associated A yields in each of the near-side, away-side
and UE regions. Moreover, the correlation distributions will be used to extract the
widths of the near- and away-side jet peaks, which aid in the study of the effects of
jet-medium interactions on the production of strange hadrons [157]. Each of these
observables will be compared with those of a h-h (dihadron) sample, which serves
as a proxy for non-strange quark (pion) production. These measurements will be
compared with theoretical model predictions from the event generators detailed in
Section 1.6. The differences between open and hidden strangeness production will also
be explored using previously published h-¢(1020) angular correlation measurements
in p—Pb collisions [158].

Because the analysis procedure is dense with technical details, the remainder of
this chapter will be dedicated to providing a high-level overview of the analysis. The

specifics of the analysis procedure will be discussed in Chapter 4.

3.2.3 A brief overview of the analysis

To get to the final h-A and h-h Ay distributions of interest, a correlation function

must be specified. There are a multitude of ways to define such correlation func-

2Elliptic flow (v) gives rise to a small correlation across Ay, see Section 1.5.5.
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tions [159], but this thesis uses the per-trigger normalized associated particle yield,

1 d*N,u
Cyiela (A, An) = Now —dAsoc?An' (3.1)
rig

Note that this is a 2D distribution, which has information about the angular separa-
tion in both Ap and An. Due to the finite acceptance of the detector along 7, naively
integrating over An (in other words, just looking at the angular separation in Agp)
would introduce a bias in the jet components, which will be discussed in Section 4.5.2.
As mentioned previously, the angular separations Ay and An are measured between
a high momentum trigger hadron (h)—-which serves as a proxy for the jet axis—and a

lower momentum associated hadron (A or h).

3.2.3.1 Raw distribution corrections

The correlation function given by Equation 3.1 cannot be directly obtained in data.
Instead, a series of corrections to the raw distribution must be applied to correct
for various detector inefficiencies and acceptance effects. The raw distribution is
defined as the distribution obtained by counting the number of observed trigger-
associated pairs within a given event, summed up over the entire event sample. The

corrected distribution is then given by

1 1 S(Ayp, An) 1
Cad(Ap, An) = B(0,0 ; 3.2
y ld( 2 77) Ntcrcl)g Etrig X Eassoc ( )B(AQO, AT/) 6pair<AS07 An) ( )

where S(Ap, An) is the aforementioned raw distribution. N, is the total number
of trigger hadrons across the event sample, corrected for trigger efficiency. Each of
Etrig, €assoc AN €444, are efficiency correction factors that are discussed in more detail
within Section 4.5.1. B(Ayp, An) is the distribution generated by combining trigger
and associated particles that are produced in separate events, called the “mixed-
event” distribution. A simple diagram showing the differences between the generation
of S(Ap,An) and B(Ap,An) is shown in Figure 3.4. This distribution is used to
correct for the finite acceptance of the detector, and is detailed in Section 4.5.2.
Examples of S(Ap, An), B(Ap, An) and Clyiaa(Ap, An) for h-A pairs can be
found in Figure 3.5. The peaks observed around Ay = 0 and Ag = 7 in the fully
corrected correlation function define the aforementioned near- and away-side regions,

respectively, which lie on top of the uncorrelated UE.
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event b

trigger__eventa

S(Aw, An) B(Ag, An)

Figure 3.4: A simple diagram showing the differences between the generation of
the raw distribution S(A¢, An) (left) and the mixed-event distribution B(Agp, An)
(right). The yellow tracks are those observed by the detector. The raw distribution
is obtained by looking at trigger-associated pairs within the same event, whereas
the mixed-event distribution is generated from pairs that come from separate events.
Note that both Ay and An cannot be easily shown on a 2D plot, but the distributions
are filled with both quantities.

h-A pairs per (An, Ag) bin

Figure 3.5: Examples of the h-A same-event distribution S(Ap, An) (left), mixed-
event distribution B(Ap, An) (middle), and fully corrected correlation function

Cyield(Ap, An) (right).
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3.2.3.2 Underlying event fit

Once all of the corrections have been applied to the raw distributions, the resulting
correlation function Cliela(Ap, An) can be projected onto Ag to obtain the 1D distri-
bution dN/dAg. To extract the near- and away-side widths and the per-trigger yields
in each kinematic region from these distributions, the underlying event contribution
U(Ayp) must be quantified. While there are multiple ways to do this, the nominal
procedure is simply to fix U(Ay) to the average of the A distribution in the regions

where there is little-to-no jet contribution. Explicitly, these regions are

)7

e (7, %’T), and

N

° (—%, —

The effects of varying these regions, along with other assumptions of the form of
U(Ay), are explored within Chapter 5.

3.2.3.3 Yield and width extraction

After obtaining the underlying event fit U(Ag), the associated particle yields in the

jet-like and UE regions are extracted using

"2 AN 37/2/ dN
Yvnear = /_W/2(m - U<Agp))dA(pa Yaway = fﬂ/g (m - U(A90>>dA(10 (33)

3m/2
Yug = / U(Ap)dAgp, (3.4)

—7/2

where the subscripts near, away and UE refer to the near-side, away-side, and under-
lying event regions, respectively.
In order to quantify the widths of the near- and away-side peak regions, the Ay

distributions are fit using the function

eﬁnearCOS(AS@_ﬂnear) eﬁawayCOS(Aﬁp_H/away)

F(Ap) =U(Ap) + 2T (oo + 2T () (3.5)

which is composed of two von Mises functions describing the near- and away-side
peaks. Von Mises functions [157], [160] are the circular analogs of Gaussian distri-

butions and provide the best fit to the 27-periodic Ay distributions. The ke, and
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Kaway terms are the measure of the collimation of the near- and away-side peaks,
respectively, and [j is the zeroth-order modified Bessel function. The parameters of
the underlying event term U(Ay) are fixed to those obtained following the procedure
in the previous section while fitting the full correlation function. Due to symmetry
considerations, the means finear and plaway are also fixed to 0 and 7, respectively. The

width of the peaks is then quantified via [160]

I 0 (Knear,away

I (Knear,awa
Onear,away — \/_2 IOg M7 (36)

where [ is the first-order modified Bessel function and log(z) is the natural logarithm
of . As before, the effects of different choices for F'(Agp) will be detailed in Chapter 5.
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Chapter Four: Analysis Details

This chapter builds upon the analysis overview presented in the previous chapter
by providing a much more detailed description of each component of the analysis.
These components can be summarized as follows. First, a high-quality data sample
of p—Pb collisions is selected, with events further differentiated by their multiplicity.
Then, quality tracks are selected for the trigger and associated charged hadrons, and
the A baryons are reconstructed from a larger pool lower quality tracks using their
characteristic decay topology. These A daughter tracks are identified as protons or
pions using information from the TPC and TOF detectors. Within a given event,
the trigger hadrons are then combined with either the associated charged hadrons
or the A candidates to form pairs, where a distribution of their relative azimuthal
angle (Ap = @iig. — Passoc.) and pseudorapidity (An = Nyrig. — Nassoc.) 1s filled for each
pair. These h-A and h-h angular distributions are then corrected for a laundry list of
detector effects using both data- and MonteCaro-driven methods. Further corrections
are applied to the h-A distributions to account for effects like the combinatorial
background associated with the A reconstruction and the two-track merging effect,
whereby one of the daughter tracks gets merged with the trigger hadron track, causing
a h-A pair deficit at small angles. Once all corrections are applied, the h-A and h-
h distributions are finalized and ready for the extracting of the many observables

discussed at the end of the previous chapter.

4.1 Dataset and event selection

4.1.1 Dataset

The events in this analysis are p-Pb collisions at /syy = 5.02 TeV collected by the
ALICE detector during the 2016 LHC run. This analysis uses the data from these
runs with the “FAST” reconstruction, meaning the data was taken without the I'TS’s
SDD subdetector due to issues with readout during this period. The total number of
events (prior to any selection) is roughly 400 million. For the efficiency studies, the

analysis was performed using a standard purpose MC-generated production anchored
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to the dataset using the DPMJET [124] event generator. This production consists of

around 400 million minimum bias events, which is roughly equivalent to data.

4.1.2 Event Selection

Events are selected by requiring the location of the primary collision interaction point
(called the “primary vertex” or PV) to be no more than 10 cm from the center of the
detector along the beam axis or “z”-direction. Furthermore, every event is required
to have at least three reconstructed tracks that contributed to the reconstruction of
the PV. This reduces the total number of events considered to approximately 350
million events, and a summary of the effects of these selection criteria can be seen in
Table 4.1. The events are further separated into three charged particle multiplicity
classes (0-20%, 20-50% and 50-80%) based off event activity in the forward-rapidity

VOA detector.

Table 4.1: Number of events passing our criteria for each multiplicity bin considered.
Here Z,;, refers to the position of the PV along the beam (z) axis.

Multiplicity | Total evts. | Has 3 tracks | |Z,.| < 10cm + 3 tracks || % Pass
0-20% 1.0E08 1.0E08 0.8E08 7%
20-50% 1.6E08 1.6E08 1.3E08 86%
50-80% 1.6E08 1.6E08 1.3E08 86%

4.2 Charged hadron track selection

4.2.1 Trigger track cuts

For any two-particle correlation analysis, the selection criteria of the trigger hadron
is of utmost importance as any geometric biases introduced by the trigger selection
could be reflected in the final correlation distributions. However, correlation anal-
yses generally require large statistics, thus the selection criteria shown in Table 4.2
are applied to ensure the quality of the trigger hadron track while maximizing the
statistics of the analysis. Furthermore, the trigger hadron tracks are required to be
at midrapidity (|n| < 0.8) and have high! momentum with 4.0 < p%® < 8.0 GeV/c,

L“High” in this case means high enough to guarantee the hadron is produced close (in ApAn-
space) to a jet axis.
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Figure 4.1: The pr (left), ¢ (middle), and n (right) distributions for the trigger
hadrons in the multiplicity range 0-20%.

as the trigger is meant to serve as a proxy for a jet axis. Plots of the pr, ¢, and n
distributions for the trigger hadrons that pass these cuts in the 0-20% multiplicity

bin can be seen in Figure 4.1.

Table 4.2: The track quality cuts applied to the trigger hadrons in this analysis.

Selection criterion Value
TPC clusters > 50
x? per TPC cluster <4
Fraction of shared TPC clusters <04
DCA,, < 2.4 cm
DCA, < 3.2 cm
Accept kink daughters No

4.2.2 Associated hadron track cuts

To keep the results of this analysis more comparable to previous measurements of
the A/m =

strict than those for the trigger hadrons as the associated hadrons are meant to be

A/h ratio, the selection criteria for the associated hadrons are more

“primary”, meaning they did not originate from a weak decay. All associated hadrons
are required to meet the ALICE standard track quality cuts for primary charged
hadrons described in Table 4.3. Furthermore, the associated hadrons are selected
only at midrapidity (|n| < 0.8) in the momentum region 1.0 < pr < 4.0GeV/c. The
pr, ¢ and 7 distributions for the associated hadrons that pass these cuts in the 0-20%

multiplicity bin can be seen in Figure 4.2.
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Figure 4.2: The pr (left), ¢ (middle), and n (right) distributions for the associated
hadrons in the multiplicity range 0-20%. The dips observed in the ¢ distribution are
due to the TPC sector boundaries.

Table 4.3: The ALICE standard track quality cuts for primary charged hadrons, used
for the selection of the associated hadrons in this analysis.

Selection criterion Value

Crossed rows in TPC > 80

Crossed rows/findable clusters in TPC > 0.8

TPC clusters > 80

ITS clusters >3

x? per TPC cluster <4

x? per ITS cluster < 36

TPC and ITS refit required Yes

DCA,, < 0.0105 + 0.0350/pk! cm
DCA, <2cm

4.3 A\ reconstruction

4.3.1 Characteristic V' decay topology

The A candidates in this analysis are reconstructed using their characteristic “V”-
shaped decay topology, which is seen in the detector as two oppositely charged tracks
originating from a common vertex which is sufficiently displaced from the PV (called
the “secondary vertex” or SV). Such particles capable of being reconstructed via this
topology are called “V°7s: the V describing the decay shape and the 0 indicating that
the particle is neutral. A diagram depicting a typical VY decay is shown in Figure 4.3,
with labels given for the most relevant kinematic variables.

The first and most important of these variables is the distance of closest approach
(DCA) between the two tracks.? This DCA needs to be small enough (relative to

2Note that the term DCA in this section refers to the distance of closest approach between the
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Figure 4.3: A diagram depicting a typical V° decay with labels for the most important
kinematic variables. The diagram was taken from [161].

the tracking resolution) to ensure that the tracks originated from a common vertex.
Another important variable is the transverse decay length of the V° which is the
distance between the PV and the SV measured in the zy-plane. The importance of
this variable is twofold: if the decay length is too small, then it may not even be
possible to resolve the SV from the PV; and in addition, it allows for the distinction
between Vs of differing decay lengths. The final relevant variable is the cosine of the
pointing angle, which is the angle between the momentum vector of the V? and the
vector pointing from the PV to the SV. As V° candidates are generally required to
be sufficiently collimated to ensure that the V° originated from the PV, the cosine of
the pointing angle is usually close to unity.

Using these variables, a list of likely V° candidates is generated for each event,
from which further cuts are applied to maximize the likelihood of the candidate
being a true A baryon. These cuts are summarized in the following section. There is
also another technique for A reconstruction whereby all oppositely charged proton-
pion pairs are combined to form A candidates, which is explored in more detail in
Chapter 5. However, due to the large combinatorial background associated with this
technique, the V° method described above is chosen as the A reconstruction method

for this analysis.

potential A decay particles, whereas in Tables 4.2 and 4.3, DCA refers to the minimum distance
between a given track and the PV.
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4.3.2 A daughter proton and pion track cuts

Because of the longer decay length of the A (¢7 &~ 10 cm), the corresponding daughter
proton and pion tracks generally have fewer hits in both the ITS and TPC, resulting
in “lower quality” track parameters. Because of this, the cuts applied to the daughter
tracks used to reconstruct A candidates are the least strict of all the track quality
cuts in this analysis and are summarized in Table 4.4. The daughter proton and pion
are also required to be at midrapidity (|n| < 0.8) and have a minimum pr > 0.15
GeV/ec.

Table 4.4: The track quality cuts applied to both the daughter proton and pion tracks
used to reconstruct A candidates. These cuts are intentionally less strict than those
applied to the trigger and associated hadrons as the daughter tracks are reconstructed
from secondary particles.

Selection criterion Value
TPC refit required Yes
Crossed rows in TPC > 70

Crossed rows/findable clusters in TPC > 0.8

Following the particle identification procedure outlined in Sections 2.4 and 2.5,
the daughter proton and pion tracks are required to pass the following PID cuts using
both the TPC and TOF detectors:

’nanc7p| <2

|nUTPC,7r| <3

Inoror | < 2 (if signal exists)

|noror.«| < 3 (if signal exists)

The values of these cuts were chosen to maximize the A signal while avoiding
contamination from other particle species. The parenthetical “if signal exists” means
that the TOF PID cut is only applied if the track has a TOF signal. Due to the
large distance between the TOF detector and the PV, many lower momentum tracks
are deflected by the magnetic field before reaching the TOF detector, resulting in no
signal. Excluding such tracks results in a more pure sample of protons and pions, at

the cost of a much lower number of A candidates. While such a cost is not acceptable
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for this analysis, the effect of excluding these tracks is investigated in Chapter 5. The
no distributions for both the TPC and TOF detectors of the daughter proton and
pion tracks that pass the aforementioned quality cuts are shown in Figure 4.4 and
Figure 4.5, respectively. To check for contamination from other particle species, the
TOF and TPC information is combined to form a noror vs norpc plot, which is

shown for both the protons and pions in Figure 4.6. No contamination is observed

for either the proton or pion tracks.
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Figure 4.4: no for protons (left) and pions (right) in the TPC detector as a function
of DPr-
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Figure 4.5: no for protons (left) and pions (right) in the TOF detector as a function
of Pr-
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Figure 4.6: no in TOF vs no in TPC for protons (left) and pions (right). No conti-
matination is observed for both of the particle species.

4.3.3 A candidate selection

With the daughter proton and pion tracks selected, the A candidates are generated
by combining all oppositely charged proton-pion pairs into V% which meet the topo-

logical selection criteria described in Table 4.5.

Table 4.5: Topological selection criteria applied to A candidates.

Selection criterion Value
In| <0.8
Decay radius (cm) > 0.2
DCA,, of pion track to PV (cm) > 0.06
DCA,, of proton track to PV (cm) > 0.06
DCA,, between daughter tracks (no) <15
c08(Bpointing) > 0.9
Invariant mass (GeV/c?) 1.102 < M, < 1.130

The invariant mass M, is calculated using

My = \[ (B, + Ex)? = (7, + )", (4.1)

where E, = \/m2 + p2 is the energy of the particle of species z. The M, distributions
for the A candidates for all multiplicity and momentum bins are shown in Figure 4.7.
The distributions are also fit with a Voigtian function (convolution of Breit-Wigner

and Gaussian [162]) plus a straight line to describe the background. Note that despite
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the selection criteria, there is still a non-negligible background due to the presence
of misidentified A candidates. As this background inevitably makes its way into the
final h-A correlation distributions, it is removed using the technique described in
Section 4.5.3.1.
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Figure 4.7: Invariant mass distributions in the 0-20% (top), 20-50% (middle), and 50-
80% (bottom) multiplicity bins for the A candidates which pass the selection criteria
with 1.5 < pp < 2.5 GeV/c (left) and 2.5 < pr < 4.0 GeV/c (right). A Voigtian signal
+ straight-line background fit to the data is shown in blue, with just the background
fit shown in red. For these plots, the As were only reconstructed in events with a

trigger hadron.
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4.4 Reconstruction efficiency

In an ideal world, the number of reconstructed particles of interest would be equal
to the number of particles produced in the collision. Unfortunately, this is not the
case in real data, as there are a number of detector effects which can cause particles
to be “lost” during reconstruction. To correct for these effects, the reconstruction

efficiency
€(xq, 29, ..y ) = P(f(21, 29, ..., xn)|g(1, T2y ..y 1)), (4.2)

is used. Here z; are the kinematic variables of the particle of interest (e.g. pr,
n, ¢), f(z1,x2,...,x,) is the probability that a particle is reconstructed (“found”)
with kinematic variables x;, and g(z1, s, ..., x,) is the probability that a particle is
produced (“generated”) with the same variables. While the distributions f and g are
inaccessable within a given event, the efficiency can be calculated using Monte Carlo

simulation techniques via the equation

Nreco.(xla T2y ..ny xn)
Ngen.(xlu Ta, ..., xn)

, (4.3)

€(xq, X9, ooy Tp) =

where Nieco. and Ngen. are the reconstructed and generated particle distributions,
respectively, usually taken across a large number of simulated events. In this analy-
sis, these distributions are calculated as a function of pr and 7 for each multiplicity
class using 30 million events generated by the Monte Carlo event generator DPM-
JET [124] with particle propagation through the ALICE detector simulated by the
GEANTS3 [163] detector simulation software. These efficiency distributions are then
used to correct the h-A and h-h correlation distributions using the procedure described

in Section 4.5.

4.4.1 Charged hadron reconstruction efficiency

The trigger and associated hadron track reconstruction efficiencies are calculated
using Equation 4.3, where the trigger and associated hadrons from N, are subject

to the following constraints:

e The track passes the quality cuts outlined in Tables 4.2 (trigger) or 4.3 (asso-
ciated)

e The track has a corresponding generated particle
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e That generated particle is either a pion, proton, kaon, electron, or muon
L ’ntrack| < 0-87
and the trigger and associated hadrons from N, are subject to:
L4 ’ntrack| <0.8
e The particle is either a pion, proton, kaon, electron, or muon
e The particle is primary (i.e. did not originate from a weak decay)

The trigger and associated track reconstruction efficiencies are shown for each multi-
plicity class as a function of pr in Figure 4.8. While these efficiencies exhibit relatively
flat behavior as a function of pr and multiplicity, they are still treated as pr and mul-

tiplicity dependent during the correction procedure.
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Figure 4.8: Efficiency vs. pr for trigger (left) and associated (right) hadrons. While
the values are similar, the associated hadron efficiency is slightly lower due to the
stricter selection criteria.

4.4.2 A reconstruction efficiency

The A reconstruction efficiency is calculated as a function of pr and n using Equa-

tion 4.3, where the As from N, are subject to the following conditions:
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Inal £ 0.8,

and the As from N, are subject to:

e The A decays to pr.

The requirement that the generated As decay into pm means the branching ratio is
not included in the efficiency calculation and therefore is corrected for separately (see
Section 4.5). The A reconstruction efficiency can be seen for each multiplicity class
as a function of pr and 7 in Figure 4.9. Note that the efficiency is no longer flat

as a function of 1 due to the || < 0.8 requirement for the daughter tracks, which

They pass the topological selection criteria from Table 4.5
The reconstructed daughter p, 7 tracks pass the quality cuts from Table 4.4
The daughter p, m tracks have corresponding generated p, m particles

Those generated p, m daughters come from the same mother A

kinematically restricts the reconstructed A to a smaller 7 range.
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Figure 4.9: Efficiency vs. pr (left) and 7 (right) for A reconstruction in each multi-
plicty bin, along with an integrated 0-100% point in red.
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4.5 Corrections to the correlation distributions

Once the trigger and associated particles are selected, the two-particle h-A and h-h
correlation distributions are generated. As mentioned in the previous chapter, the

corrected two-particle correlation function is given by

1 d*Nyair 1 1 S(Ap, A
pair__ B(0,0) 2182 A1) (4.4)
Nirig dApdAn — NETT €1rig X €assoc B(Ap, An)

which contains a number of explicit correction terms (in the form of es) along with
some implicit corrections. These corrections are described in this section, and are

presented in the order in which they are applied to the data.

4.5.1 Single-particle efficiency corrections

As both the trigger and the associated particles have their own independent recon-

struction efficiencies, the trigger-associated pair reconstruction efficiency should be

€trig,assoc — €trig X €assocs (45)

meaning the single-particle efficiency distributions from Section 4.4 can be used to
calculate the weight 1/(€ig X €gssoc). This weight is applied for each h-A and h-h
pair in the two-dimensional correlation distribution. However, the assumption that
the reconstruction efficiencies are independent is slightly incorrect in the case of the
h-A distributions due to track merging effects, thus an additional €4, correction is
required (discussed in detail in Section 4.5.3).

The trigger efficiency weight 1/¢;,., is also applied to the single-particle trigger
hadron distribution in data to obtain N/%"

trig *

4.5.2 Mixed-event acceptance correction

As mentioned in Section 3.2.3.1, the B(0,0)/B(Ap, An) term in Equation 3.2 corrects
for the finite acceptance along 7 as both our trigger and associated particles are
required to be within || < 0.8. The mixed-event distribution B(A¢, An) shown in
Figure 3.5 has a characteristic triangular shape along An, which is purely due to
detector geometry, as no physical correlations are present by construction. When
scaled by 1/B(0,0), the mixed event distribution becomes the probability that a
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particle pair is found given that the trigger particle is within |n| < 0.8, which is
unity at Ay, An = 0,0. Thus correcting the same-event distribution S(A¢, An) by
B(0,0)/B(Ap, An) removes this acceptance effect and allows for a more accurate
determination of the pair-wise yields.

While the generation of the mixed event distribution B(Ap, An) was discussed
briefly in Section 3.2.3.1, the specific details are as follows. First, in order to ensure
that the mixed-event pairs are coming from similar events, the events in the mixing
pool are separated by both multiplicity percentile and Z,, position. The categorizing
of events based off of Z,, position is an integral part of the acceptance correction:
events with a Z,,. at one edge of the detector have a completely different (and nearly
inverted) 1 acceptance than those on the opposite edge. The multiplicity bins are
the same as they are for the same-event distributions (namely 0-20%, 20-50% and
50-80%), and the ten Z,. bins are split evenly from -10 ¢cm to 10 cm. For each

multiplicity and Z,. bin, the acceptance correction

S(Ap, An)
(A, An)/B(0,0)

Seorr.(Ap, An) = B (4.6)

is performed, and the results for each multiplicity bin are then merged across all Z.
bins. The uncorrected distributions S(Ayp, An) and the mixed-event distributions
B(Agp, An) are shown for both the h-A and h-h cases for all multiplicity and associated
momentum bins in Figures 4.10 through 4.13.

This mixed-event correction is the final correction applied to the h-h distributions.
However, the h-A distributions require additional corrections that are not present in

the dihadron case.
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Figure 4.10: 2-D non-acceptance corrected h-A angular correlations for the 0-20%
(top), 20-50% (middle), and 50-80% (bottom) multiplicity bins for 1.5 < pr < 2.5
GeV/c (left) and 2.5 < pr < 4.0 GeV/c (right). The Zy, bins are merged together

for these plots.
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Figure 4.11: 2-D non-acceptance corrected h-h angular correlations for the 0-20%
(top), 20-50% (middle), and 50-80% (bottom) multiplicity bins for 1.5 < pr < 2.5
GeV/c (left) and 2.5 < pr < 4.0 GeV/c (right). The Zy, bins are merged together
for these plots.
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Figure 4.12: 2-D mixed-event h-A angular correlations for the 0-20% (top), 20-50%
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4.5.3 Additional corrections for the h-A distributions

While the corrected correlation function from Equation 3.2 is generally true for two-
particle correlations, there are a few additional corrections that must be applied to
the h-A distributions due to the A reconstruction procedure and the presence of
track merging effects. To formalize this, the corrected h-A correlation function can
be written as

Ch8 (Ap, An) =

Ccorr.

CYPT (A, An)

signal

Tsignal X Tbranch (

Epair (Agp, An) (4.7)

— Tcomb. X C;;g;and(A% AT])) )

where C2 is the final corrected h-A distribution. Each term on the RHS of the

equation will be described in detail in the following sections, and they are presented

in the order in which they are applied to the distributions.

4.5.3.1 Combinatorial background removal

The term
Chpr (Ap, AN) — Teomb, X cbpm (Ap, An) (4.8)

signal SB, norm.

describes the removal of the combinatorial backround resulting from the A recon-
struction procedure from Section 4.3 using the sideband subtraction technique.
The C’:;'g?f;l distribution corresponds to A candidates where the invariant mass of the
p7 pair falls within the range specified in Table 4.5, and the self-normalized ngj’;om
distribution corresponds to candidates where the mass of the pr pair falls within
the so-called “sideband” region. An invariant mass plot highlighting these different
regions can be seen in Figure 4.14. Both of the Cggnal and Cgigebana distributions are
corrected for acceptance and efficiency using the techniques described in the previous
sections. The sideband region is chosen such that it is far enough away from the sig-
nal region to be free of any A signal, but close enough to ensure that the background
pm pairs in the signal region are kinematically similar to the pairs in the sideband
region as to not introduce any biases in the correlations. The underlying assumption
of this technique is that the correlation shape of h-p7 pairs from the sideband region
is the same as the shape from the background h-pm pairs in the signal region. For

this analysis, the nominal sideband region was chosen to be 1.135 < M,, < 1.150
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Ge&V/c?, but the effects of varying this region are studied in detail in the next chapter.
The reomp. is the integral of the combinatorial background in the distribution,

obtained by

51gnal

reomh = 5 g / / CLPT (A, An)dApd A, (4.9)
where S and B are the signal and background obtained from the fits to the A invariant
mass distributions in Figure 4.7. As the S/ B ratio is the same for the A invariant mass
distributions in events with a trigger hadron as it is for the h-A distributions, the scale
B/(S + B) can be used to give only the background contribution from the integral
IS C’;g‘r’gl (A, An)dA@dAn. The self-normalized CEP™  distribution is then scaled

SB, norm.

by Teomb. and subtracted from oh-pr

signal 00 Temove the combinatorial background.
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Figure 4.14: Invariant mass distribution of pm pairs in the 20-50% multiplicity class.
The signal region is shown in light green, and the sideband region is shown in light
pink. The correlation distribution in the sideband region is used to remove the
combinatorial background from the signal region.

While the above procedure desribes the background removal in a more technical

manner, it can be condensed into the following steps:

1. Generate the correlation distribution using A candidates in the signal invariant

mass region
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2. Do the same thing for A candidates in the sideband invariant mass region
3. Scale the sideband distribution to match the background in the signal region

4. Subtract the sideband distribution from the signal distribution

Examples of the signal and sideband distributions C;;f;l and CgP™ are shown for the

0-20% multiplicity bin in Figure 4.15.

Figure 4.15: The signal (top) and sideband (bottom) distributions CEPT and CgP™

ignal
for the lower (left) and higher (right) associated pr bins. All plots were generated in
the 0-20% multiplicity class.

4.5.3.2 Signal scaling

As the A candidate invariant mass signal region is finite, the fraction of the A signal

that is missed in the tails of the invariant mass distribution must be corrected for.
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This is handled by the rggna term in Equation 4.7, which is calculated by

Integral of residual in signal region

! 4.10
Integral of residual between 1.098 and 1.134) ( )

rsignal = (

where “residual” refers to the invariant mass distributions from Figure 4.7 after sub-
tracting the straight-line background fit. 1.098 and 1.134 are the points in which
there is effectively zero signal, verified in Monte Carlo. Due to the width of the signal
region, Tsgna is usually near unity. However, to study the effects of narrowing the

signal region, this term must be included in the analysis.

4.5.3.3 Branching ratio correction

The most simple correction from Equation 4.7 comes from the branching ratio term,

namely
1 1

Moranch = BRA S pr) . 0.639°

As not all As decay into pm pairs, this term corrects for the fraction of As that

(4.11)

decided to decay into something else. In many analyses, this term is not required, as
it is already included in the efficiency computation €,s.... As the A reconstruction
efficiency from this analysis is calculated using only As that decay into pm pairs, this

term must be included separately.

4.5.3.4 Pair efficiency correction

The €pair term in Equation 4.7 is the h-A “pair” efficiency, which is used to correct
for track merging effects. Many correlation studies are susceptible to track merging
inefficiencies [164], [165], whereby either the trigger or associated particle gets merged
over by the other during the track reconstruction. This results in a dip at small angles
in the angular correlation distribution when compared to a similar distribution with
no instances of track merging. As this effect cannot be seen directly in data due to
the missing reconstructed tracks, it is investigated using the Monte Carlo sample,
where the reconstructed tracks are compared to the MC-generated particles they
were reconstructed from. While this effect is usually negligible and only relevant at
extremely small angles (Ap < 0.01,An < 0.1), in this analysis this effect is more
severe and occurs at larger angles (Ap < 1, An < 0.6), shown in Figure 4.16.
The severity of this effect for the h-A distributions is likely due to two factors:
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Figure 4.16: Demonstration of the track merging effect for h-A pairs, whereby we see
a dip in the reconstructed distribution at small Ay and An when compared to the
MC ground truth (left). This dip is not present at large An (right), but we also lose
nearly the entirety of our near-side peak.

e The A decay length is large (¢7 &~ 10 cm), meaning the daughter particles will
have less hits in the detector than the trigger particle (which is produced at
the primary vertex). As Kalman filtering [166] (track reconstruction) favors
the track with more hits, the A daughter track is “merged” over by the trigger

track.

e The A decay is asymmetric (m,/m, ~ 7), so the A and daughter proton end
up with similar momenta (and thus ¢ and 7). This means that whenever a
proton from a A decay is “merged” over by a trigger track, a h-A pair with

small Ay, An is lost.

To see how the decay length can affect the track merging, the (reconstructed)/(MC
ground-truth) C'(Ap, An) distribution ratio for h-pion pairs in our MonteCarlo sam-
ple where the pion is secondary—meaning it came from a weak decay with decay
length > 2cm-is measured. Pions are chosen for this demonstration as they are
more abundantly produced than protons, and charged track reconstruction is par-
ticle species agnostic. Any “dips” from unity present in this ratio are indicative of
pairs being lost during reconstruction. This is then compared to the same ratio for
h—pion pairs where the pion is primary, and the results are shown in Figure 4.17.
All reconstructed triggers and pions pass the trigger hadron and A daughter cuts

from Tables 4.2 and 4.4, respectively. Furthermore, all distributions have been fully
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corrected for single-particle efficiencies and detector acceptance using the procedures
from Sections 4.5.1 and 4.5.2, respectively. A large suppression at small (Ap, An) is
observed for the h-secondary pion case, but the h-primary pion case exhibits no such
supression. As such, it stands to reason that this suppression is at least in part due
to the decay length of the A, as all particles that come from As are secondaries (by

a long shot).

v
<
S
<

h-m

Ap

-1 -0.5 0 0.5 1

An

-1 -0.5 0 0.5 1

h-n Anh_n

Figure 4.17: The reconstructed/ground truth ratios of the 2D C(Agp, An) distribu-
tions for h-(secondary pions) (left) and h-(primary pions) (right). The suppression
at smaller Ay, An is clearly seen in the secondary case, but is not observable in the
primary case, indicating a decay-length dependence.

The pr dependence of this effect can also be studied by measuring the recon-
structed and ground truth h—(secondary pion) Agp distributions at low (1.0 < pr <
2.0 GeV/c) and high (2.0 < pr < 4.0 GeV/c) associated momentum. The result
is shown in Figure 4.18. Note that the distributions were projected onto Ay with
|An| < 1.2. A suppression relative to MC ground-truth is observed in the near-side of
the reconstructed distribution in the higher pt range, which is not seen in the low pr
bin. This is also consistent with the decay length dependence shown in the previous
figures, as decay length is roughly proportional to pr.

The pr dependence of this inefficiency demonstrates why this effect is so severe
in the h-A case: due to the asymmetry of the A decay (m,/m,. ~ 7), the daughter
proton receives most of the momentum. Therefore when investigating h-A correlations
within a given associated pr range, any inefficiencies present in the corresponding h-
(daughter proton) distribution with the same associated momentum would also be

present in our final h-A distribution within a similar Ay, An range. As demonstrated
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Figure 4.18: The reconstructed and ground truth Ay distributions in the —1.2 <
An < 1.2 region for h-(secondary pions) with 0.15 < pp < 2 (left) and 2 < pp < 4
(right). The suppression at smaller An, Ag is clearly seen in the higher momentum
bin, but not present in the lower one.

in Figure 4.18, secondary charged particles with 2 < pr < 4 GeV/c see a large
inefficiency, and therefore we would expect a similar inefficiency to be present in our
h-A distribution (which was shown in Figure 4.16). In similar analyses using the Kg
in leiu if the A [167], such an effect is not as present, both because the decay length is
much shorter (2 cm vs 10 cm), and the Kg decay is symmetric, meaning the daughter
pions will have momenta that are no longer similar to the mother kaon.

The folling techniques have been investigated to correct for this effect:

e Applying a Ap* correction, which accounts for the helical nature of the tracks
in the detector, as described in [168]: While Ay and Ag* are different, they
are correlated enough that in order to remove this effect, a |Ap*| < 0.7 cut
is required, which removes a significant amount of the near-side yield in the

corresponding Ay distribution.

e Applying a cut on the minimum distance between the fully reconstructed helices
of the trigger and A daughter proton (varied between 0.1 cm and 10 ¢cm): Again,
this cut removes roughly the same amount of near-side yield as the Ay* cut, as

this minimum distance is also highly correlated with Ae.

e Using the resonance technique for A reconstruction (more details in Section
5.2.5): This moderately reduces the severity of this effect, but the statistical
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fluctuations introduced by the smaller S/B ratio make it difficult to gauge how

effective this correction is.

e Only correlating h-A pairs where the charge of the A daughter proton (or an-
tiproton) is opposite to the trigger, as oppositely charged tracks bend in oppo-
site directions in the detector magnet: This reduces the effect by a considerable

amount, but reduces our overall correlation statistics by a factor of 2.

e Selecting “lower quality” trigger tracks by loosening the cuts from Table 4.2
so they are less likely to be merged over the low-quality daughter tracks: This
reduces the effect, but introduces a large amount of secondary contamination.
Furthermore, we would like this analysis to be directly compared with other

analyses, and therefore want to maintain the same cuts on the trigger hadron.

e Seclecting “higher quality” A daughter tracks by tightening the cuts from Ta-
ble 4.4 (and adding additional selection criteria): This again reduces the effect

but heavily cuts into the A signal

As each of these techniques reduces the statistics of the h-A correlation distribution
beyond the realm of acceptability, the two-track inefficiencies are instead corrected
for using a MC-generated template method, similar to the one used in [165]. For this
method, the pair efficiency is given by

Creo (A, An)

(Ao. A — _reco
€pazr< @, 77) Cgen(ASO7A77)7

(4.12)

where C28 is the efficiency-corrected correlation distribution calculated in MC using
reconstructed trigger hadrons and A candidates with the same selection criteria as
described in Section 4.2, with the additional requirement that the A candidate has a
corresponding generated A which is used for all calculations involving kinematic quan-
tities. This removes the need to perform any of the additional corrections from the
previous sections (e.g. background subtraction, signal scaling) as the invariant mass
of generated lambdas is exact. Cye, is the correlation distribution calculated in MC
using only generated trigger hadrons and A candidates. The template €4, (Ap, An)
is applied for each associated pr bin in this analysis, but it is independent of mul-
tiplicity and event generator. The templates for each associated pr bin are shown
in Figure 4.19. This correction is applied to the h-A distributions after side-band

subtraction, signal scaling, and the branching ratio correction.

107



Ad)lw\

Ad)lw\
=
£
o1

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Figure 4.19: The €pai(Ag, An) templates for the track merging correction in the lower
(1.5 < pr < 2.5 GeV/c, left) and higher (2.5 < pp < 4.0 GeV/c, right) associated
momentum bins. While it may be difficult to observe, the lower pr bin has a minimum
dip of around 0.84, whereas the higher pr bin has a minimum dip of around 0.81,
reflecting the pr dependence discussed in this section.

After these corrections, both the h-A and h-h 2D distributions are finalized and
ready for projection onto Ay to extract the yields and widths of interest from the
previous chapter. These fully corrected distributions can be seen in Figures 4.20 (h-
A) and 4.21 (h-h). However, there are still a number of systematic uncertainties to

investigate and cross-checks required to ensure the validity of the final results.
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Figure 4.20: 2-D fully-corrected h-A angular correlations for the 0-20% (top), 20-50%

(middle), and 50-80% (bottom) multiplicity bins for 1.5 < pr < 2.5 GeV/c (left) and
2.5 < pr < 4.0 GeV/c (right).
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Chapter Five: Systematic Uncertainties and

Cross-checks

While it would be nice to produce exact results for the measurements presented in this
thesis, uncertainties are inevitable. These uncertainties are usually grouped into two
categories: statistical uncertainties and systematic uncertainties. Statistical
uncertainties are those which arise from things like detector imprecision or even the
inherent statistical nature of the measurement itself. Calculating these uncertainties
is usually straightforward, though it often involves well-motivated assumptions about
the underlying probability distributions of the data. Determining systematic uncer-
tainties, on the other hand, is a much more complicated process. To that end, the
first section of this chapter goes into a large amount of detail about the calculation of
systematic uncertainties for this analysis, starting with clearly defining what “system-
atic uncertainty” means and how it is quantified in the context of this thesis, followed
by comprehensive investigations into each of the sources of uncertainty considered in
this research, and ending with a summary of the final systematic uncertainties for
each observable.

The second section of this chapter is dedicated to the cross-checks performed to
ensure the validity of the analysis procedure. There are a variety of such checks,
ranging from a general Monte Carlo closure test to more specific checks into physical

biases that may be introduced by the analysis procedure.
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5.1 Systematic uncertainties

“The treatment of systematic errors is often mishandled. This is due to
lack of understanding and education, based on a fundamental ambiguity
as to what is meant by the term”

—Roger Barlow, Systematic Errors: Facts and Fictions [169]

In every experimental analysis, choices must be made. These choices can be as
simple as the selection of a particular data set, or as complex as choosing a fit function
of fifteen parameters instead of three. In either case, these choices can have an effect
on the final results, which is usually quantified by the systematic uncertainty.
Broadly speaking, the systematic uncertainty is a measure of the sensitivity of the
final results to the choices made during the analysis procedure.

In this analysis, the procedure for estimating the systematic uncertainty from a

certain choice is as follows:
1. Vary the choice in a way that is reasonable and justifiable
2. Measure the observable of interest after the variation

3. Quantify the effect of the variation on the observable by calculating the percent

change from the original value of the observable
4. Vary the choice in a slightly different way, and repeat steps 2 and 3
5. Repeat steps 2 through 4 until all reasonable variations have been considered

6. Calculate the systematic uncertainty as the root mean square (RMS) of the

percentages from step 3.

Note the usage of the words “reasonable” and “justifiable”, which seem to indicate
that the systematic uncertainty is a subjective quantity. Indeed, the process of ob-
taining the systematic uncertainty involves even more choices, like the choice of which
choices to consider, the choices of how to vary the choices, and even the choice on
how to quantify the uncertainty itself. In this sense, systematic uncertainty calcula-
tions are an art form, where the artist (analyzer) must use their creativity and best
judgement to determine which choices are indeed reasonable. To that end, the list of

sources of systematic uncertainties considered for this analysis is not exhaustive, but
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it is the best attempt at a comprehensive list of reasonable choices that affect the
final results.
To provide more structure to this section, the analysis procedure is broken into

the following components:
1. The generation of the h-A and h-h Ay distributions,
2. The extraction of the pairwise yields from the Ay distributions, and

3. The extraction of the near- and away-side widths from the fits of the Ay dis-

tributions,

which are used to separate this section into three subsections, one for each of these
components. In each section, the sources of systematic uncertainties are described,
followed by a Barlow analysis [169] to ensure the variations result in a statistically sig-
nificant deviation from the nominal values. Finally, a summary of the final systematic

uncertainties is provided.

5.1.1 Ay distribution generation

The sources of systematic uncertainties that affect the Ay distribution considered for

this analysis are the following, in order of decreasing magnitude:

e A topological selection (h-A distribution only)

Material budget

Tracking efficiency

A daughter PID cuts (h-A distribution only)
e A invariant mass signal region selection (h-A distribution only)
e A invariant mass sideband region selection (h-A distribution only)

As the A topological selection, material budget, and tracking efficiencies have been
studied in detail in previous analyses using the same particle species and collision
system [167], [170], [171], the systematic uncertainty associated with these sources

is taken directly from these analyses and presented in Table 5.1. The uncertainties
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Table 5.1: The systematic uncertainties for the Ag distributions which are not di-
rectly calculated in this thesis, instead taken from previous analyses using the same
particle species and collision system [167], [170]-[172]. Each source of uncertainty is
verified to be independent of multiplicity, but the A material budget and topological
selection uncertainties exhibit a small dependence on pr.

Source name Lower pr % Higher pr %
A topological selection 3.2% 3.0%
A material budget 1.1% 0.6%
Charged h tracking efficiency 3.5% 3.5%
Charged h material budget negl. negl.

from these sources exhibit no multiplicity dependence, and a very small dependence
on pr. These uncertainties are also assumed to be independent of Ay, although this
is studied more thoroughly in Section 5.1.3.

Each of the other sources of systematic uncertainty is described in detail in the

following sections.

5.1.1.1 Signal region selection

The nominal signal region for the A invariant mass is fairly wide, accounting for
nearly 97% of the total A signal. However, the final result should not be heavily
influenced by the choice of signal region so long as it is centered about the true A
mass. Furthermore, altering the signal region tests the validity of the signal scaling
procedure outlined in Section 4.5. To investigate this, the signal region is varied in the
ways presented in Table 5.2. The resulting Ay distributions and ratios to the nominal
distribution for each signal region variation in each multiplicity and associated pt bin
are shown in Figures 5.1 (lower pr) and 5.2 (higher pr). The average deviation from
the nominal distribution is around 2%, with no individual variation exceeding 5%. As
no significant dependence on Ay is observed, the systematic uncertainty is calculated
as the RMS of the percent change from each variation across the entire Ay range as

opposed to calculating the RMS in each bin.

5.1.1.2 Sideband region selection

The choice of sideband region also leaves a lot of room for reasonable variation: all

that is required is that the region is 1) large enough to produce a smooth h-pw
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Table 5.2: The variations of the A invariant mass signal region considered for this
analysis.

Variation name Signal range (GeV/c?)

Narrow 1.108 < M, < 1.124
Narrower 1.112 < M, < 1.120
Wide 1.100 < M, < 1.132
Wider 1.096 < M,, < 1.136

distribution with minimal statistical fluctuations and 2) close enough to the signal
region that the pm pairs are kinematically similar to those in the background of the
signal region. As long as these requirements are met, the final result should not
be very dependent on the choice of sideband region. To investigate the effects of
changing the sideband region, the variations presented in Table 5.3 are considered.
The measured Ay distributions and variation /nominal ratios for each sideband region
variation in each multiplicity and associated pr bin are shown in Figures 5.3 (lower pr)
and 5.4 (higher pr). The result is even less deviation from the nominal distribution
than the signal region variations, with the average deviation being closer to 1%.
Again, no significant dependence is observed on Ay, so the systematic uncertainty
is calculated as the RMS of the percent change from each variation across every A
bin.

Table 5.3: The variations of the A invariant mass sideband region considered for this

analysis. Note that the “shifted left” sideband falls on the opposite (left) side of the
signal region.

Variation name Sideband range (GeV/c?)

Narrow 1.135 < M, < 1.145
Wide 1.135 < My, < 1.16
Shifted left 1.086 < M,, < 1.098
Shifted right 1.14 < M, < 1.155

5.1.1.3 A daughter particle identification

The A daughter particle identification (PID) cuts are chosen to be wide enough to
ensure a high efficiency, but narrow enough to ensure a high purity. As the require-
ment for a higher purity should be offset by the subtraction of the combinatorial
background, altering the PID cuts should only minimally affect the final Ay distri-
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butions. To study this, the PID cuts are varied in the ways presented in Table 5.4.
The final Ay distributions and ratios to the nominal distribution for each PID cut
variation in each multiplicity and associated pr bin are shown in Figures 5.5 (lower
pr) and 5.6 (higher pr). Requiring a signal in the TOF detector drastically reduces
the A signal as the daugher pions are often heavily deflected by the magnetic field
due to their lower pr (again, m,/m, ~ 7, so most of the mother momentum belongs
to the proton). This causes a large amount of statistical fluctuations in the corre-
sponding Ay distribution, which is why the “require TOF” variation is inevitably
excluded after the Barlow check presented in Section 5.1.1.4. The other variations

result in only around a 2% deviation from the nominal Ay distribution, on average.

Table 5.4: The variations of the A daughter PID cuts considered for this analysis.
The “require TOF” variation requires a TOF hit for both the proton and pion, but
maintains the nominal values for |norpc, Tor|-

Variation name  [nofpcror|  1M0%pc rorl

Narrow < 1.8 < 1.2
Wide < 4.2 <28
Require TOF < 3.0 <20

116



13

a F °
15 L S r
§o,1j € F
E 12
0.09 C
C 11—
0.08- e C
C 1k — T S S S S S o W —
C —t— —— T et o ——t—— == —
0.07— —(— o —— C
[ - — 09l
0.06— C
C 0.8—
0.05 u
P S U ANPREATE I AR 4 S B S SOV R
-1 0 1 2 3 4 : -1 0 1 2 3 4
A9 A9
2 F o 13
€ E k=) r
3 0.06— e r
3 E r
C 12
0.055— r
005 1
= ——— C
0.045— e e e
- —— LI S B e L BN I s el B S R B N g |
E —— C
0.04— == — - == F
i — —t— L
C 0.9
E— —— | L
0.035— —— F
0.03 08
00258 Lo v v v L b o7l Lo v e e
-1 0 1 2 3 4 : -1 0 1 2 3 4
N Ad
" o 13
€ = S r
3 0.035— [
o L r
H 12—
0.03— o F
H i 11—
L == H
0,025 1’|i|+I:I:JﬁI|—I—IIJ_III
e I =1 = I I T
r e r | [
L —— C
- == 0.9
0.02— —— == —— =
—— ———t— = F
- 0.8
0.015(— C
Co b v v b v v b v v v L ol v b v v b v v L i 0y
-1 0 1 2 3 4 0.7
A A9

Figure 5.1: The h-A Ay distributions within the 0-20% (top), 20-50% (middle), and
50-80% (bottom) multiplicity bins in the lower associated pr bin for each of the signal
region variations (left) with the ratios to the nominal distribution (right).
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Figure 5.6: The h-A Ay distributions within the 0-20% (top), 20-50% (middle), and
50-80% (bottom) multiplicity bins in the higher associated pr bin for each of the PID
cut variations (left) with the ratios to the nominal distribution (right).
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5.1.1.4 Barlow check for Ay distribution generation

Due to statistical fluctuations, it may be the case that some variations result in a
statistically insignificant deviation from the nominal Ay distribution. In such cases,
the variation should not be considered in the final systematic uncertainty calcula-
tion. To determine which variations give statistically significant deviations, a Barlow

check [169] is performed. For each Ay bin, the following quantity is calculated:

Yvar. — Ynom.
VIoz, — o2 | (5.1)

where Yy, and o, are the measured yield and statistical uncertainty for the vari-

NO'RB =

ation, and Ynom. and o,om. are the yield and statistical uncertainty for the nominal
value.

To determine whether a given variation should be excluded, the number of Ay
bins that have |[Nogg| < 1 is counted. If this is the majority of the bins (across all
multiplicity and associated pr ranges), the variation is excluded from the systematic
calculation. Example plots of Nogp for each variation of the signal, sideband and

PID cuts are shown in Figure 5.7. The red lines represent Nogp = *1.
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Figure 5.7: Barlow check for the signal (left), sideband (middle), and PID (right)
variations in the 0-20% multiplicity bin. The red lines represent Norp = %1, and if
the majority of the points fall within the red lines (across all Ay, multiplicty and pr
bins), they are excluded from the systematic uncertainty calculation.

As a result of the check, the following variations are excluded from the final

systematic uncertainty calculation:
e Signal: wide, wider

e Sideband: wide, narrow
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e PID: require TOF

These exclusions are not so surprising. As the nominal signal region is already fairly
wide, making it wider does not significantly change the Ay distribution. Similarly,
the initial sideband region falls fairly close to the signal region. So long as there are
enough statistics in the corresponding sideband h-A distribution, changing its width
should not affect the Ay distribution in a meaningful way. It also appears that re-
quiring a TOF hit introduces large statistical errors, which dominate the denominator

in Equation 5.1.

5.1.1.5 Ay distribution systematics, summarized

The final systematic errors (after the Barlow check) from the h-A Ag distribution
generation for each multiplicity bin and pr bin are shown in Table 5.5. The total
systematic uncertainty is calculated by adding each systematic error in quadrature.
This table is consolidated into plots showing the systematic errors for each multiplicity
bin and pr bin, which are presented in Figure 5.8. As the systematic uncertainties
associated with the generation of the dihadron Ay distributions are only from the

tracking efficiency presented in Table 5.1, they are not plotted in this section.

Table 5.5: The final systematic uncertainties (in percentages) from the h-A Ay dis-
tribution generation for each multiplicity and associated pr bin.

Mult. and pr bin Sig. Sideband PID Topo. sel. Mat. bud. Total

0-20%, low pr 036 0.53  0.64 3.2 1.1 3.3
20-50%, low pr ~ 0.35  0.67  0.65 3.2 1.1 3.4
50-80%, low pr  0.76 1.1 1.4 3.2 1.1 3.8
0-20%, high pr 042 042  0.76 3.0 0.6 3.2
20-50%, high pr 0.4 0.71 1.2 3.0 0.6 3.3
50-80%, high pr 1.1 1.6 2.0 3.0 0.6 4.1

The total systematic error is observed to be mostly pr-independent. However,
there appears to be a slight correlation between the systematic uncertainty and multi-
plicity, with the 0-20% bin exhibiting lower uncertainties than the 50-80% bin across
both pr ranges. This can become problematic when investigating the multiplicity
dependence of observables extracted from the Ay distributions, as the fraction of
the systematic uncertainty which is directly correlated with multiplicity should not

be considered when measuring multiplicity-dependent trends like slopes and percent
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Figure 5.8: A visual depiction of the final systematic errors for the h-A Ay distribu-
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changes. Because of this, the fraction of the systematic uncertainty which is uncor-

related with multiplicity is approximated using

O-LQIHCOT,i = Z(Rvar,i - 1)27 (52)

vars

where Yo yMB
Rvar,i = ( ot )/( e )7 (53)
Ynom,i y%ﬁ
where “1” refers to the ith multiplicity bin, and “MB” refers to the min-bias (multiplicity-

integrated) results. The deviations of Ry, ; from unity quantify how the deviations
in multiplicity bin ¢ differ from those in the MB sample. oypcor,; is computed for each
Ay bin, then the RMS is taken across all Ay bins to obtain the final multiplicity-
uncorrelated portion of the systematic errors. The results for each pr bin are shown
in Figure 5.9. These systematic errors are only used when quantifying the multiplicity

dependence of an observable extracted from the Ay distributions.

5.1.2 Yield extraction

One of the largest sources of systematic uncertainty of this analysis corresponds to
the different techniques that can be used to extract the yields in the near-side jet,

away-side jet, and underlying event from the A distributions. As mentioned in
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Figure 5.9: Visual depiction of the multiplicity-uncorrelated systematic errors for
the h-A Ay distributions for each multiplicity bin in the low (left) and hig (right)
associated pr bins, along with the total systematic error shown in black.

Section 3.2.3.3, the equations for extracting these yields are

72 AN 3m/2/ AN
Ynear = /ﬂ_/2(m - U(A(,D))dA(,D, Y;uuay = _];r/g (m - U(ASO))dA‘P (54)

3r/2
Vi — / U(Ap)dAg, (5.5)

—7/2

where lfA—Nw is the Ay distribution and U(A) is the underlying event fit. As the Ay
distribution is present in these equations, all of the previous variations concerning
the generation of this distribution must be considered. However, these equations also
naturally introduce two new categories of systematic uncertainty: those associated
with the underlying event fit, and those associated with the integration of the A¢p
distribution. Both of these categories will be discussed in detail in the following

sections.

5.1.2.1 Underlying event fit techniques

As the underlying event term U(Ay) is present in every yield extraction equation
above, any changes in the underlying event fitting procedure will affect the final yield
measurements. To maintain compatibility with previous analyses (specifically for
the dihadron correlations), the nominal underlying event fit is a straight line to the
average of the A distribution in the ranges [—%, —T)U[F, ) U[4E, 2T). These ranges
were initially chosen as there is expected to be little-to-no contamination from the jet
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components in each range. However, to investigate the effect the UE fitting procedure

may have on the final yields, the following alternative methods were considered:

1. Straight line fit in a more restricted range, specifically [—%, —3F) U [3F 20) U

%)

2. Straight line fit using the Zero Yield At Minimum (ZYAM) technique, where

the underlying event line is set to the minimum of the Ay distribution
3. Sinusoidal fit which includes a non-zero vy contribution

The first two techniques are similar enough to the nominal technique that they will not
be explicitly shown in this section. Restricting the range of the flat fit region results
in deviations from the nominal procedure of around 2%, whereas the ZYAM tech-
nique gives much larger deviations at about 15%. Ultimately the ZYAM procedure
is not included in the final systematics calculation due to a physical incompatibility,
whereby the presence of v, in the higher multiplicity Ay distributions causes the
ZYAM procedure to massively underestimate the underlying event contribution.
Including a non-zero vy contribution is a much more involved procedure and re-
quires new machinery to be developed, so it will be described in detail in the next

section.

5.1.2.2 Including a non-zero vy, contribution

All of the “straight line” UE fitting techniques are based on the flatness assumption of
the non-jet part of the correlation in Ay. This means that the dijet axis direction does
not affect the non-jet particle distribution’s overall shape within an event. However,
as mentioned in Section 1.5.5, previous Pb—Pb, p—Pb, and even pp collision studies
have shown that the QGP’s collective flow components (vy, vy, etc.) influence the
phase-space distribution of particles within an event. Using Fourier decomposition,

the Ay distributions on an event-by-event basis can be written as

dN

— = 2 A :
N ag + ; ancos(nAy), (5.6)

where a,, are the Fourier coefficients. As mentioned in the introduction, these co-

efficients have been shown [105] to be related to the collective flow coefficients v,
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via
Qn

vy = w (5.7)
This means that even without reconstructing the reaction plane within a specified
event, the effects of collective flow are present in the Ay distributions. This manifests
in the correlation distributions as an underlying event which is not flat with respect
to Ay, but rather sinusoidal. While this is in direct conflict to the initial assumption
of a flat underlying event, this nominal choice was made to maintain compatibility
with previous measurements of dihadron yields using correlation techniques, which
also assume a flat UE in Agp.

As the vy or “elliptic flow” coefficient is the most dominant of the collective flow
coefficients measured in p—Pb collisions [173] in the pp ranges for this analysis, it
is the only one considered. Furthermore, the v, coefficients are exceedingly difficult
to determine, with fully published papers solely dedicated to measuring the vy for
different particle species and collision systems. Luckily, these coefficients have been
measured by ALICE in p—Pb collisions for both charged hadrons and A baryons across
a wide range of pr [174], [175]. As the pr binning in this analysis is much wider, the

weighted average

PT,mazx dN
avg _ PT,min ,U2<pT)d?TpoT
2 pr,maz ﬂd ) (58)
PT,min dpr pT

is used, where pr in and pr e, are the minimum and maximum values of pr in the
bins from this analysis (namely 1.5 —2.5 and 2.5 —4.0 GeV/c). The vy(pr) values for
charged hadrons and A baryons are taken from [174], and dN/dpr is taken from the
published pr spectra for charged hadrons and A baryons from [176], plots of which
can be seen in Figures 5.10 (vz) and 5.11 (pr spectra). The values of vy"? for each pr
bin are shown in Table 5.6. Note that the trigger vs remains the same, as the trigger
pr range is fixed for this analysis. The A vy is markedly higher than the charged
hadron vy, which ultimately manifests itself as a larger deviation from the nominal
UE fit when compared to the dihadron case. Unfortunately there are few multiplicity-
dependent measurements of the v, coefficients for identified particle species. Because
of this, the vy values from Table 5.6 are used only in the 0-20% multiplicity bin, with
the vy values for the 20-50% and 50-80% multiplicity bins taken as 0.85 and 0.50

times the 0-20% value, respectively.
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Table 5.6: v, values used in this analysis for each associated pr bin. The values were
calculated as the weighted average of published pr-differential v, measurements with
the published pr spectra, taken across the entire associated pr range.

assocC. trig. assoc. h assoc.A
Pr Vo U Vg

1.5-25 0.092 0.100  0.075
25-4.0 0.092 0119 0.137

ey I | ] I |
3 ALICE Preliminary Improved template fit
VvV 021 5 ph s, =5.02 TeV —
g VOA, 0-20% @ %
< 0151 g _
5 A
& 04f E B E@ ¢ g |
= o B i
alify ¥
005 gk e @ht _
=K #Hp()
° Ks  HAR)
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0 1 2 3 4 5 6

P, (GeV/c)

Figure 5.10: The v, values for identified hadrons as a function of pr, taken from [174].

Using these vy values, the underlying event is estimated by fitting the function
Uy, (Ap) = A x (1 4 205 035°% cos(2A¢)) (5.9)

in the ranges —7/2 < Ap < —1 and 1 < Ap < +7/2, where little jet contribution
is expected. The underlying event pedestal A is allowed to vary during the fit, but
the vy values are fixed. Examples of h-A and h-h Ay distributions with the UE fit
using this procedure are shown in Figure 5.12.

The validty of this procedure can be tested by examining the Ay distributions
at large An, where the near-side jet component is minimal, leaving just the UE at

small Ap.! In fact, this procedure is often used to determine the v, coefficients in

LAt large Ay, the away-side ridge is still present.
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Figure 5.11: The published [171] pt spectra for A baryons (top) and charged hadrons
(=~ pions) (bottom), used to compute the weighted average of the v, coefficients across
the wide momentum bins used in this analysis.

the first place. In this case, however, it will just be used to serve as a sanity check
for both the fitting procedure and the fixed vy coefficients from 5.6. If the UE fit
matches the near-side of the Ay distribution at large An, then the vy coefficients and
fitting procedure are likely valid. Examples of the Ay distributions with |An| > 1.4
and |An| < 1.2 showing the vy-based UE fit can be seen in Figure 5.13. These are
generated in the highest multiplicity and momentum bins, where the effects of the
vy contribution are maximal. Both the h-A and h-h Ay distributions show good
agreement between the UE fit and the data at small Ay and large An, where the
near-side jet peak and away-side ridge are no longer present, pointing to the validity
of the vy-based UE fitting procedure.

The effects of including vy on the extracted h-A and h-h yields in each region is not
obvious at first glance. For the most central collisions, the inclusion of vy results in

nearly a 5% decrease for the jet-like yields when compared to the nominal technique.
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Figure 5.12: Examples of the underlying event fit using the wvy-based procedure for
the h-A (left) and h-h (right) Ay distributions in the 0-20% multiplicity bin in the
higher associated pr bin.
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Figure 5.13: The h-A (left) and h-h (right) A distributions in the 0-20% multiplicity
bin and higher pr bin at small and large values of Az, with the UE fit using the vo-
based procedure shown in blue. The fits are in good agreement with data in both
cases.

This can mostly be seen in Figure 5.12, where the peaks of the sinusoidal fit achieve
their maxima within the near- and away-side components of the jet, causing the
overall yields to be lower than those obtained by the flat UE assumption. However,
at lower multiplicities (20-50%, 50-80%), the extracted h-A and h-h jet-like yields
actually exhibit a slight increase of around 5% in their extracted yields when compared
to those measured using the nominal UE fit. This is due to the variation of the

pedestal A in Equation 5.9 during the fit, which results in a smaller pedestal value
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than the nominal fit in these multiplicity ranges. The extracted underlying event
yield never deviates by more than 3% from the yield obtained using the nominal
procedure for all multiplicity and momentum bins for both the h-A and h-h cases.

5.1.2.3 Integration procedures

The general yield-extraction equation

TN _piag) (5.10)
YA :/ — —U(Ayp))dAyp 5.10
v Ap1 dA(p
does not specify the integration procedure. Furthermore, there is nothing explicitly
preventing
dN
— < U(A 5.11
A <Ue) (5.11)

possibly resulting in a negative yield, which is clearly unphysical. There are a few
ways to alleviate these issues, which are discussed in this section.

For all of the yield extraction procedures discussed thus far, the usage of the
integration symbol in Equation 5.10 is slightly misleading: the yields are actually
calculated by summing the bin contents of the Ay distribution in the specified range,
and subtracting off the value of U(Ay) at the center of each bin. To be more explicit,

the yields are calculated as

Var = 3G ~ VA, (.12

1=

where L and U are the bin numbers of the Lower and Upper Ay bins in the specified
range, dN/dAyp; is the value of the correlation distribution in the ith Ay bin, and
U(Ap) is the value of U in the center of the ith Ay bin.

Equation 5.12 provides an easy way to deal with the negative yield issue: if the
value of U(Ay;) is greater than the value of dN/dAgy; in a given bin, the yield in that
bin is set to zero. While this is not done for the nominal yield extraction procedure
in this analysis, it is a completely reasonable technique and is therefore explored
in the systematic uncertainty analysis. Using the flat UE assumption with the UE
average taken in the nominal range, the results are relatively unsurprising: the yields
extracted using this procedure are strictly higher than those extracted using the main

procedure where negative contributions are allowed. However, the deviations never
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exceed more than 3.5%, with the average deviation being around 2% for both the h-A
and h-h cases.

Another reasonable way to obtain the yields is by fitting these distributions with
continuous functions, then use the corresponding fit for the integration in Equa-
tion 5.10. This thesis considers two such functions, which are presented in the fol-

lowing two sections.

5.1.2.4 The double Gaussian fit

There are a number of functions that may appear suitable to fit the Ay distributions,
but given the Gaussian-like appearance of the near- and away-side jet components, a

double Gaussian fit is a natural choice. The double Gaussian fit function is given by

(Ap—png)? (Ap—ppg)?

f(Ap) =U+ Ange  2ns + Apge  %7as

(Ap—png+2m)2
20NS

(5.13)

. (Ap—ppg—2m)>
+ mirror W

mirror
+ AS € )

Ns €

where A and p are the amplitude and means of the Gaussian components, and the sub-
script “NS” (“AS”) refers to the near-side (away-side) jet component. The “mirror”
terms are added to account for the 27 periodicity of the Ay distribution, and are re-
quired to obtain a convergent fit. The U term describes a flat underlying event, and is
fixed to the average of the Ay distribution in the regions [—%, —3)U[Z, 3)U[HE, 3T),
as is done for the nominal UE determination procedure. Furthermore, the mean in
the near-side gaussian (and corresponding mirror term) is fixed to 0 (27) and the
mean in the away-side guassian (and corresponding mirror term) is fixed to 7 (—n),
leaving only the amplitudes and widths to vary freely. The double Gaussian fits to
both the h-A and h-h correlation distributions for every multiplicity and momentum
bin are shown in Figures 5.14 (h-A) and 5.15. The fits generally describe the data
quite well, though an extreme amount of effort went in to ensuring the convergence
of each fit due to an inordinate amount of instability.

The yields extracted using the double Gaussian fit are nearly identical to those
extracted using the nominal bin-wise integration procedure, with deviations from the
nominal procedure never exceeding 1% for either the h-A or h-h cases. This indicates

two things:

1. The fits describe the data quite well, and
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2. The differences between Equations 5.10 and 5.12 are mostly aesthetic, so long
as (1) holds and the choice of U(Ay) is consistent.

As the deviations are so small, this procedure ends up excluded from the final sys-
tematic uncertainty calculation after the Barlow check in Section 5.1.2.6, but the fits
are still used for the systematic studies involving the near- and away-side jet widths

discussed in Section 5.1.3.
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Figure 5.14: The final per-trigger h-A Ay correlation distributions with the full double
Gaussian fit for the 0-20% (top), 20-50%(middle), and 50-80% (bottom) multiplicity
bins in the lower (left) and higher (right) associated pr bins. The UE fit is also shown
as a dashed line.
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5.1.2.5 The von Mises fit

While only briefly mentioned in Section 3.2.3.3 in the context of extracting the near-
and away-side jet widths, the von Mises distribution is another natural choice for
fitting the Ay distributions due to its combined Gaussian-like behaviour while natu-
rally exhibiting 27-periodicity (which was “forced” onto the double Gaussian fit via

the mirror terms). As a reminder, the von Mises fit function is given by

ANS ekNScos(Atp*,uNs) AAS ekASCOS(A%O*#AS) (5 14)

f(Ap) =U(Ap) + ETA T ETAT] :

where A and p are as they were in Equation 5.13, and k is a measure of the collimation

of the distribution, which is inversely related to the width through

Li(k)
Io(k)

oc=4/—2In (5.15)
In these equations, I, refers to the modified Bessel function of the nth kind. Note
that the U(Ayp) has been given explicit Ay dependence, as this fit function does not
require the UE component to be flat with respect to Ay in order to converge nicely.

During the fitting procedure, the means ung and pag are again fixed to 0 and 7,
respectively, and the U(Ay) term is fixed to the function obtained by fitting the UE
which includes a non-zero vy contribution, as described in Section 5.1.2.2. While the
fitting of this function is much more stable than the aforementioned double Gaussian
function—possibly allowing for the variation of U during the fit—the term is ultimately
fixed due to an interesting feature of the von Mises distribution, which is discussed
in 5.1.3. The von Mises fits to both the h-A and h-h correlation distributions for every
multiplicity and momentum bin are shown in Figures 5.16 (h-A) and 5.17. Again,
the fits describe the data very well. Furthermore, the fits are extremely stable, which
is a welcome change from the double Gaussian fits and was the initial motivation for
the width analysis presented in this thesis.

Given these fits are taken with a different choice of U(Agp, An), the extracted
yields from the von Mises function deviate from the nominal extraction procedure by
a relatively large amount, with both the h-A and h-h jet-like yields seeing a decrease
of around 5%. This percentage is familiarly the same as the percent deviation seen in
Section 5.1.2.2 from the h-A and h-h yields when using the vs-based UE fit while still

using bin-wise summation to extract the yields. In fact, all of the yields extracted
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using the von Mises fitting procedure are nearly identical to the yields extracted using
the vy-based UE fit with bin-wise summation, again indicating that the data are well
described by the fits. As these two procedures are nearly identical in their results,
the von Mises fitting procedure is also excluded from the final systematic uncertainty
calculation for the yield extraction after the Barlow check in Section 5.1.2.6. However,
the fits are so incredibly well-behaved that they spawned the initial investigation into
the near- and away-side jet widths, which eventually became a major topic of interest

in this thesis.?

5.1.2.6 Barlow check for yield extraction

Following the same procedure as outlined in Section 5.1.1.4, a Barlow check is per-
formed for the different techniques for extracting the per-trigger yields from Equa-
tions 5.4 and 5.5. If the majority of the measured h-A yields for a given variation have
|INoggp| < 1, that variation is excluded from the systematic uncertainty calculation.
This majority is calculated across all kinematic regions (near-side jet, away-side jet,
underlying event), multiplicity bins, and associated momentum bins. While the h-h
yields were initially considered for this check, their statistical errors are so small that
the denominator in Equation 5.1 is close to zero, resulting in erratic Nogp values.
Thus, any technique which gets excluded for the h-A yields will also be excluded for
the h-h yields. Examples of the Barlow check for the yield extraction are shown in
Figure 5.18.

As a result of the Barlow check, the following variations are excluded from the

systematic uncertainty calculation:
e The double Gaussian fit procedure
e The von Mises fit procedure

These exclusions were foreshadowed in the previous sections, as the fits describe
the data well enough that there are no statistically significant differences between
the yields extracted using these fit functions and the yields extracted using bin-wise

summation.

2Systematic uncertainty calculations involving misbehaving fits are a nightmare.
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Figure 5.16: The final per-trigger h-A Ay correlation distributions with the von Mises
fit for the 0-20% (top), 20-50% (middle), and 50-80% (bottom) multiplicity bins in
the lower (left) and higher (right) associated pr bins. The UE fit with vy contribution
is also shown as a dashed line.
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Figure 5.17: The final per-trigger h-h A correlation distributions with the von Mises
fit for the 0-20% (top), 20-50% (middle), and 50-80% (bottom) multiplicity bins in
the lower (left) and higher (right) associated pr bins. The UE fit with vy contribution
is also shown as a dashed line.
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Figure 5.18: The Barlow check for the yield extraction procedure in the 0-20% mul-
tiplicity bin for the lower (left) and higher (right) associated pr bins. The red lines
represent N,., = %1, and if the majority of the points from a given procedure fall
within these lines (across all multiplicity and momentum bins), the procedure is ex-
cluded from the systematic uncertainty calculation.

5.1.2.7 Yield extraction systematics, summarized

As most of the main results of this thesis involve the h-A and h-h per-trigger yields
in the various kinematic regions, the systematic uncertainties associated with the ex-
traction of these yields deserve to be consolidated to concise tables and plots from the
overly detailed descriptions of the previous sections. To that end, plots demonstrat-
ing the resulting yield deviations from the nominal technique for each of the afore-
mentioned yield extraction procedure variations (post Barlow check) can be seen in
Figures 5.19 (h-A) and 5.20 (h-h). Furthermore, tables containing the final systematic
uncertainties for both the h-A and h-h per-trigger yields in each kinematic region for
every multiplicity and associated pr bin can be seen in Tables 5.7 (h-A) and 5.8 (h-h).
Note that included in these systematic uncertainties are both the technique variations
associated with the yield extraction procedure, as well as the variations in the yields
due to the variations in the A distributions themselves (after the Barlow check),
as discussed in Section 5.1.1. The UE yield systematic uncertainties are generally
much lower than the jet-like yields, averaging around 3.5% for both the h-A and h-h
cases. The larger uncertainties for the jet-like yields (4-7%) are primarily due to the
fact that the jet-like yield extraction techniques rely both on the integration proce-
dure and the choice of U(Ag), where both including v, and excluding negative yield
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contributions can have a large effect on these extracted yields. Both of those choices
have little effect (or no effect in the case of the non-negative yield requirement) on
the integral of the U(Ayp) across the entire azimuthal range (i.e. the UE yield).

As was the case in Section 5.1.1.5, the portion of systematic uncertainty which is
uncorrelated with multiplicity is computed using Equations 5.2 and 5.3 and presented
in Tables 5.9 (h-A) and 5.10. Whenever the trends of these yields with respect to
multiplicity are measured (either by taking slopes or looking at percent differences),
the errors are always calculated using these multiplicity-uncorrelated systematic un-

certainties.

Table 5.7: Final systematic errors (in %) for the per-trigger h-A yields in each kine-
matic region, multiplicity, and momentum bin.

Mult. and pr bin Near-side (jet) Away-side (jet) UE

0-20%, low 5.50e+-00 5.57e+00 3.12e4-00
20-50%, low 4.94e+-00 5.24e+00 3.22e+00
50-80%, low 6.34e+-00 7.19e+4-00 3.68e+00
0-20%, high 5.47e+4-00 6.10e+00 3.15e4-00
20-50%, high 5.88e4-00 6.54e+00 3.33e+4-00
50-80%, high 4.75e+00 5.25e+-00 3.72e+4-00

Table 5.8: Final systematic errors (in %) for the h-h per-trigger yields in each kine-
matic region, multiplicity, and momentum bin.

Mult. and pr bin Near-side (jet) Away-side (jet) UE

0-20%, low 4.46e4-00 4.75e4-00 3.51e4-00
20-50%, low 3.75e+00 3.63e+00 3.50e+-00
50-80%, low 4.94e+00 6.35e+-00 3.67e+00
0-20%, high 3.80e+00 4.00e+00 3.51e+4-00
20-50%, high 3.61e+4-00 3.63e+00 3.51e+4-00
50-80%, high 4.17e+4-00 5.16e4-00 3.81e+4-00
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Table 5.9: Final multiplicity-uncorrelated systematic errors (in %) for the per-trigger
h-A yields in each kinematic region, multiplicity, and momentum bin, used for calcu-
lating errors associated with quantities describing trends versus multiplicity (slopes

and percent changes).

Mult. and pr bin Near-side (jet) Away-side (jet) UE

0-20%, low 2.73e+00 2.83e+00 6.66e-01
20-50%, low 3.09e-+00 3.97e+00 1.00e+4-00
50-80%, low 5.80e+-00 6.95e+-00 2.23e+00
0-20%, high 2.91e+4-00 3.65e+-00 7.40e-01
20-50%, high 4.32e+00 5.41e+00 1.28e+00
50-80%, high 4.47e+00 5.45e+-00 2.35e+00

Table 5.10: Final multiplicity-uncorrelated systematic errors (in %) for the h-h per-
trigger yields in each kinematic region, multiplicity and momentum bin, used for cal-
culated errors associated with quantities describing trends versus multiplicity (slopes

and percent changes).

Mult. and pr bin Near-side (jet) Away-side (jet) UE

0-20%, low 1.72e+00 2.31e+4-00 1.86e-01
20-50%, low 1.31e+00 1.92e+00 2.29¢-01
50-80%, low 3.95e+-00 6.23e+-00 1.21e+00
0-20%, high 1.03¢-+00 1.68¢+00  2.42e-01
20-50%, high 7.24e-01 1.22e+00 2.76e-01
50-80%), high 2.28e+00 4.08e+00 1.54e+00
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Figure 5.19: The deviation from the nominal h-A per-trigger yields for each yield
extraction procedure variation (post Barlow check) in each kinematic region for the
0-20% (top), 20-50% (middle), and 50-80% (bottom) multiplicity bins in the lower
(left) and higher (right) associated pr bins. The systematic uncertainty for the yield
extraction procedure is calculated by taking the RMS of these deviations for each
kinematic region.
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Figure 5.20: The deviation from the nominal h-h per-trigger yields for each yield
extraction procedure variation (post Barlow check) in each kinematic region for the
0-20% (top), 20-50% (middle), and 50-80% (bottom) multiplicity bins in the lower
(left) and higher (right) associated pr bins. The systematic uncertainty for the yield
extraction procedure is calculated by taking the RMS of these deviations for each
kinematic region.
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5.1.3 Near- and away-side width extraction

The extracted widths of the near- and away-side jet components from the Ay dis-
tributions are also subject to a fair amount of systematic uncertainty, both from the
variations of the Ay distributions themselves as well as the techniques used to ex-
tract said widths. None of the Ay distributions variations are “new,” in that they
have been discussed in some way within the previous sections. However, the effects
of these variations on the extracted widths are not as straightforward as the effects
on the yields, and thus deserve their own section. Furthermore, the fitting techniques
used to extract the widths are different enough than the fitting techniques for yield
extraction (Sections 5.1.2.4 and 5.1.2.5) that they should be discussed separately.

As a brief reminder, the nominal procedure for extracting the jet widths is by
fitting the Ay distribution to the von Mises-based fit function,

Ans knscos(Ap—pns) + Ans @kASCOS(A@_”AS) (516)

f(Ap) =U(Ap) + R CETA T :

where A and p are the amplitudes and means of the von Mises components, and k
is a measure of the collimation of the distribution, which is inversely related to the
width through

Li(k)
Io(k)

In these equations, I,, refers to the modified Bessel function of the nth kind. During

o=4/—2In

(5.17)

the fitting procedure, the means pns and pag are again fixed to 0 and 7, respectively,
and the U(Agp) term is fixed to the function obtained by fitting the UE which includes
a non-zero v, contribution, as described in Section 5.1.2.2.

The reason for fixing the U component during fitting is subtle, as the von Mises
distributions describe the data extremely well and generally allow for the variation of
this component while still obtaining a convergent fit. However, the form of the Von
Mises function,

f(x) = ekeost@), (5.18)

presents a unique issue: if the width is sufficiently large, meaning k is sufficiently
small (= 1), there is an “offset” from the U term that never tapers off. This is
fundamentally different from a Gaussian, which will always converge to zero (or U
in this case) at large enough z. A visual depiction of this effect can be seen in

Figure 5.21. In most cases, this never presents an issue as the widths are usually
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such that & > 2. However, in the lowest momentum bin for the more central h-A Ay
distributions, allowing the U term to vary during the fitting procedure has a very
large effect on the corresponding k value, as the fitting software tries to “absorb” this
offset into U. Because of this, the U term is fixed during all fitting procedures, and

instead the techniques for determining U are varied.

T

- - -2

Figure 5.21: The Von Mises (left) and Gaussian (right) dist with k = 1 and ¢ = 1.
Note that the von Mises distribution does not approach zero at large x, while the
Gaussian does.

5.1.3.1 Signal, sideband, and PID cut variations

Each of the signal, sideband, and PID cut variations that affect the Ay distributions
(from Section 5.1.1) can also affect the corresponding extracted widths. To that end,
the h-A Ay von Mises-based fits and extracted widths for each of these variations
for all multiplicity and momentum bins can be seen in Figure 5.23. Note that these
widths were extracted using the nominal procedure described at the beginning of
this section. Deviations from the nominal near-side widths never exceed 3.5% in
most cases, whereas the away-side width deviations are much larger, with some vari-
ations resulting in over a 10% change from the nominal value, even after removing
statistically insignificant variations via the Barlow procedure in Section 5.1.3.3.
Again, problematic behavior arises from the PID cut variation, which requires a
TOF hit for both of the A daughters, with both the near- and away-side widths being
particularly sensitive to this cut. As the lower momentum daughter pions are usually

deflected by the detector’s magnetic field before reaching the TOF, in cases when the
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Figure 5.22: The pr distributions of A candidates with and without the TOF signal
requirement. The mean pr of the A candidates with daughters that generate a TOF
signal is nearly 10% higher than those without this requirement, which indicates that
the requiring a TOF signal for the A daughters introduces a physical bias.

pion actually generates a TOF signal, its corresponding momentum is likely higher
than usual. This would result in a higher-than-usual A momentum, which in turn
would give lower-than-usual jet widths in the corresponding h-A correlations as jets
become less collimated as their constituent momentum decreases. To test this, the
pr distributions of A candidates with and without the TOF signal are compared in
Figure 5.22. The mean pr of the A candidates with daughters that generate a TOF
signal is around 10% higher than those without this requirement, which indicates that
the TOF signal requirement introduces a physical bias into the h-A Ay distributions,
manifesting as unusually low jet widths. Luckily, this requirement also happens to
reduce the overall yield of A candidates by a huge margin, causing a large amount
of statistical fluctuations in the corresponding h-A correlation distributions. Because
of this, the TOF signal requirement ends up being excluded after the Barlow check.
However, it is important to distinguish between excluding variations because they
are statistically insignificant and excluding them because they introduce physical
biases into the data. Had the data sample been larger, the TOF signal requirement
would have likely survived the Barlow check, leaving no choice but to rely on the

aforementioned argument.
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5.1.3.2 Fitting procedure variations

Both of the fitting functions discussed in this thesis are of the form

f(Ap) = U(Ap) + fxs(Ap) + fas(Ayp), (5.19)

where U is the underlying event function, and fxs (fas) is the distribution that
describes the near-side (away-side) jet. To estimate the systematic uncertainty asso-

ciated with the fitting procedure, the following variations are considered:

1. Varying U(Ag): The U(Ayp) term is varied by replacing the nominal ve-based
UE function with a flat line equal to the average of the Ay distribution in the
ranges [_g7 _§> U [%7 5%) U [HTWJ 37”) and [_%7 _%T> U [Z%r, %r) U [%7 37”) (le the
nominal and restricted-range UE variations from the yield extraction procedure)

2. Varying the fns and fag functions: The fys and fas functions are varied
by replacing the nominal von Mises distributions with the Gaussian ones, as
described in Section 5.1.2.4, and the U term is fixed to the average of the Ay
distribution in the ranges [—%, —%) U [T, 2Z) U [£E, 1) (again, the nominal UE
determination technique from the yield extraction procedure)

More variations were initially considered-namely using the vs-based UE with the
Gaussian functions from Equation 5.13 and trying generalized Gaussians [177] to
describe the jet components—but they were discarded as many of the fits did not
converge for all multiplicity and momentum ranges® despite a large amount of effort.

The choice of making the vo-based UE determination procedure the nominal one
was not made lightly, as it breaks the symmetry with the nominal yield extraction
technique. In the presence of non-zero elliptic flow (as is likely the case at higher
multiplicities), the vo-based UE determination procedure is the most physically mo-
tivated, as it is the only one that takes into account the underlying event’s azimuthal
anisotropy. The only reason this procedure was not chosen as the nominal technique
for yield extraction is extremely specific to this analysis: at the time of writing this
thesis, the only available h-¢(1020) correlation results in p—Pb at /sy = 5.02 TeV
come in the form of the h-¢/h-h per-trigger yield ratios, where the yields are extracted

assuming a flat UE. As mentioned in the abstract, one of the topics of this analysis

3This is a strict requirement, there are twelve fits in total, each with at least four free parameters,
and the fitting software is not particularly robust.
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involves investigating open versus hidden strangeness in the form of the h-A/h-¢ per-
trigger yield ratios in the different kinematic regions. This is done by taking a ratio
of ratios, namely
1) 10 o
(h-h); " (h-h)s
where the subscripts 1 and 2 are used to differentiate between this research and the
¢ analysis, respectively. This only reduces to the h-A/h-¢ ratios if two conditions
are met: the first is that the h-h distributions are the same (which is investigated
more thoroughly in Section 5.2.4), and the second is that the yields are extracted
from these dihadron distributions using the exact same procedure. While this is not
required in the case of the h-A yields, the same procedure is applied for the sake of
consistency.

The resulting fits and extracted widths for each of the variations listed above in
all multiplicity and momentum ranges for both the h-A and h-h cases can be seen in
Figure 5.24. Again, only small deviations from the central values are observed in the
near-side widths across all variations, with the largest percent difference being around
3% across all multiplicity and momentum bins for both the h-A and h-h distributions.
Interestingly, the away-side widths appear to be much more sensitive to the inclusion
of vy, as all variations from the nominal technique—again, each variation assumes a
flat UE-result in widths which are systematically lower than the central values by
around 5-10%. This is a strange result, as the vy-based UE is completely symmetric
about Ay = 7/2, and thus should affect the near-side widths in the same way as
the away-side. As mentioned above, including vy in the UE is the more physically
motivated choice, and therefore is chosen to be nominal despite these large deviations.
Note that the Gaussian and von Mises widths are more similar in the cases where the
flat UE is used, indicating that the observed deviations are not due to the choice of

fitting function.
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Figure 5.23: The resulting von Mises fits and extracted jet widths after the signal,
sideband and PID cut variations are applied to the h-A Ay distributions.
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Figure 5.24: The resulting h-A (top) and h-h (bottom) von Mises fits and extracted
jet widths in each multiplicity and momentum bin after each variation of the fitting
procedure.
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5.1.3.3 Barlow check for width extraction

Again, following the same techniques as outlined in Sections 5.1.1.4 and 5.1.2.6, a
Barlow check is performed for the variations presented in this section that affect the
extracted near- and away-side widths. As was before, if the majority of the extracted
h-A widths for a given variation have |[Nogp| < 1, that variation is excluded from the
systematic uncertainty calculation. This majority is calculated using both the near-
and away-side jet components across all multiplicity bins and associated momentum
bins. Again, the dihadron widths are not considered for this procedure*, and any
fitting technique variation that is excluded from the uncertainty calculation as the
result of this check for the h-A widths will also be excluded for the h-h case. Visual
depictions of the Barlow procedure can be seen in Figure 5.25.

As a result of the check, the following variations were excluded from the systematic

uncertainty calculation for the jet widths:
e Signal: Wide, Wider
e Sideband: Wide, Narrow
e PID: Require TOF

Curiously, these are the same variations that were excluded for the A distributions,

which is mostly® a coincidence.

5.1.3.4 Width extraction systematics, summarized

The systematic uncertainties associated with the h-A and h-h jet width extraction
for each multiplicity and associated momentum bin can be seen in Tables 5.11 (h-A)
and 5.12 (h-h), with visual depictions shown in Figures 5.26 (h-A) and 5.27. The
total systematic uncertainties are obtained by adding the individual uncertainties
in quadrature. Note that the away-side width uncertainties are much larger than

the near-side, indicating that constraining the away-side jet width is a much more

4Due to extremely small statistical errors, see Section 5.1.2.6

SThere is obviously some correlation between variations in the individual Ay bins and the
widths. Consider a hypothetical variation that causes an unusually large spike in a Ay bin near
zero: this would certainly cause the near-side width to be considerably smaller than normal. This is
an extreme example, however, and generally these variations affect the individual A bins in similar
ways.
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Figure 5.25: Barlow check for the width extraction procedure for the signal (left),
sideband (middle), and PID (right) variations in the 20-50% multiplicity bin. The red
lines represent Nogp = 1, and if the majority of the points fall within the red lines
(across all pr and multiplicity bins), they are excluded from the width systematic
uncertainty calculation.

difficult procedure, especially in the presence of non-zero elliptic flow (as discussed
in Section 5.1.3.2). As the width uncertainties do not exhibit any significant multi-
plicity dependence, the multiplicity-uncorrelated portion of these uncertainties is not
reported.

Both the topological selection and associated hadron efficiency uncertainties are
given in the tables and figures, which were obtained by randomly varying the Ay dis-
tributions within their respective systematic uncertainties (Table 5.1) and extracting
the widths using the nominal procedure. As the topological selection and track-
ing efficiency uncertainties were not directly calculated in this analysis, these results
serve as a “best guess” for how the widths would be affected by variations in the
corresponding selection criteria. The results of this procedure for the h-A and h-h
distributions in the 20-50% multiplicity bin for both associated momentum ranges

can be seen in Figure 5.28.
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Mult. pr Peak | Signal Sideband PID Fit proc. Topo. | Total
0-20% low NS 1.19 5.41 1.19 2.09 3.40 | 6.93
20-50% low NS 1.13 2.70 1.74 0.93 3.40 | 4.90
50-80% low NS 3.20 1.19 3.82 2.05 3.40 | 6.48
0-20% low  AS 2.53 1.64 6.21 7.91 2.40 | 10.77
20-50% low  AS 0.57 4.68 2.62 8.16 2.40 | 10.07
50-80% low  AS 2.88 9.43 4.11 5.88 240 | 1243
0-20% high NS 3.44 1.66 2.19 3.51 3.10 | 6.43
20-50% high NS 1.10 0.48 1.09 1.35 3.10 | 3.75
50-80% high NS 2.46 0.56 1.68 1.54 3.10 | 4.60
0-20% high AS 0.51 1.00 1.99 8.95 6.10 | 11.07
20-50% high AS 1.56 1.93 5.02 10.33 6.10 | 13.24
50-80% high  AS 3.93 5.74 10.80 5.40 6.10 | 15.21

Table 5.11: The final systematic errors from the h-A Ay near-side (NS) and away-
side (AS) width extraction for each multiplicity bin in the lower (top) and higher
(bottom) associated pr bins. The total systematic error is calculated by adding each
systematic error in quadrature.

Mult. pr  Peak | Fit proc. Trk. eff. | Total
0-20% low NS 2.21 1.00 2.42
20-50% low NS 0.21 1.00 1.02
50-80% low NS 1.74 1.00 2.01
0-20% low  AS 8.75 1.50 8.87
20-50% low  AS 6.66 1.50 6.82
50-80% low  AS 6.91 1.50 7.07
0-20% high NS 1.86 1.00 2.11
20-50% high NS 0.12 1.00 1.01
50-80% high NS 1.47 1.00 1.78
0-20% high AS 8.02 1.50 8.16
20-50% high  AS 6.06 1.50 6.24
50-80% high AS 5.73 1.50 5.93

Table 5.12: The final systematic errors from the h-h Ay near-side (NS) and away-
side (AS) width extraction for each multiplicity bin in the lower (top) and higher
(bottom) associated pr bins. The total systematic error is calculated by adding each
systematic error in quadrature.
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Figure 5.26: Final systematic errors for the h-A Ay near-side (top) and away-side
(bottom) width extraction for each multiplicity bin in the lower (left) and higher
(right) associated pr bins.
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(bottom) width extraction for each multiplicity bin in the lower (left) and higher
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Figure 5.28: The resulting h-A (top) and h-h (bottom) von Mises fits and extracted jet
widths in the 20-50% multiplicity bin for each momentum bin after random variations
of the individual Ay bins within the topological selection (h-A) and tracking efficiency
(h-h) uncertainties from Table 5.1.
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5.1.4 Final systematics tables

For ease of reference, all of the final systematic uncertainties discussed in the previous

sections have been consolidated into Tables 5.13 (h-A) and 5.14 (h-h).

Table 5.13: The final systematic uncertainties for the h-A A distributions, the
per-trigger jet and UE yields, and the jet widths in all multiplicity and associated
momentum bins. The fraction of the systematic uncertainty which is uncorrelated
with multiplicity is reported separately in parentheses for the extracted yields. The
low (high) momentum bin is such that 1.5 < p3¥°© < 2.5 GeV/c (2.5 < p§¥°© < 4.0

GeV/e).

Mult. and pr bin | Ay dist. Y ear Yoway Yo ONS  Oaway
0-20%, low 3.3% 5.5(2.7)% 5 6(2.8)% 3.1(0.7% 6.9% 10.8%
20-50%, low 3.4% 4.9(3.1)% 5.2(3.6)% 3.2(1 0% 4.9% 10.1%
50-80%, low 3.8% 6.3(5.8)% 7.2(7.0)% 3.7(2.2)% 6.5% 12.4%
0-20%, high 3.2% 5.5(2.9)% 6.1(3.71% 3.2(0.1)% 6.4% 11.1%
20-50%, high 3.3% 5.9(4.3)% 6.5(5.)% 3.3(1.3)% 3.8% 13.2%
50-80%, high 4.1% 4.8(4.5)% 5.3(5.5)% 3.7(24)% 4.6% 15.2%

Table 5.14: The final systematic uncertainties for the h-h Ay distributions, the per-
trigger jet and UE yields, and the jet widths in all multiplicity and associated mo-
mentum bins. The fraction of the systematic uncertainty which is uncorrelated with
multiplicity is reported separately in parentheses for the extracted yields. The low
(high) momentum bin is such that 1.5 < p§¥°® < 2.5 GeV/ec (2.5 < p§°° < 4.0

GeV/e).

Mult. and pr bin | Ay dist. Y ear Yaway Yue ONS  Oaway
0-20%, low 3.5% 4.5(1.7% 4 8(2.3)% 3.5(02)% 2.4% 8.9%
20-50%, low 3.5% 3.8(1.3)% 3.6(1.9)% 3.5(0.2)% 1.0% 6.8%
50-80%, low 3.5% 49(39)% 6.4(6.2)% 3.71.2)% 2.0% 7.1%
0-20%, high 3.5% 3.8(1.0)% 4.0(1.7)% 3.5(0.2)% 2.1% 8.2%
20-50%, high 3.5% 3.6(0.M)% 3.6(1.2)% 3.5(0.3)% 1.0% 6.2%
50-80%, high 3.5% 42(2.3)% 52(4.10)% 3.8(1.5)% 1.8% 59%
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5.2 Cross-checks

As mentioned in the introduction to this chapter, this section presents a number of
cross-checks that were performed to verify the validity and robustness of the analysis

procedure.

5.2.1 Monte Carlo closure tests

One of the most common procedures for verifying the validity of an experimental
analysis comes in the form of a Monte Carlo closure test [178]. The basic steps

of any MC closure test are as follows:

1. Generate a large sample of simulated events using a Monte Carlo generator,

which models both the physics of the collision and the detector response

2. Apply the same analysis method and selection criteria to the detector-simulated

events as to the experimental data to obtain a reconstructed observable

3. Compare the reconstructed observable with the ground-truth observable, which

is obtained directly from the generator-level particles

Generally the third step is done by taking a ratio of the reconstructed observable to
the ground-truth observable, which should be consistent with unity if the analysis
procedure is valid. Significant deviations from unity would indicate that the experi-
mental procedure introduces a non-physical bias to the measurement, which should
be addressed.

For the Monte Carlo closure tests presented in this section, the p—Pb collision
events are simulated using the DPMJet generator [114], with the ALICE detector
response to the simulated particles handled by the GEANT [163] software package.
The reconstructed h-A and h-h 2D correlation distributions are generated using the

same procedure as described in 4. In particular, this means that:

e Both the reconstructed trigger and associated A (h) pass the track cuts de-
scribed in Tables 4.2 and 4.5 (4.3), respectively
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e To avoid issues with PID using GEANTS, the A daughter tracks are verified to

be from a proton/pion by checking their corresponding generator-level particles

e The efficiency and acceptance corrections are applied to the h-h and h-A distri-

butions in the same was as described in Section 4.5

e The additional corrections (sideband subtraction, signal scaling, and two-track

template) are applied to the h-A distributions as they are in Section 4.5.3

For the ground-truth distributions, the trigger and associated A (h) are taken directly
from the generator-level particles. The same kinematic cuts are also applied, namely
the trigger is required to have momentum 4.0 < pr < 8.0 GeV/¢, the associated
A (h) have the same momentum ranges as the reconstructed case, and all particles
are required to fall within || < 0.8. Applying these pseudorapidity cuts on the
trigger and associated particles ensures that the underlying physics is the same as
the reconstructed case. Unfortunately this requirement also introduces the same
triangular shape along An in the correlation distributions as seen in data, which is
corrected for using the mixed-event technique described in Section 4.5.

Both the reconstructed and ground-truth 2D correlation distributions are pro-
jected onto Ay in the range |An| < 1.2, and the results for the h-A and h-h Ay
distributions are shown for each associated pr bin in Figures 5.29 (h-A) and 5.30
(h-h), along with the corresponding (reconstructed)/(ground-truth) distribution ra-
tios. A fit to the ratio is also shown, which is consistent with unity in all cases.
This indicates that the analysis procedure is valid, and that the corrections applied
to the h-A and h-h distributions are not introducing any non-physical biases to the
Ay distribution measurements. As all of the observables are derived directly from
these distributions, it is safe to assume the reconstructed and ground-truth versions
of these observables are also consistent with each other.

While the MC closure tests provide a general framework for checking the validity
of an experimental analysis, there are a few more specific checks that are performed

to ensure the robustness of this analysis, which are described in the following sections.

6The norpc,Tor values predicted by GEANT differ from experimental data by a large margin,
so using GEANT for PID is generally avoided whenever possible.

"Particle production is rapidity-dependent, so choosing particles in a different rapidity range
could alter the spectrum.
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Figure 5.29: The reconstructed (pink) and ground-truth (blue) h-A A distribu-
tions in the lower (top) and higher (bottom) associated pr bins, along with a
(reconstructed)/(ground-truth) ratio and straight-line fit with errors shown as dashed
lines. The ratio is consistent with unity, and thus the corrections applied to the h-A
distributions are valid.
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5.2.2 Investigating radial flow effects

Any multiplicity-differential analysis involving a sample of particles within a fixed
pr momentum window will be subject to radial flow effects. Radial (or directed)
flow [104] can be characterized by the increase of the average transverse momentum
(pr) with increasing event multiplicity for a given particle species. This could result
in an increased yield integrated within a fixed pr window, and that increase may be
different for different particle species. As this thesis presents many results concerning
the A/h(m) ratio as a function of multiplicity within fixed pr ranges, it is important
to investigate the effect radial flow may have on the final results.

Luckily, the effects of radial flow have already been thoroughly investigated for
the ¢(1020)/7 ratio, where it was found that radial flow causes a larger increase in
the 7 yield than the ¢ yield within the 2 < pr < 4 GeV /¢ momentum window. This
would result in a decrease in the ¢/7 ratio with increasing multiplicity. Thus, any
observation of an increase in the ¢/m ratio with increasing multiplicity can not be
attributed to radial flow effects. Importantly, the A baryon shares a similar mass
(1.115 vs. 1.020 GéV/c?) and pr spectrum shape (shown in Figure 5.31) to the ¢ me-
son. As such, any conclusion regarding the radial flow effects (which are determined
using these two observables) on the A/m results can be inferred from the ¢/7 study.

A brief summary of the ¢/m radial flow study is presented below.

5.2.2.1 Radial flow effects on the ¢/7 ratio

First, the mean pr of both the ¢ and 7 were taken from published p—Pb data in the
0-5% and 60-80% multiplicity percentiles. Then, the momentum spectra of the ¢ and
7w were fit to the simplified Boltzman function,

C
B =~ pre (mr—m)/T 5.21
(pT) T(m + T>pT€ ; ( )

where m is the particle mass, mr is the particle’s transverse mass (= \/]m), T
is the temperature, and C'is a normalization constant. The temperature T" was found
such that the mean pr of the fit function matched the published mean pr values. The
resulting fits are shown for the ¢ and the 7 in both multiplicity bins in Figure 5.32.
The 2 < pr < 4 GeV/c momentum window is also highlighted.

The ratio of the yields in the higher multiplicity bin to the lower multiplicity bin

within the momentum window was then calculated for both the ¢ and the 7, which
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Figure 5.31: The pr spectra shape of the ¢ (triangles) and A (squares) in p—Pb
collisions at /sy = 5.02 TeV in the 0-5% (red) and 60-80% (green) multiplicity
bins. Both spectra in the 0-5% have been normalized to unity, whereas the 60-80%
spectra has been normalized to 0.5 for visibility. The A and ¢ spectra shapes are very
similar in both multiplicity bins.

revealed that the ¢ yield increases by around 30%, whereas the 7 yield increases by
nearly 200%.

5.2.3 Correlations with a single trigger

A central feature of this analysis relies on the assumption that the per-trigger pair-
wise yields from the h-A or h-h distributions are roughly equal to the per-trigger
associated yields for A baryons or charged hadrons in events that have a trigger
hadron, so that the (h-A)/(h-h) yield results can be interpreted as the A/h ratio in
each region. This is only true if there is only a single trigger hadron in each event,
which is obviously not the case across a large event sample. To see why this is required,
consider two events: the first has a single trigger with three associated particles, while

the second has two triggers with three associated particles. In the first event, there are
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Figure 5.32: The fits to the momentum spectra of the ¢ (left) and 7 (right) in the 0-5%
(red) and 60-80% (green) multiplicity bins, with fit function given by Equation 5.21.
The 2 < pr < 4 GeV/c momentum window is highlighted in blue.

three trigger-associated pairs, which corresponds exactly to the number of associated
particles in the event. In the second, there are twice as many pairs as there are
associated particles, meaning that the pair-wise yield “double counts” the associated
particles. A diagram of this effect is shown in Figure 5.33. This effect scales with
the number of triggers: if there are N triggers in an event, there would be N times
as many pairs as associated particles. This diagram also introduces another subtle
effect of multiple triggers: if triggers t; and t5 belong to separate jets within a single
event, then the associated particles that fall into the jet-like regions when correlated
with ¢; could be mistakenly placed in the “underlying event” when correlated with
to, artificially inflating the UE yields.

Luckily, less than 1% of all events have more than a single trigger, as shown in
Figure 5.34. Even still, the effect of multiple triggers on the per-trigger pair-wise
yield is investigated by repeating the same analysis procedure as described in the

previous chapter, with one change:

e If an event has more than one trigger, only the trigger with the highest momen-
tum within the 4.0 < pr < 8.0 GeV/c range is used

This guarantees that no associated particles will be counted more than once, at the
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Figure 5.33: A diagram showing the effect of multiple triggers on the per-trigger pair-
wise yield. In the first event, there is a single trigger with three associated particles,
so the pair-wise yield is equal to the number of associated particles. In the second
event, there are two triggers with three associated particles, so the pair-wise yield is
twice the number of associated particles.

expense of a slightly modified trigger pr spectrum®. The final single trigger h-A and
h-h Ay distributions for each multiplicity bin are compared with the original method
(all trigger) distributions in Figure 5.35. A flat deviation of around 5% is observed
for both the h-A and h-h cases, which is consistent across all multiplicity bins.

As the (single trigger)/(all trigger) distribution ratios are mostly flat for both the
h-A and h-h distributions across all multiplicity bins, the effect on the final yield
measurements would only be a &~ 5% change of scale along the y-axis, and the ratio
measurements would remain unchanged. Furthermore, this scale factor is the same
across all multiplicity bins, indicating that using the standard per-trigger correlation
method accurately captures the multiplicity-dependent behavior of the A/h ratios in
events with a trigger. Because the conclusions drawn from the results of this thesis
only rely on the relative y-axis behavior of the measured observables, the effect of

multiple triggers on the final distributions is negligible.

8Selecting the highest pr trigger in the 4-8 GeV /¢ range usually still amounts to selecting a ~ 4
GeV/c particle.
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Figure 5.35:

The per-trigger h-A (top) and h-h (middle) A distribution comparison

between using a single trigger (closed points) and all triggers (open points) in a given
event, along with the (single trigger)/(all trigger) distribution ratio (bottom), for the

0-20% (left)

momentum

, 20-50% (center), and 50-80% (bottom) multiplicity bins in the associated
range 2.0 < pr < 4.0 GeV/c. The distributions are nearly identical up to

a =~ 0.95 scale factor, which is constant as a function of multiplicity.
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5.2.4 Dihadron comparison with ¢ analysis

As mentioned in Section 5.1.3.2, the differences between open and hidden strangeness
are investigated by taking the A/$(1020) per-trigger yield ratios in the different kine-
matic regions (e.g. near-side jet, away-side jet, and underlying event). This is done
by taking a ratio of ratios, namely

(h-A) / (h-¢)
(h-h)1" (h-h)s’

(5.22)

where the (h-¢)/(h-h), ratio in the denominator is taken from previously published
results in p-Pb collisions at /sxy = 5.02 TeV which use the same angular correlation
techniques to extract the per-trigger yields in the different regions [158]. This only
reduces to the per-trigger (h-A)/(h-¢) = A/¢ yield ratios if two conditions are met:

1. The (h-h); and (h-h), yields are identical
2. The yields are extracted using the same procedure

Condition 2 has been met by design, as both analyses assume a flat UE taken as the
average of the correlation distributions in the same Ay regions, and they both use
bin-wise summation to extract the per-trigger yields. Condition 1, however, needs to
be checked more thoroughly. While all of the selection criteria is the same between
the two, the analyses were performed by two different humans with vastly different
coding styles.

To this end, a direct comparison between the dihadron per-trigger Ay distribu-
tions from this analysis and the ¢ analysis is shown in Figure 5.36. The distributions
are nearly identical across all multiplicity bins, which is indicated by the ratios at the
bottom of the figure never deviating unity. As such, the cancellation of the (h-h);
and (h-h)s yields in Equation 5.22 is valid.

5.2.5 Resonance technique for A reconstruction

The A baryons used in this analysis are reconstructed by exploiting their characteristic
VO decay topology, as discussed in Section 4.3. However, this method introduces a
small physical bias in the A sample: only As which decay far enough from the primary
vertex to be reconstructed as V% (i.e. they have a detector-resolvable secondary

vertex) are considered. While the average decay length of the A is quite large (c7 &
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Figure 5.36: Comparison of the the dihadron Ay correlations between the ¢ and
A analyses for the 0-20% (left), 20-50% (middle), and 50-80% (right) multiplicity
bins, taken in the 2.0 < py < 4.0 GeV/c associated momentum range. They are
functionally identical for all multiplicity bins.

7.89 cm where T is the average lifetime), decay length distributions are exponentials of
the form e~*/7. This means that there is a small fraction of As that decay too quickly
to be resolved using their V? topology, and thus are not included in the analysis.
While the single particle A efficiency is used to correct for the overall A yield, it
may be possible that the h-A correlation shape is influenced by the exclusion of these
short-lived A baryons.

To investigate this possible bias, a new set of h-A distributions are produced, where
the associated As are reconstructed using the resonance technique: all oppositely
charged proton-pion pairs from the event are combined to form A candidates. This
is the only way to reconstruct extremely short-lived particles—like resonances—as they
will never have a resolvable secondary vertex. This technique gives access to all
A baryons that can be reconstructed in the event, regardless of their decay length.
However, the large combinatorial background associated with the resonance technique
presents many difficulties, which are discussed thoroughly in Appendix A. Even still,
it is possible to repeat the same analysis procedure from the previous chapter with
As reconstructed using this technique, and the resulting h-A Ay distributions are

shown in Figure 5.37, along with the original distributions for comparison. It should
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be noted that neither of the distributions are corrected for the two-track inefficiency
or the branching ratio, as this investigation was performed prior to those tools being
developed in this analysis. However, the comparison should be mostly® unaffected by
these corrections, as they are the same in both cases.

The distributions are very similar across all multiplicity bins, although the reso-
nance technique distributions exhibit much larger statistical fluctuations due to the
subtraction of the large combinatorial background using the sideband procedure.
This provides solid evidence that the VY reconstruction technique is not introducing
a significant bias in the shape of the h-A Ay distributions, and that the exclusion of
short-lived A baryons has little effect on the final results.
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Figure 5.37: The final per-trigger h-A Ay correlations for As reconstructed using
the resonance technique (blue) and the V%-based technique (red) in the 0-20% (left),
20-50% (middle), and 50-80% (right) multiplicity bins, taken in the associated mo-
mentum range 2.0 < pr < 4.0 GeV /¢, after the subtraction of the UE. The distribu-
tions show good agreement across all multiplicity bins, indicating that the V%-based
reconstruction technique is not introducing a bias in the correlation shape.

After calculating the systematic uncertainties and performing the various cross-
checks described in this chapter, the final results of this thesis are ready to be pre-

sented.

9The two-track inefficiency is actually very slightly less for the resonance technique as the shorter-
lived As usually have daughter tracks with higher quality track parameters due to more hits in the
detector, making them less likely to be merged with the trigger.

171



Chapter Six: Results and Discussion

The time has come to present the final results of this thesis. As there are quite a few
exciting measurements to be presented, the structure of this chapter is as follows. In
the first section, a brief reminder of the motivation and methodology for this analysis
are given to provide context for the observables to be presented. The next section
presents the final results as they are, with lengthy discussions about the trends for
each observable. The final sections will compare these results to theoretical models
and previous measurements, and will discuss the implications of these measurements

on the current understanding of strangeness production in heavy-ion collisions.

6.1 Quick recap: motivation and methodology

This section serves as a brief recap of the “how” and “why” for this thesis. For more
details, please refer to Chapter 3.

The goal of this thesis is to measure the production of strangeness (A baryons)
both in and out-of jets in p—Pb collisions. By separating the production of As in these
regions, the underlying processes responsible for the onset of strangeness enhancement
in small systems may be brought to light.

To perform this separation, two-particle h-A angular correlations are used.
Using these angular correlations with a high momentum trigger hadron, the produc-
tion of As can be separated into three regions: the near-side region (corresponding
to jet-like production with little-to-no medium modification), the away-side region
(corresponding to jet-like production with medium modification), and the underlying
event or UE region (associated with soft production in the QGP medium). A diagram
highlighting these regions can be seen in Figure 6.1.

The yields and widths presented in this section are extracted from these correlation
distributions, and studied as a function of multiplicity and A momentum. The same
procedure is performed for charged hadrons (h-h), and the results are compared.
These observables are also compared to multiple theoretical model predictions, as

well as to similar results from the ¢(1020) meson.
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Figure 6.1: A cartoon of a Pb-Pb (p—Pb) collision that produces particles in the
near- and away-side jets, along with the UE. The the corresponding regions in the
Ay distribution are highlighted on the right.

6.2 Per-trigger Ay distributions

The per-trigger h-h and h-A Ay distributions for all multiplicity and associated pr
bins can be seen in Figure 6.2 (h-A) and Figure 6.3 (h-h). Summarizing plots that
contain both the h-A and h-h distributions together for each multiplicity class for
the lower (1.5 < pr < 2.5 GeV/c) and higher (2.5 < pr < 4.0 GeV/c) associated pr
bins can be seen in Figures 6.4 and 6.5, respectively. In the summarizing plots, the
entire range along the y-axis is shown to emphasize the relative contribution to each
distribution from the UE.

These observations suggest that associated production in the UE region truly is
“softer” than production in the near- and away-side regions, supporting the idea that
the production in the UE is heavily linked to the QGP. n the lower associated mo-
mentum range, the UE baselines for both the h-A and h-h distributions is found to
increase by around a factor of three from the lowest to the highest multiplicity class
(0.05 to 0.17 in the h-A case, 0.35 to 1 in the dihadron case). The higher associated
momentum range exhibits a similar increase in the UE baseline with increasing mul-
tiplicity, but the h-A pedestal increases by a factor of four instead of three. The UE
pedestal is also found to be higher in the lower associated pt range than in the higher

range by around a factor of three in the h-A case and four in the h-h case for each
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multiplicity class. Furthermore, the relative contribution to the total distribution
from the UE with respect to jet production increases with increasing multiplicity in
both pr intervals, with the lower-pr interval exhibiting a larger relative contribution
from the UE than the higher-pr interval across all multiplicity classes. The latter
observation suggests that associated production in the UE region truly is “softer”

than production in the near- and away-side regions, as expected.
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Figure 6.2: The final per-trigger h-A Ay distributions for the 0-20% (top), 20-50%
(middle), and 50-80% (bottom) multiplicity bins for 1.5 < pp < 2.5 GeV/c (left) and
2.5 < pr < 4.0 GeV/c (right).
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Figure 6.3: The final per-trigger h-h A distributions for the 0-20% (top), 20-50%
(middle), and 50-80% (bottom) multiplicity bins for 1.5 < pp < 2.5 GeV/c (left) and
2.5 < pr < 4.0 GeV/c (right).
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Figure 6.4: The h-A (top) and h-h (bottom) A¢ distributions for each multiplicity
class with 1.5 < prassoc < 2.5 GeV/c, with statistical (systematic) uncertainties shown
as vertical lines (shaded boxes). The multiplicity classes are plotted from most central
(left) to least central (right). The UE estimate is shown as a dashed line, and is taken

as the average of the distribution in the regions [-%,—%) U [Z,2F) U [4T, 21).
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Figure 6.5: The h-A (top) and h-h (bottom) A distributions for each multiplicity
class with 2.5 < prassoc < 4.0 GeV /¢, with statistical (systematic) uncertainties shown
as vertical lines (shaded boxes). The multiplicity classes are plotted from most central
(left) to least central (right). The UE estimate is shown as a dashed line, and is taken

as the average of the distribution in the regions [-%,—%) U [Z,2F) U [4T, 21).
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6.3 Per-trigger jet-like yields

The per-trigger yields in the near- and away-side regions of the Ay distributions

(Years Yaway) are shown in each associated pr range as a function of multiplicity

percentile for both the h-A and dihadron correlations in Figure 6.6.
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Figure 6.6: The per-trigger pair-wise yields Ypear, Yaway as a function of multiplicity
percentile for the h-A (square markers) and h-h (circle markers) azimuthal correlations
in the lower (left) and higher (right) associated pr ranges. The statistical (systematic)
uncertainties are shown as vertical lines (boxes).

Across both associated pr ranges, the h-A yields see a substantial increase with
respect to multiplicity for both the near- and away-side regions. This is in stark
contrast to the dihadron yields, which see no significant increase as a function of mul-
tiplicity in both associated pr ranges. The increase can be quantified by calculating
the percent change in the per-trigger yields from the lowest to highest multiplicity
class, which is shown for each momentum range in Table 6.1. The errors reported are
calculated using both the systematic and statistical uncertainties summed in quadra-
ture, and the significance is obtained by calculating the deviation in the percent
change from zero in terms of the total error. The significance obtained from the h-A
yields across both regions and pr ranges are all > 20, indicating that the increase is
statistically significant. However, the dihadron yields see no statistically significant
increase in both regions across both momentum ranges. In the h-A and h-h cases, the
percent changes in the away-side yields are systematically higher than the changes

in the near-side yields. These differences between the near- and away-side yields’
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behavior as a function of multiplicity hint at a possible modification of the away-side

jet production due to interactions between the jet and the QGP medium.

Table 6.1: The percent change in the per-trigger yields from the lowest to highest
multiplicity class in the lower and higher associated momentum ranges. The errors
reported are obtained using the systematic and statistical uncertainties summed in
quadrature. The reported significance is the number of standard deviations away
from zero percent change.

Region % change for lower (higher) p}%’AaSSOC Lower (higher) p}T"f\aSSOC sig.
h-A near-side 47.9 4+ 16.8 (46.6 £+ 14.6) 2.90(3.20)

h-A away-side 71.0 +22.5 (46.2 +17.9) 3.20(2.60)

h-h near-side 04+75(—-3.9+4.3) 0.10(—0.90)

h-h away-side 11.7+12.3 (1.0 £ 7.0) 0.90(0.10)

6.4 Per-trigger yield ratios

To improve comparibility with previous results [176], [179], the multiplicity classes
have been converted to charged particle multiplicity by computing (dNg,/dn ) in
each multiplicity class in events with a trigger hadron for all charged hadrons with
In| < 0.5 and pr > 0.15 GeV/c. The values of (dNy,/dn ) for each multiplicity class
in non-triggered and triggered events can be seen in Table 6.2. To better understand
the differences between A and charged hadron production both in and out-of jets,
the per-trigger yield ratios R;\/ " = yr Ay (i = near-side, away-side, UE) are
measured as a function of multiplicity in both associated momentum ranges. These
ratios serve as a proxy for the A/ ratio in each region, and are shown in Figure 6.7.
Straight line fits to the data are shown as dashed lines, with slopes and corresponding

errors reported in Table 6.3.
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Table 6.2: The values of (dNen/dn )py.. <05 for each multiplicity class in minimum
bias events (non-triggered) and events with a trigger hadron (triggered events).

Mult. class (dNe/dn ) (non-triggered) (dNg,/dn ) (triggered)
0-20% 35.6£0.9 424409
20-50% 21.5£0.5 276 £0.5
50-80% 12.0£0.3 17704
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Figure 6.7: The per-trigger yield ratios Rz{\/ "= Yih’A/Y;h’h (¢ = near-side, away-
side, UE) as a function of charged particle multiplicity for the lower (left) and higher
(right) associated pr ranges. The statistical (systematic) uncertainties are shown as
vertical lines (boxes), and a first order polynomial fit to the data is shown as a dashed

line.

Table 6.3: The slopes obtained from the straight-line fits to the per-trigger pair-wise
(h-A)/(h-h)yield ratios as a function of multiplicity in both associated momentum

ranges.

quadrature. All fits are such that y?/ndf < 1.

The fits are made using the statistical and systematic errors summed in

Region Lower p}%’AaSSOC slope (x1073) Higher p}%’yAaSSOC slope (x1073)
Near-side 1.1+04 1.6+04
Away-side 1.6 £0.6 1.8+0.7
UE 09+0.1 22+0.2
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A remarkable feature of these results is the clear separation between the ratios in
each region across the entire multiplicity range in both momentum ranges, with the
UE ratio being the largest, followed by the away-side ratio, and finally the near-side.
This indicates that most of the relative A production is occuring in the UE, which
is consistent with the idea that s-quark production is maximal in the QGP medium.
This is further supported by the fact that the away-side ratio is larger than the
near-side, as A production on the away-side is likely due to both the fragementation
of the away-side jet coupled with the possible production of strange quarks due to
jet-medium interactions.

The near- and away-side slopes reported in Table 6.3 are all more than 20 greater
than zero, indicating that there is an enhancement of relative A production in jets
as a function of multiplicity. This result is consistent with previous measurements
of the ¢(1020) meson in jets [158], where a similar enhancement of the ¢/h ratio
is observed in the near- and away-side regions. This provides further evidence that
the production of strange quarks is enhanced in jets, which was thought to only be
a feature of the QGP. The away-side slopes are also systematically larger than the
near-side slopes in both momentum ranges, again hinting at possible modification
of the away-side s-quark production due to jet-medium interactions. Similarly, the
UE slopes are not compatible with zero, but the value is smaller than the near- and
away-side slopes by about 1o in the lower momentum range. However, the larger
values of the UE ratios overall still suggest that a significant portion of the observed

enhancement in the A/7 ratio is due to softer production from the within the UE

(QGP).

6.5 Near- and away-side peak widths

To gain more insight to the underlying mechanisms responsible for strangeness pro-
duction in jets, the widths of the near- and away-side peak regions are extracted
from the h-A and h-h Ay distributions using Equations 3.5 and 3.6. Plots of these
widths as a function of multiplicity percentile for both associated momentum ranges
are shown in Figure 6.8.

Expectedly, the near-side widths exhibit a significant decrease (>15%) from the

lower momentum range to the higher for both the h-A and h-h cases, indicating
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Figure 6.8: The h-A and h-h near- and away-side peak widths shown as a function
of multiplicity for both associated momentum ranges. The statistical (systematic)
uncertainties are shown as vertical lines (boxes).

that higher momentum associated particles are more collimated along the jet axis.
An interesting result comes from comparing the h-A and h-h away-side peak widths
in data, which are found to be the same within systematic uncertainties across all
multiplicity and momentum ranges, although the uncertainties are very large. This
contrasts with the h-A near-side widths, which are around 40% (20) larger than the
h-h widths across the entire multiplicity range for both momentum ranges. This
indicates that the A baryons are more readily produced in the periphery of the jet
cone, which is unexpected. Due to conservation of fourmomentum, particles with
higher mass tend to be produced closer to the jet axis. As these results indicate that
A baryons are being produced farther away from the jet axis than the less massive
charged hadrons (pions, kaons and protons), this hints at a different underlying jet-
fragmentation mechanism for A baryons than for charged hadrons. The away-side
widths also exhibit a hint of broadening with increasing multiplicity, though the

systematic errors are too large to exclude flat behavior.
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6.6 Model comparisons

This section details how the results of this analysis compare to some of the best p—Pb
model predictions. The models included in these comparisons are the ones detailed
in Section 1.6, namely PHSD, EPOS and DPMJET.

For each of these comparisons, the same techniques and cuts are applied as they
were in data (if applicable). None of the corrections used in data (namely those
in Equation 3.2) are applied to the models, with the the exception of the mixed-
event acceptance correction procedure. As both the trigger and associated particles
have |n| < 0.8, this procedure corrects for the artificial triangular shape in the Ap

correlation (see Section 4.5.2 for more details).

6.6.1 Per-trigger 2D ApAn distributions

The multiplicity-integrated per-trigger h — A and h — h 2D AnAyp distributions in
data and for each model can be seen in Figures 6.10 (h-A) and 6.9 (h-h). These
distributions were generated in the lower associated momentum bin (1.5 < pr < 2.5
GeV/c) to maximize the statistics across all models. The h-h distributions for each
model exhibit some unique characteristics. For DPMJET, the correlation shape in
both the near- and away-side regions matches the data moderately well, though the
away-side width along Ay appears more collimated. Furthermore, DPMJET exhibits
no elliptic flow (seen as a sinusoidal pattern at large An), whereas the data has
a visible flow component. This is not unexpected. As mentioned in Section 1.6,
DPMJET does not have an explicit QGP phase, and therefore any collective flow
effects should not be present.

EPOS-LHC, on the other hand, has a very large flow component, well beyond
that of the data. Additionally, the away-side jet region in EPOS-LHC appears to be
completely washed-out. This is likely due to the hydrodynamic core of EPOS-LHC,
which produces this collective flow at the expense of a loss of information from the
initial hard-scatterings that produce the jets. As the Lund string density is greater
on the away-side than the near-side, it is more likely for the strings in the away-side
to form the core. This core, once formed, loses all of its correlations from the initial
partonic scatterings, and thus the away-side jet correlation is destroyed.

The yields and shape of the dihadron distribution from PHSD appears to match
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the data the best, with well-defined near- and away-side peaks, as well as a flow com-
ponent that is similar to the data. The presence of this flow component is surprising,
as PHSD is a microscopic transport model, where all of the constituent particles (par-
tons, hadrons, and strings) are treated as individual particles that interact with each
other. For such a fundamental model to produce this collective behavior is a refresh-
ing deviation from models that “force” this behavior through hydrodynamic means.
However, the near-side peak appears to be lower in PHSD than in data, indicating
that the description of jets within PHSD is not perfect.

For the h-A distributions, the story is a bit different. DPMJET still overestimates
the jet peaks and exhibits no flow, but the overall h-A yield is substantially lower
than it is in data. The distribution from EPOS-LHC shows very little signs of a near-
side jet region, indicating that the production of A baryons is coming almost entirely
from the hydrodynamic core. Still, the h-A yields from EPOS are the closest to data,
indicating that this core does a good job of making A baryons (but a bad job at telling
them where to go). The PHSD distribution is the most interesting, as it appears to
be dominated by statistical fluctuations. As the PHSD yields are generated across
1.2 billion events (over twice as much as data and the other event generators), the
conclusion is quite simple: PHSD does not produce enough A baryons in events that
have a trigger. This was investigated more thoroughly, and it was found that PHSD
produces a factor of 10 less events with both a trigger hadron and a A baryon than in
data, shown in Figure 6.11. In data, around 2% of the event sample has both a trigger
hadron and a A baryon, whereas in PHSD this number is around 0.2%. In order to
generate the same number of h-A pairs as seen in data, over 4 billion PHSD events

would need to be generated, requiring a significant amount of computing resources.
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Figure 6.9: The multiplicity-integrated per-trigger h-h 2D ApAn distributions in
data and for each model within the 1.5 < pr < 2.5 GeV /¢ associated momentum bin.
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Figure 6.10: The multiplicity-integrated per-trigger h-A 2D ApAn distributions in
data and for each model within the 1.5 < pr < 2.5 GeV/c associated momentum bin.
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Figure 6.11: The fraction of events that pass various selection criteria for PHSD (left)
and data (right). The right-most bin in both distributions represents the fraction of
events that contribute to the h-A yield, which is 10 times lower in PHSD than it is
in data.

6.6.2 Per-trigger Ay distributions

The Ay distributions generated by projecting the previous 2D distributions (Fig-
ures 6.9 and 6.10) in the |An| < 1.2 range can be seen in Figures 6.13 (h-A) and 6.12
(h-h). While most of the distinct features for each model have already be addressed
in terms of the 2D distributions, projecting onto Ay reveals a few more interesting
properties.

For the dihadron case, the shape of the Ay distribution in PHSD looks nearly
identical to the data. The yields are also mostly correct, though the jet-like regions are
slightly underestimated. The EPOS-LHC distribution is the perfect example of why it
is important to first look at the 2D distribution before projecting: there appears to be
an away-side peak of comparable size to the near-side, but the 2D distribution reveals
that this is entirely due to the elliptic flow contribution. Projecting onto Ay also
makes it more clear that DPMJET does not accurately predict the UE contribution,
which is nearly three times less than it is in data (0.12 vs. 0.29).

Similar trends between the 2D and 1D cases are also observed in the h-A dis-
tributions, with the exception of PHSD. While the near-side peak is clearly visible,

and its shape is somewhat similar to that in data, the away-side jet appears to have
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Figure 6.12: The multiplicity-integrated per-trigger h-h Ay distributions in data and
for each model within the 1.5 < pr < 2.5 GeV /¢ associated momentum bin.

inexplicably vanished. Unfortunately the explanation for this is not as cut-and-dry
as it was for EPOS-LHC, as PHSD has no hydrodynamic core. The investigation into
this effect is still ongoing, and may be addressed in a future publication.

Do to a lack of away-side jet peak in both EPOS-LHC and PHSD (and the over-
whelming flow contribution to the A distribution in the case of EPOS-LHC), these
models are excluded from the rest of the analysis. It is worth mentioning again,
however, that PHSD shows promising initial results for dihadron correlation anal-
yses. If the issues with the h-A distributions can be resolved, PHSD looks like an
excellent theoretical framework for these studies. The remainder of this section will
focus on DPMJET, which, while clearly lacking in some areas, consistently exhibits

a well-defined near- and away-side jet peak with a quantifiable UE contribution.
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for each model within the 1.5 < pr < 2.5 GeV /¢ associated momentum bin.

6.6.2.1 Systematic uncertainties for DPMJET

While most of the systematic variations considered for this analysis are not relevant
for model predictions, both the yield extraction procedure and width extraction pro-
cedure have systematic uncertainties that should be taken into account. As such,
a table of the systematic uncertainties for the DPMJET model predictions in each
multiplicity bin is provided in Tables 6.4 (h-A) and 6.5 (h-h). As these uncertainties

are independent of associated pr, only the 1.5 - 2.5 GeV /¢ associated momentum bin

are given.
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Mult. Bin || NS width | AS width | NS yield | AS yield | UE yield
0-20% 1.0 0.9 0.6 0.9 0.8
20-50% 1.0 1.6 0.7 0.8 0.9
50-80% 0.4 1.0 0.6 0.8 0.6

Table 6.4: The total systematic uncertainties associated with the various width and
yield extraction procedures in DPMJet for the h-A distributions.

Mult. Bin || NS width | AS width | NS yield | AS yield | UE yield
0-20% 0.9 1.2 1.0 0.7 0.9 |00
20-50% 0.7 1.2 1.0 0.7 0.7 |00
50-80% 0.3 1.3 0.6 0.7 0.6 |00

Table 6.5: The total systematic uncertainties associated with the various width and
yield extraction procedures in DPMJet for the h-h distributions.

6.6.3 Per-trigger jet-like yields and jet widths

A comparison between the per-trigger jet-like yields in data and the same yields
predicted by DPMJET for each associated pr range as a function of multiplicity can
be seen in Figure 6.14. Straight line fits of the data are shown as dashed lines. The
same yields obtained using DPMJET shown as bands representing their systematic
uncertainty, with a ratio to the data presented in the bottom panel. A dashed line at
unity is drawn to help better visualize the deviations between data and the model.

The per-trigger near- and away-side yields predicted by DPMJET are mostly
consistent with data in the dihadron case. This can be seen in the model/data
ratio, with both the near- and away-side ratios remaining close to unity across the
entire multiplicity range. The h-A yields, however, are not well described by the
model. Both the near- and away-side h-A yields predicted by DPMJET are lower
than data by around a factor of two across the entire multiplicity range in both
momentum ranges, and there is no significant increase in these yields as a function of
multiplicity. This is not unexpected: as mentioned in the previous section, DPMJET
does not appear to exhibit any medium effects, and thus any possible enhancement
in the production of A baryons due to the formation of a QGP is not present.

A comparison between DPMJET and data for the near- and away-side jet widths
for each associated pr range as a function of multiplicity is also presented in Figure
6.15. Again, straight line fits of the data are shown as dashed lines, and the widths
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Figure 6.14: The per-trigger pair-wise yields Yiear, Yaway @s a function of charged
particle multiplicity for the h-A (square markers) and h-h (circle markers) correlations
in the lower (left) and higher (right) associated p ranges. The statistical (systematic)
uncertainties are shown as vertical lines (boxes), and a first order polynomial fit to
the data is shown as a dashed line. The same yields predicted by DPMJET are
also shown as shaded bands, with the width of the band representing the systematic
uncertainty on the model. The ratio of the model to the data is shown in the bottom
panel, along with a dashed line drawn at unity.

obtained using DPMJET are shown as bands representing their systematic uncer-
tainty. A model/data ratio is also given in the bottom panel, with a dashed line
drawn at unity.

For the h-h near-side widths, DPMJET describes the data well across both mo-
mentum ranges, with a < 5(10)% deviation from data seen in the lower (higher)
momentum range. DPMJET also predicts the h-A near-side width to be larger than
the h-h width, though the values of the h-A widths are much lower than they are in
data. An alternative explanation to the one given in Section 6.5 for these differences
between the near-side widths is that they could be due to the presence of gluon jets,
which are generally more wide than quark jets [180] and exhibit an increased pro-
duction of A baryons [181]. As DPMJET includes both quark and gluon jets, it is
possible that the predicted differences between the h-A and h-h near- and away-side
peak widths are due to this effect. DPMJET also under-predicts both the h-A and
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Figure 6.15: The h-A and h-h near- and away-side peak widths shown as a function
of multiplicity for both associated momentum ranges, along with a straight-line fit
to the data. The statistical (systematic) uncertainties are shown as vertical lines
(boxes). The ratios predicted by DPMJET are also presented as shaded bands, with
the width of the band represending the systematic uncertainty on the model. The
ratio of the model to the data is presented in the bottom panel, along with a dashed
line drawn at unity.

h-h away-side widths by around 40% across both momentum ranges. As the DP-
MJET model does not include any medium effects, this suggests that the away-side
peak widths in data are possibly “broadened” by jet-medium interactions. However,
the larger uncertainties on the away-side widths prevent the exclusion of flat behav-
ior with respect to multiplicity (i.e. increasing medium size), as the slopes are all

consistent with zero within uncertainties.

6.6.4 Per-trigger yield ratios

A comparison between the per-trigger yield ratios in data and using DPMJET for each
pr bin as a function of multiplicity are shown in Figure 6.16. As before, straight line
fits of the data are shown as dashed lines, and the widths obtained using DPMJET
are shown as bands representing their systematic uncertainty. A model/data ratio is

also presented in the bottom panel, with a dashed line drawn at unity.
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Figure 6.16: The per-trigger pair-wise yield ratios RZM h= YA )y (i = near-side,
away-side, UE) as a function of multiplicity in the lower (left) and higher (right)
associated momentum ranges. The statistical (systematic) uncertainties are shown
as vertical lines (boxes). The ratios predicted by DPMJET are also presented as
shaded bands, with the width of the band represending the systematic uncertainty
on the model. The ratio of the model to the data is presented in the bottom panel.

Unsuprisingly (given the discussions in Section 6.6.2), DPMJET underpredicts
these ratios across the entire multiplicity range for both pr bins. However, the straight
line fits to the data appear like they may converge to DPMJET at sufficiently low
multiplicities, indicating that DPMJET may be able to describe the magnitudes of
these ratios in lower multiplicity collisions. This is not unexpected, as these lower
multiplicity collisions are mostly described by the Lund string component of DPM-
JET, which is notorious for describing many features of these smaller collision sys-
tems [113]. While DPMJET is not able to predict any of the multiplicity-dependent
behavior seen in data, it is able to produce the observed ordering in the ratios (UE >
away-side > near-side), which indicates that the dominating production mechanisms

for A baryons within DPMJET come from the softer, less-correlated DPM processes.

194



o
=)
3

——.0.045

pda —— Underlying Event 4.0<ph  <8.0GeVic pdp —— Underlying Event 40< p:(ng < 8.0 GeVic
I oo —8— Away-side (Jet) 15<p o <25 GeVic < 005 —8— Away-side (Jet) 25<p ' <4.0 GeVic
0.035 —e— Near-side (Jef) 7 Prassee © : —o— Near-side (Jet) T.assoc
—4— Total (Jet + UE) - P, 5= 5.02TeV —4— Total (Jet + UE) - 0P, 5y = 502 Tev
008 -G+ PYTHIAS 004 -Q+ PYTHIAB

{1l systunc. from v,
0.025

0.0:

S

o
9
]

O\I\\‘I\\\l\\\l‘\\l\‘\l\\‘l\\\

0.015

°
=

0.0

o
=)
S
[}

1/Nyig AN gssoc/dA@ Yield Ratios
1/Nyig dNasso/dA Yield Ratios (
°
8

Ll P N E RN B E SR RE R R
60 10 20 30 40 50 60

<Ny>i<os N> <08

o
o

o
=
o
N
o
wl
o
EN
o
o
o

Figure 6.17: Previously published results for the per-trigger pair-wise yield ratios
R?/ " = vy} (i = near-side, away-side, UE, total) as a function of charged
particle multiplicity for lower (left) and higher (right) associated p ranges.

6.7 Comparison with the ¢(1020)

The ¢(1020) meson’s net strangeness |S| is equal to zero. Despite this, it has been
observed to exhibit a similar enhancement in production as a function of multiplicity
as other hadrons with non-zero strangeness [182]. Due to their similar masses (AM <
100 MeV/c?), the ¢(1020) is an excellent candidate to compare directly with the A
in order to better understand the differences between open (|S| # 0) and hidden
(|S| = 0) strange hadron production. Using previously published results on ¢(1020)
production in and out-of jets in p-Pb collisions at \/syy = 5.02 TeV [158] (shown
in Figure 6.17), the per-trigger pair-wise yield ratios R?/ ¢ = Y2 y? (i = near-
side, away-side, UE) can be measured as a function of multiplicity. These ratios
are presented in Figure 6.18 for both the lower and higher associated pr ranges.
Again, straight line fits to the data are shown as a dashed line, with the slopes and
corresponding errors reported in Table 6.6. The same ratios predicted by DPMJET
are also presented, with a ratio to the data presented in the bottom panel.
Interestingly, A/¢ near- and away-side ratios are systematically higher than the
ratios in the UE across the entire multiplicity range and both momentum ranges.
This indicates relative enhancement (suppression) of A (¢) production along the jet
axis. As strangeness is always produced in the form of ss pairs (Section 1.3.2.5),
one possible explanation of this effect is that when these pairs are produced from jet

fragmentation, the s and s are less likely to hadronize into the same ¢ due to their
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Figure 6.18: The per-trigger pair-wise yield ratios R?/ ¢ = YA Y;h_qj (¢ = near-side,
away-side, UE) as a function of multiplicity in the lower (left) and higher (right)
associated momentum ranges. The statistical (systematic) uncertainties are shown
as vertical lines (boxes). The ratios predicted by DPMJET are also presented as
shaded bands, with the width of the band represending the systematic uncertainty
on the model. The ratio of the model to the data is presented in the bottom panel.

separation in phase-space. The ratios predicted by DPMJET provide further evidence
for this explanation, as the model shows the near- and away-side ratios are enhanced
relative to the UE ratios across the entire multiplicity range. However, DPMJET does
not predict the differences between the near- and away-side A/¢ ratios observed in
data, in which the near-side ratios are systematically higher than the away-side ratios.
Again, this could be explained by an increase of s-quark production in the away-side
due to soft scattering against the non-jet particles that are under-predicted in the
model. These s-quarks would occupy a similar phase-space as the s-quark produced
from the initial fragmentation, increasing the chances for an ss pair to hadronize
into a ¢. While the values of the near- and away-side ratios in the lower associated
momentum range decrease with increasing multiplicity, the uncertainties are very
large. As such, all of the slopes presented in Table 6.6 are compatible with zero,

indicating no dependence on multiplicity for the A/¢ ratios.
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Table 6.6: The slopes obtained from the straight-line fits to the per-trigger pair-wise
(h-A)/(h-¢) yield ratios as a function of multiplicity in both associated momentum
ranges. The fits are made using the statistical and systematic errors summed in
quadrature. All fits are such that y?/ndf < 1.

Region Lower p}? . slope (x107') Higher p%:‘bassoc slope (x1071)

Near-side —-1.6+2.0 0.2+0.9
Away-side —-1.1+£14 0.3+0.7
UE 0.3+0.4 0.3+0.3
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Chapter Seven: Summary and outlook

Quantum chromodynamics (QCD) is the theory that describes how the protons and
neutrons, which compose almost all ordinary matter, are bound to one another within
the nucleus of an atom. In this theory, the fundamental constituents of matter are
not protons and neutrons, but rather quarks and gluons. These quarks and gluons
bind together through their color charge, creating the color neutral hadrons observed
in nature. One of the most interesting predictions of QCD is that, at extreme temper-
atures and densities, these hadrons dissolve into their constituent quarks and gluons,
forming a new state of matter known as the Quark-Gluon Plasma (QGP). Numerical
simulations of QCD on a lattice (IQCD) predict that this phase transition occurs at
temperatures of around 150-170 MeV, which is over 10,000 times hotter than the
center of the sun. Understanding the QGP, which is thought to be the state of the
universe shortly after the Big Bang, can help answer questions about the nature of
everyday matter and the evolution of the universe.

Studying the QGP requires recreating the extreme conditions of the early uni-
verse, which can only be achieved through high energy particle collisions. In such
collisions, however, the QGP only lasts for around 10723 seconds, after which it ex-
pands and cools into the hadrons that are observed in the detector. Thus, the QGP
cannot be studied directly, and its formation and properties must be inferred from the
information that is accessible to experiment. One of the first predicted experimental
signatures for the formation of this plasma is the enhancement of strange hadron
production, relative to non-strange hadron production. While this enhancement was
thought to be unique to heavy-ion collisions, experimental data from ALICE indicates
that even high multiplicity pp and p—Pb collisions exhibit an onset of this enhanced
production. This enhancement can only be described using statistical models, as its
microscopic origin is not yet understood.

One way to study the strange particles that are produced in these high energy col-
lisions is through jets, which are sprays of hadrons that come from a hard interaction
of the partons inside the nuclei. By looking at how a high-momentum hadron (that
represents the axis of the jet) and a lower momentum strange hadron are aligned

in azimuthal angle, it is possible to separate strangeness production between hard
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(jet-related) and soft (QGP-related) regimes. This angular correlation method can
be used to further the understanding of how strangeness production depends on the
multiplicity in these different kinematic regions, shining a light on some of the micro-
scopic processes that may be responsible for the onset of strangeness enhancement in
smaller collision systems.

This thesis presents the first results using angular correlations to measure jet and
non-jet A and charged hadron production in p—Pb collisions at /syy = 5.02 TeV. By
using the technique of two-particle angular correlations, the production of A baryons
can be separated into different kinematic regions: the near-side region (associated
with jet-like strangeness production with little-to-no QGP modification) away-side
region (associated with jet-like production in the presence of the QGP), and the
underlying event (tied to the strangeness production in the QGP). The yields on
both the near- and away-side regions are extracted from the azimuthal correlation
functions and studied as a function of associated momentum and event multiplicity.
A strong dependence on multiplicity is observed for both the near- and away-side
yields in the case of the A, whereas the charged hadron associated yields exhibit a
much smaller (nearly statistically insignificant) dependence. The away-side yields
also show a systematically larger increase with multiplicity than the near-side yields
for both cases, hinting at modification of the away-side production due to jet-QGP
interactions.

The yield ratios Rf\/ " and RZN ¢ (¢ = near-side jet, away-side jet, UE) are also
studied as a function of associated pr and multiplicity. The A/h ratios exhibit a clear
ordering in each region for the entire multiplicity range in both pr bins, with the
UE ratios being larger than the away-side ratios, which are larger than the near-side
ratios. This indicates that relative A production is larger in the UE (QGP) when
compared to the jet-like regions. The A/h ratios in each region also reveal a strong
dependence on multiplicity, with slopes that are greater than zero by nearly 5o for
both momentum bins. This indicates that while the overall A production is mostly
concentrated in the UE, the observed enhancement of A production with increasing
multiplicity is also driven by the jet-like regions. Furthermore, the away-side slopes
are found to be systematically higher than the near-side slopes, indicating that the
away-side A production is more strongly enhanced than the near-side A production
with increasing multiplicity. Again, this suggests that the away-side jet strangeness

production is modified by medium interactions. The A/¢ ratios in the near-side
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jet region are measured to be systematically higher than both the away-side and
UE ratios, hinting at a suppression of ¢ mesons along the jet axis relative to those
produced in the UE due to the lack of available s-quarks in the unmodified jet. The
slopes of these ratios in all kinematic regions are consistent with zero, indicating that
the ratio is independent of collision centrality.

The near- and away-side jet peak widths are also extracted from the azimuthal
correlation distributions. The h-A and h-h near-side jet widths reveal a large de-
pendence on pr, becoming more collimated as momentum increases. The widths of
the away-side jets are found to be independent of both pr and multiplicity, however
the larger systematic uncertainties introduce difficulties with excluding flat behavior.
Comparing width values of the h-A and h-h correlations, the h-A near-side widths
are found to be significantly (> 20) larger than the dihadron widths, whereas the
away-side widths are consistent within uncertainties. This indicates that A baryons
are more readily produced in the peripheral regions of the jet cone, whereas charged
hadrons are produced closer to the jet axis. These observations hint at a modification
of the jet fragmentation process for strange hadrons, as more massive particles (like
the A) are expected to be produced closer to the jet axis.

The measurements in this thesis are compared with theoretical predictions from
the PHSD, EPOS and DPMJET models. PHSD is found to be in good agreement with
all dihadron measurements, but fails to describe the overall A yields. This is likely
due to the requirement of a high momentum trigger hadron, which are not readily
produced within the model. Even still, the shape of the near-side peak in the h-A
correlation distribution is well-described by PHSD. EPOS, on the other hand, is able
to describe the A and hadron yields very well, but the correlation distributions are
dominated by elliptic flow, making it impossible to extract the jet-like components.
This flow contribution is much larger for the h-A distributions, indicating that A
baryons in EPOS are mostly produced within the hydrodynamic core. The predicted
near- and away-side yields from DPMJET are found to be in relatively good agreement
with data in the dihadron case, but the h-A yield predictions deviate from data by a
large (> 40%) margin. DPMJET also fails to predict any of the observed multiplicity
dependence for both the h-A and h-h jet yields. However, the model is able to closely
predict the near-side widths of the dihadron distributions across all multiplicity and
momentum ranges, although it underpredicts both the h-A near-side widths and the

away-side widths for both (A, h) cases. The model also predicts a difference between
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the h-A and h-h near-side widths, which is observed in data as well. This indicates
that whatever process responsible for the production of strangeness in the periphery
of the jet cone is contained within DPMJET. The per-trigger A/h and A/¢ yield ratios
are consistently underpredicted by DPMJET, and exhbit no multiplicity dependence.
Even still, DPMJET manages to predict the ordering of the A/h ratios in each region
(UE > away-side jet > near-side jet) and the enhancement of the jet-like A/¢ ratio
when compared to the UE region. Thus, the softer production processes implemented

in DPMJET are responsible for the majority of the relative strangeness production.

7.1 Future outlook

The measurements presented in this thesis strongly indicate that, while the dominat-
ing component for strangeness production comes from the underlying event (QGP),
the observed enhancement of this production as a function of multiplicity has a large
contribution from the jet-like regions. More still, the away-side jet component ap-
pears to undergo a larger enhancement than the near-side, hinting that the jet and
medium are interacting in such a way that strangeness is more readily produced.
These observations can be used to help fuel the theoretical models used to describe
particle collisions, as such models are currently incapable of describing these results
in their entirety.

Perhaps the most exciting model explored in this thesis is PHSD, as it is able to
describe the dihadron correlation measurements very well. In data, these h-h correla-
tion measurements exhibit collective effects in the form of a non-zero v, contribution.
For a microscopic transport model to accurately predict both the jet-like peaks and
the collective flow of the underlying event in these dihadron distributions is extremely
promising. While PHSD failed to describe the h-A distributions—which is an ongoing
investigation—it should definitely be considered for comparison with future angular
correlation studies, like those to come from the Run 3 data-taking period at the LHC.

The techniques presented in this thesis can be easily extended to other collision
systems, such as pp and Pb—Pb collisions, along with other particle species, such as
the K°. With the advent of Run 3, the ALICE detector will be able to collect more
data than ever before, allowing for more precise measurements of these observables

across a wider range of particles and collision systems. Such measurements will help
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further constrain the microscopic origins of this strange enhancement, thus providing

more insight into the nature of the QGP and the universe as a whole.
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Appendix A: Resonance technique for A

reconstruction

A.1 Introduction

This portion of the appendix is dedicated to describing the analysis procedure for
generating the h-A correlation distributions using lambdas which are reconstructed
using the resonance technique, where all proton-pion pairs in an event are com-
bined to form A candidates. All of the proton and pion daughter tracks meet the
same selection criteria as the tracks used in the V° technique, described in Table 4.4.
All in all, the procedure is very similar to the one described in Chapter 4, but with

a few key differences that will be highlighted in the following sections.

A.2 Combinatorial background estimation

As A baryons reconstructed using the resonance technique will have a much larger
combinatorial background than those from the nominal procedure, the final correla-
tion will contain a higher fraction of h-(pm) pairs that need to be removed. While
the sideband subtraction technique provides a general procedure for removing these
pairs, the signal S and the background B of the A invariant mass distribution must be

well described. To estimate these quantities, the following techniques were explored:

e Like-sign pr pairs - Reconstruct the invariant mass of like-sign (LS) p7 pairs,
and scale the like-sign pr distribution to the unlike-sign (US) pr distribution

in a region outside of the A signal region.

e Rotated pr pairs - Reconstruct the invariant mass of US pr pairs, but rotate
either the pion or proton around the z-axis by 7 radians, and scale the rotated
pr distribution to the original US sign pm distribution in a region outside of

the A signal region.
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e Voigtian 4+ polynomial fit - Perform a standard fitting procedure using a
Voigtian distribution for the signal along with a second-order polynomial for

the background.

The last technique will be addressed first, as it fails to properly estimate the signal
and background in data. To illustrate this, the best possible fits in data are found
and the corresponding signal shape is extracted and compared with the signal shape
in Monte Carlo using full track reconstruction via GEANT. This comparison is done
for the 20-50% multiplicity bin in Figure A.1. Note that the background shown in the
MC plot is the true combinatorial background, as the pm pairs are accessed directly

at the generator level to confirm they did not come from a A decay.
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Figure A.1: Left: Invariant mass distribution with corresponding Voigt + Polynomial
fit in the 20-50% multiplicity bin (data). Right: The signal and background shapes in
MonteCarlo (MC). Note that even though MC appears to have a completely different
S/B, the signal shapes should be similar. The fit in data appears to be massively
underestimating the A signal, as the MC sample indicates there is A signal where the
total data fit converges with the BG fit.

This plot shows the main issue with reconstructing A baryons using the resonance
technique: the tails of the signal distribution are much wider than the signal distri-
bution obtained using the V° method. This is due to the fact that the kinematics
of the corresponding daughter tracks are calculated assuming they originated from
the primary vertex, which is only approximately true in the cases where the A is
short-lived. This is different than the V° method, which calculates the kinematics for
the daughter tracks assuming they originated from the secondary vertex. The wider

tails of the distribution make it extremely difficult to describe using any common
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distribution, thus all techniques that rely on fitting the signal shape are not viable.
Because of this, only the first two techniques (like-sign and rotated pm pairs) will be
considered for the rest of this analysis.

To determine which of the two remaining techniques is more effective, the back-
ground shape of the A invariant mass distribution for both techniques in MonteCarlo
is compared to the ground-truth background shape. The resulting invariant mass
distributions from like-sign and rotated pm pairs are shown in Figure A.2, along with
a comparison of the extracted signal shapes. The LS and rotated pm distributions are
scaled to match the US distribution in the sideband region, which will be discussed
in the next section. The LS pr pairs match the background shape of the A invariant
mass distribution more closely than the rotated pm pairs, so they are used to estimate

the combinatorial background in the A invariant mass distribution in data.

ALICE MonteCarlo Sample

p-Pb (5, =5.02 TeV

] 0-20% centrality

i A~ prt (R ~ prt)
20<p <4.0GeVic

10000
30000

8000
25000

Counts/[10 MeV/c?]
Counts/[10 MeV/c?]

.
o X
P &
R e~ i e
F

f 6000
o Total (sig. + comb. BG)

§ —— p-comb. BG

20000

15000 Rotated p-mBG 4000

H

ALICE MonteCarlo Sample Like-sign p-nBG
p-Pb s, =5.02 Tev

0-20% centrality

A - prt (R - pr)

20<p <4.0Gevic

10000 2000

5000

Q[T T T T[T T T[T I T[T T T[T [TTIT[TrrT

g
e b L L L
116 118 1.2 122 124 126
2 2
My (GeVic?) My (GeVic?)

PR BT BRI I B
108 11 112

L | | |
1.14

e b Lo b L PRSI T RN RN i
116 118 12 122 124 126 1. 108 11 112 114

Po
o
>

Figure A.2: Left: Invariant mass distribution for reconstructed unlike-sign pm pairs
(black) in the MonteCarlo sample. The like-sign pm pair mass distribution (purple)
and unlike-sign rotated pr distributions are scaled to match the unlike-sign distribu-
tion outisde of the A signal range. The true combinatorial background (red) matches
most closely with the like-sign pairs. Right: The actual A signal (magenta) compared
with the result of subtracting the like-sign from the total unlike-sign pz distribution
(green). The two distributions show good agreement.

A.3 Signal and sideband regions

As the invariant mass distributions from lambdas reconstructed using the resonance

technique are very different from those reconstructed using the V° technique, so
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too must the signal and sideband regions be different. The signal region was again
chosen to maximize significance across all multiplicity bins, and is defined as the range
1.014 < M,, < 1.026 G&V/c*. Choosing the sideband region is a more complicated
procedure, as there is no obvious region in the invariant mass distribution where the
signal vanishes. Instead, the sideband region is chosen to minimize the difference
between the extracted signal in data and the signal shape in MonteCarlo, which can
be seen in Figure A.3. The resulting sideband region is 1.160 < M, < 1.180 GéV /c*.
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Figure A.3: Left: Invariant Mass distribution for unlike-sign pm pairs (black) along
with the like-sign pm background (purple) and the sideband region (red) in the 0-20%
multiplicity bin. Right: The extracted signal (green) compared with the resonance-
technique reconstructed signal shape in MonteCarlo (magenta). The sideband region
was chosen to minimize the differences between these distributions.

A.3.1 Efficiency correction

Again, the resonance technique-based A reconstruction efficiency is calculated in a
similar manner as the V° technique, using the formula
Nreco.(xla L2y eey xn)
Ngen (21, T2, .oy )

where Nyeco. and Ngep. are the reconstructed and generated particle distributions with

(A.1)

e(xy, w9, ..., Tp) =

kinematic variables 1, Zs, ..., ,. The main difference from the V efficiency compu-
tation comes from Ny, where each A candidate is generated using the following

procedure:

e Find all protons and pions within the track list that pass the daughter selection

criteria
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For each proton in the list, determine if it came from a A (at generator level)

If the proton came from a A, loop through the pion list until the pion that came

from the same A is found (again, verified at the generator level)

Reconstruct the A using the daughter tracks found in the previous two steps
e Only keep the A if || < 0.8

The denominator Ng, is calculated in the same way as the V? technique. The
resulting efficiency is shown as a function of pr for each multiplicity bin in Figure A.4.
As expected, the efficiency is higher than the V technique, as every A reconstructed

using the resonance technique would also be reconstructed using the V° technique.
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Figure A.4: Efficiency vs. pr for A reconstruction using resonance technique for
each multiplicity bin, along with an integrated 0-100% point in red. There does not
appear to be any significant dependence on multiplicity. Also worth nothing that
the efficiency is higher for this technique when compared to the VO technique, as
expected (all AOD tracks from VO finder daughters are also in total AOD track list).
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A.4 Corrections to the h-A distributions

All of the efficiency and acceptance corrections are applied to the resonance technique-
based h-A distribution in the same way as the V technique. The only difference comes

from the removal of the combinatorial background, as:

1. The signal S and background B are calculated in a slightly different manner,

and
2. The sideband region is vastly different.

For the first point, the signal and background are calculated via bin-wise summa-
tion of the invariant mass distribution using the LS pm pairs as an estimate for the
background, scaled to the US distribution in the sideband region.

The second point is mostly inconsequential as the h-pm distributions are very
similar in a wide range of sideband regions, as shown in Figure A.5. The nominal
sideband region was chosen to be 1.160 < M, < 1.180 GéV/c?, but any region with
a lower bound greater than 1.160 GéV/c* and upper bound less than 1.22 GéV/c?

should produce similar results.
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Figure A.5: The projected Ay distributions for different choices of sideband, taken
within the —1.2 < An < 1.2 region. The correlation shapes are identical within the
statistical errors.

The signal scaling factor is calculated in the same way as it is in Equation 4.10, but

with the residual now generated by subtracting the sideband-scaled LS pr pairs from

the US distribution. The two-track efficiency correction is not applied, as the tools
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used to calculate the €, (Ap, An) template were not developed before the resonance

technique-based analysis was completed.

A.5 MC closure test

An MC closure test was also performed for the resonance technique-based analysis,
and the results are shown in Figure A.6. The ratio is consistent with unity, but the

statistical fluctuations make it difficult to draw any meaningful conclusions.
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Figure A.6: The reconstructed (red) and ground-truth (blue) h-A.e Ay distributions
along with a (reconstructed)/(ground-truth) ratio and straight-line fit. The fit is
technically consistent with unity, but the statistical fluctuations are quite large.

As the reconstructed distribution has not been corrected for the two-track merging
effect, it is surprising that the ratio does not exhibit a significant deviation from unity

at small Agp. This is likely due to two factors:

1. The resonance technique has a much lower S/B, and therefore the sideband
subtraction introduces a large amount of statistical fluctuations making such

deviations difficult to observe, and

2. The reconstructed daughter tracks have a larger fraction of higher quality tracks
when compared to the V° technique, and those tracks are less likely to be merged

over by the trigger during reconstruction.

To elaborate on the second point, while the resonance and V° techniques use the

same loose quality cuts, the daughter tracks coming from the V° technique must
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have a resolvable secondary vertex, which biases the corresponding A sample to those
with a higher decay length. As discussed in 4.5.3.4, the two-track merging effect is
more pronounced at larger decay lengths, thus the h-A distributions using the V°
reconstruction technique will have a larger fraction of merged tracks when compared
to the resonance technique-based distributions.

To further investigate this surprising closure of the resonance technique-based h-A
Ay distributions, the same closure test is performed, but for the reconstructed h-A
distribution, the A candidate is required to have have a corresponding particle at the
generator-level, making the combinatorial background exactly zero and removing the
need for sideband subtraction. The results of this test are shown in Figure A.7. The

ratio is no longer consistent with unity at small Ay, as expected!
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Figure A.7: The reconstructed (red) and ground-truth (blue) h-A,es Ag distributions
along with a (reconstructed)/(ground-truth) ratio and straight-line fit, but instead
requiring the reconstructed A to have a corresponding particle at the generator level
to make sideband subtraction unnecessary. The result is no longer consistent with
unity at small Ay due to the track merging effect, but the non-closure is much smaller
than the VO technique.

A.6 Some additional results

A comparison of the final per-trigger h-A A correlation structure from the resonance

and V%-based techniques was shown in Chapter 5, but it can be seen again in Figure

Tt is strange to want non-closure, but it would be even stranger if the track merging effect were
somehow not present in the resonance technique-based analysis.
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A.8. As mentioned previously, the correlation shapes are nearly identical, with the
resonance technique having slightly larger uncertainties due to the combinatorial

background subtraction.

Ay data

ant An (rad’)

g
5
&
g
g
B
B
8
&

Per-trigger dN/dAg for consti

o
1
&
\
‘qi
A}U‘F
E
\
N
4

Figure A.8: The final per-trigger h-A Ay correlations for As reconstructed using the
resonance technique (blue) and the V°-based technique (red) in the 0-20% (left), 20-
50% (middle) and 50-80% (right) multiplicity bins, taken in the associated momentum
range 2.0 < pr < 4.0 GeV /¢, after the subtraction of the UE. The distributions show
good agreement across all multiplicity bins, indicating that the V°-based reconstruc-
tion technique is not introducing a bias in the correlation shape.

Additionally, the per-trigger near- and away-side pairwise yields and the (h-A)/(h-
h) ratios with As reconstructed using the resonance technique are shown in Figure A.9.
The results are qualitatively very similar to the nominal results, indicating that the
resonance technique is a reasonably viable alternative to the V° technique. How-
ever, due to the larger combinatorial background (and likely very large systematic

uncertainties), the V® technique is still the preferred method for A reconstruction.
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Figure A.9: The final h-A and h-h per-trigger pairwise jet yields (top) and (h-A)/(h-
h) yield ratios (bottom) vs. multiplicity in the associated momentum range 2.0 <
pr < 4.0 GeV/c for As reconstructed using the resonance technique. The general
trends are similar to the nominal V° technique-based procedure, with larger statistical
uncertainties.
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