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ABSTRACT

IP-Glasma is a QCD-based initial state model for Heavy-Ion Collisions that can re-
produce a wide range of observables both on average and in event-by-event distribu-
tions when used to initialize hydrodynamic simulations. The model incorporates small-
x gluon saturation via the Impact Parameter Dependent Saturation Model (IPSAT) [1]
and introduces sub-nucleonic colour charge fluctuations by stochastically sampling the
colour charge density for each nucleon, before ultimately evolving the gluon field config-
uration via a classical Yang-Mills evolution. On the back of its general phenomenological
success, this thesis generalizes the 2+1 dimensional IP-Glasma to deformed systems. We
attempt to determine how initial state anisotropies affect end-state observables by initial-
izing simulations with deformed nuclei instead of regular spherically symmetric nuclei.
The objective is to reproduce the results of the highly successful IP-Glasma model ap-
plied to deformed systems [2] and extend them to guide new experimental strides and
further constrain the properties of the Quark Gluon Plasma. Comparisons to currently
available STAR data [3] will also be presented and discussed, in the hopes of generating

enthusiasm around these seldom-chosen collision systems.
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RESUME

IP-Glasma est un modéle de conditions initiales pour collisions d’ions lourds, basé sur
la chromodynamique quantique, capable de décrire un large éventail d?observations,
lorsqu’utilisé en combinaison avec une simulation hydrodynamique. Le modele inclus
la saturation des gluons de tres basses énergies a 1’aide du Modéle de Saturation avec
Dépendance au Paramétre d'Impact (“Impact Parameter Dependent Saturation Mode”
IPSAT) [1], et introduit des fluctuations de charges subnucléoniques en échantillonnant
stochastiquement la densité de charges de couleur de chaque nucléon, pour ensuite
évoluer les configurations du champ de gluon a l'aide d"une évolution Yang-Mills clas-
sique. En s’appuyant sur son succés phénoménologique, cette thése généralise le mod-
ele 2+1 dimensionnel IP-Glasma aux systemes déformés. Nous essaierons de quantifier
les effets mesurables d’anisotropies dans 1’état initial en initialisant le modéle avec des
noyaux atomiques déformés. Les effets mesurables sont déterminés par ce qui est ex-
périmentalement évaluable de nos jours. Notre objectif premier est de reproduire les
résultats obtenus 4 partir du modéle IP-Glasma pour des systemes déformés [2], ainsi
que d’ajouter a ceux-ci en vue de guider des expériences futures et de contraindre 4 nou-
veau les différentes propriétés du Plasma de Quark-Gluon. Nous analyserons aussi nos
résultats contre les données publiées par la collaboration STAR, au RHIC, en espérant
pouvoir générer I'enthousiasme nécessaire autour de ces systémes de collision rarement

employés.
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INTRODUCTION AND MOTIVATIONS






INTRODUCTION

1.1 QUANTUM CHROMODYNAMICS

There are four independent forces that exist in nature; gravitation, electromagnetism, and
the weak and strong nuclear forces. Contemporary nuclear physicists collide heavy ions
at relativistic speeds to learn about the Quantum Chromodynamics (QCD), a prominent
and successful nuclear theory which aims to describe the strong nuclear force.

The strong nuclear force binds particles that carry colour charge together to form
hadrons, much in the same way that the electromagnetic force tethers electrons (nega-
tively charged) to nuclei (positively charged). Quarks are the building blocks of hadrons,
and are therefore subject to the strong nuclear force, and, therefore, the laws of QCD.
A hadron is, at any given time, a sea of quark-antiquark pairs, which is why its va-
lence quarks classify it. Much like valence electrons point to the number of electrons
an atom has which are free to interact with other atoms, valence quarks are the quarks
which do not form a quark-antiquark pair and are therefore on the outer banks of the
quark-antiquark sea, allowing them to interact cohesively with quarks outside of “their”
hadron.

Baryons have three valence quarks, and mesons have a valence quark-antiquark pair:
these makeup hadrons. There are six different quarks to choose from, which form 3
families of 2 quarks: the up and down quarks, which form stable hadronic matter like
protons and neutrons; the charm and strange quarks; and the top and bottom quarks.

Quarks are only part of the story, however. The Standard Model (SM) of particle
physics describes forces as being “mediated” (or carried) by particles known as gauge
bosons. QCD falls under the SM umbrella, and must, therefore, itself have gauge bosons.
These are analogous to the photon in Quantum Electrodynamics (QED). However, be-

cause QCD and QED are two different theories, there must exist critical differences
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between their respective mediating particles. Instead of being monolithic like the QED
photons, there are eight different particles designated as gluons, all acting as QCD gauge
bosons. These carry different colour content, which determines which interactions they
mediate. Quarks are permeated by both electric and colour charges, which means they
can interact via both forces.

Looking at the QCD Lagrangian in equation (1.1), we see that it includes both chromo-

dynamic and electromagnetic quantities:

Locp = ZQ’_Jq,a (i')’yay(sab - gﬂ”ffbflg — Mglap — qqA]l) Vg (1.1)
q
1 1
— L—LF;ﬁ,PA”V — g Fw "
Fi = Al — 9, A — gsfapc AL AT (1.2)
Fuw = 044, — 0,4, (1.3)

Colour indices a, b, gluon indices A, B and C as well as the generators of the SU(3)
group, t riddle the Locp- Each quark has a colour charge state, which a, b label as as
red, green and blue. These colour states form a basis in a 3-D vector space, which can
then be rotated using 3x3 unitary matrices (the SU(3) matrices). These new indices lead
to more intricate and complex solutions than those of QED. Also important to note is the
fact that the gluon field strength tensor F;f‘v contains an additional term that represents
interactions between colour-charged gluons. We also have F,, and A, which represent
the electromagnetic field strength tensor and gauge field, respectively. Contrarily to pho-
tons that cannot interact directly with other photons because of their electric charge
neutrality, gluons can interact with other gluons of the right colour charge, as show-
cased by gsf. ABC.Aﬁ AS. Gluons, consequently, produce considerable colour fields, given
their intrinsic colour charge.

QCD’s coupling also behaves differently than that of QED. In electromagnetism, the
coupling is weak relative to the strong force and increases in strength with increasing
energy. However, the strong force is comparatively strong at low energies and decreases
in strength at progressively higher energies, which is why it is called asymptotically free.
Consequently, to apply perturbation theory to QCD calculations, one must move to ex-

tremely high energies, as the strong force cannot be treated perturbatively at low ener-
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Figure 1: Evolution of the QCD coupling constant with increase in energy, from [4].

gies. Fig. 1 shows the decrease in coupling. Asymptotic freedom, in turn, explains the
importance and relevance of heavy-ion collisions (HIC) in studying the strong nuclear
force. By moving to such energetic regimes, we can apply QCD perturbatively and make
calculations and predictions which are not possible at lower energies.

An essential consequence of asymptotic freedom is colour confinement, which dictates
that in order to separate two colour charge-carrying particles, one would need more
energy than is required to create a new quark-antiquark pair simply. This analogy can
be thought of as a set of rubber bands keeping the first pair together. As we would
increase the energy input to separate them, more and more bands would be added to
solidify the particles” bond. If and when one of these figurative “elastic bands” breaks,
a new quark-antiquark spawns from the vacuum. Therefore, it is impossible to measure
free colour charged particles under normal conditions (which adds to the importance of
HICs).

However, it can be extrapolated that, at high enough energies, these “elastic bands”
become irrelevant, leading to the deconfinement of strong matter. This means that, at

such energies, the bound states that makeup “ordinary” matter are no more, and de-
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confined quarks and gluons are free to roam in a scalding and volatile fluid known as

Quark-Gluon Plasma (QGP).

1.2 QGP (AND WHY HEAVY-ION COLLISIONS MATTER)

QCD poses clear challenges to physicists, which have, through the years, developed a
myriad of methods for studying strong matter such as Ads/CFT and lattice QCD. How-
ever, Heavy-Ion Collisions (HICs) provided a unique path to studying QCD. They are
sufficiently energetic to form and probe QGP, offering a window into the rare and exotic
world of unbound quarks and gluons. Fig. 2 shows the QCD phase diagram. At low tem-
perature and baryon density are the usual hadrons (represented as a hadronic gas), or
“ordinary” matter. As we move to hotter and denser states, we first find deconfinement,
then QGP. This thesis’s scope will be limited, but one can notice how intricate, complex,
and vast the QCD phase diagram is, begging for further investigation of some of its most

extreme regions.

2008
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Figure 2: The QCD phase diagram where the net baryon density has been normalized such that

ordinary nuclear matter (density ny = 0.16fm~3) is located at 1, from [5].
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While important to study in its own right (say, to gain insight into the QCD phase
diagram), QGP is also relevant in cosmology and astrophysics, as it has been theorized
to have existed mere moments after the Big Bang, in the very early universe. QGP also
is unusual in that it is an almost perfect fluid. Fig. 3 shows that QGP stands orders of

magnitude less viscous than water and helium at relevant (critical) temperatures and

pressures.
] P2
Water
PC
10 -
E 2P,
] P2
| P,
) 7 Helium
= 2P,
13
01 - /
E Quark—gluon plasma
I T T T 1
0 0.5 1.0 1.5 2.0 25
7T,

c

Figure 3: Estimated temperature-dependent specific shear viscosity of the QGP compared with

common fluids, from [6].

A glaring question remains, though: if QGP arises in specific and extreme conditions
(and is hence volatile), how can we know that colliders such as the Relativistic Heavy-Ion
Collider (RHIC) or the Large Hadron Collider (LHC) generate QGP? What experimen-
tal evidence do we have that QGP is not merely a mathematical artifact of incomplete
descriptions of QCD?

It turns out that elliptic flow, which is calculated through the Fourier expansion of
the azimuthal distribution of particles, is a good indicator of the presence and effects of
QGP. Elliptic flow measures the uniformity (or lack, thereof) of the flow of particles in all

directions when viewed along the beam-axis. Anisotropic flow is calculated as follows:

dN N
a6~ 2 <1+;20ncos [n (4)—1/1,0]) (1.4)
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Here, ¢ is the azimuthal angle and 1, is the reaction plane angle, which orients the
event along the impact parameter axis. The sine terms of the expansion are included

within the cosine terms by way of the reaction plane angle. That is, we can use
cos(a — B) = cos(a) cos(B) + sin(a) sin(pB) (1.5)

a known trigonometric identity, to recover our sine terms.. In fig. 4, one can notice the

elliptical shape of the overlap region, which leads to pressure gradients between the long

' @
‘ : ®
z O
%8 &

{3
<
X,b

Figure 4: Two spherical nuclei collide (with non-zero impact parameter), leaving an elliptical,

and short axis.

almond-like overlap region, from [7].

These gradients lead to elliptical flow, which equation (1.4) calculates. The elliptical
nature of the overlap region means that the cos(2¢) term, v,, dominates the anisotropic
flow calculation. Other terms, such as v3 (or triangular flow), remain relevant and impor-
tant. The experimental data used for comparison in this thesis, however, shows v, onlu.
Fig. 5 shows examples of particle flows (represented by arrows emanating from the
“center” of the event-plane) and their associated v, values, as well as their two-particle
correlations v;{2} (which are a simple yet useful expansion of the usual v, calculation
that look at how pairs of particles behave).

However, given our theoretical framework, we also use tools that are not available to
experimentalists. One such tool is closely tied to v,: the initial state energy anisotropy €.
To quantify the energy anisotropy of the initial state (i.e. after the collision, but before

QGP formation), we use €;. Such anisotropies inevitably lead to momentum anisotropies,
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() (b) (c)

Figure 5:a) v > 0, 12{2} > 0,b) v =0, 12{2} =0, and ¢) v, = 0, v2{2} > 0, from [7].

which in turn, lead to flow anisotropies, which are currently observable experimentally.
Hence, initial state anisotropy is causally related to particle flow, and the expectation is
that their respective distributions should look qualitatively similar for a given group of

events. €, is quantified in the following way:

\ (rcos(ng))? + (7 sin(ng))?
(r)

where the quantities that are being averaged are the energy density weighted averages

€p = (1.6)

over the transverse plane, or

d?x x e(x
(%) = ﬁ (1.7)
In equation (1.7), € is the local energy density. These two quantities (e, & v,) play an
important role in the constant back-and-forth between the theorists and experimentalists
of our field. As such, most of the results presented in this thesis will be in terms of these

two values.

1.2.1 Relativistic Hydrodynamics

In HICs at RHIC and the LHC, signals emanating from an evolving, hydrodynamic
medium were detected multiple times. As outlined in the previous section, elliptic flow
is one of the tell-tale signs of hydrodynamic evolution (and, therefore, of QGP occurrence
in such collisions). As such, these detections were amongst some of the most influential

ever reported by RHIC. These reports culminated towards an effort to model relativistic
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hydrodynamics numerically to simulate the fluid dynamics and reproduce the detected
flow signatures. Our group at McGill has done significant work towards a definitive
resolution of such questions, culminating in the MUSIC hydrodynamic simulation code’s

public release [8].

1.2.2  HIC Theory

When modelling HICs theoretically, it is important to consider the different phases of
such events. Let ty be the time at which the collision occurs. Before the collision (f <
tp), the Colour Glass Condensate (CGC) framework describes the two nuclei, which
assumes that the two nuclei are in the lab frame infinitely Lorentz contracted, likened
to two crepes of quarks and gluons generating colour gauge fields. Immediately after
the collision, and until a time inversely proportional to the saturation scale Qs (tgp <
t < QLS)’ we evolve the strong classical fields stemming from our sources, the large x
partons (chapter 3). The saturation scale is the energy scale at which the gluon density
ceases to grow, or saturates, within a high energy nucleus or hadron, which we will
dive into in chapters 4 and 7. The evolution of these fields in the collision region leads
to Glasma formation. The familiar thermalization stage occurs next and lasts until the
system reaches equilibrium (QiS < t < t¢). This stage requires a mix of Glasma evolution,
kinetic theory and hydrodynamics (chapter 5). Then, relativistic hydrodynamics take
over, evolving the QGP until it reaches its freezeout temperature (te; < £ < freeze0ut)-
After freezeout, the hadron gas and free streaming phases occur consecutively, the final
part of which is equivalent to particles reaching the detectors at RHIC or the LHC after
a run. These are, therefore, the final steps to our simulations.

Using three different numerical simulations, we are capable of systematically going
through these six steps. From t = 0 to t.;, we are in the initial state/pre-equilibrium
physics portion of the simulation. IP-Glasma, which is the main driver for this thesis,
handles this phase in its entirety. MUSIC, described in the previous section, handles the
relativistic hydrodynamics until the QGP uniformly reaches freezeout temperature. Fi-
nally, UrQMD [9] generates the hadron gas and simulates the free streaming of particles

towards the detectors.



1.2 QGP (AND WHY HEAVY-ION COLLISIONS MATTER)

Since this thesis is interested in quantifying the effects of known deformed nuclei on
observables, it will be principally interested in outlining the specifics of IP-Glasma as
a model. It will, therefore, mostly overlook MUSIC and UrQMD, both practically and
theoretically. Fig. 6 shows a Minkowski diagram which outlines the major phases of
HICs, and shows some of the complexities of simulating such complex systems at highly

relativistic speeds. More on this later.

sl

S Ireore oul

Figure 6: Schematic diagram showing the various stages of a heavy ion collision and the effective
field theories by which they are governed. This thesis is focused very specifically on the
the pre-collision and classical Yang-Mills dynamics represented as the two incoming

nuclei, and the red strip in the light cone, respectively , from [10].

Historically, hydrodynamic models have been initialized with geometric initial condi-
tions, such as the wounded nucleon model [11]. Therefore, simulations used to be much
more simplistic in their assumptions regarding initial states. Now, the use of IP-Glasma
as an initial state framework grounds these simulations further in reality, as IP-Glasma
is a QCD-based model that includes geometric and sub-nucleonic fluctuations relating
to the distribution of colour charge density within each nucleon, as well as saturation
physics. It has become the standard in our field, reproducing flow anisotropies, multi-
plicity distributions, and fluctuation-based event-by-event observables.

In terms of procedure, IP-Glasma is a Monte-Carlo event generator that determines the
saturation scale within the IP-Sat framework [1] and relates it to the colour charge density.
Once the colour charge density calculated, IP-Glasma determines the gauge fields in the
McLerran-Venugopalan (MV) [12] model and evolves them in time via the classical Yang-

Mills equations. Finally, IP-Glasma computes the stress-energy tensor and diagonalizes

11
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it to find the energy density and local velocity relevant to initializing hydrodynamical

simulations. This thesis outlines the details of this process.

1.3 THESIS GOALS

As our experimental capabilities regarding HICs consistently get better, our need for
a comprehensive framework to interpret new results becomes more and more critical.
Thanks to Scott MacDonald’s work, we now have a promising 3+1D initial conditions
model, which successfully reproduces observables for a plethora of systems. A 2+1 di-
mensional approach to the problem of heavy-ion collisions means that we assume that
each rapidity slice is the same as the most central rapidity slice. That is, we forgo any lon-
gitudinal analysis in favour of a quicker analysis which exclusively comprises the trans-
verse plane dynamics at mid-rapidity. Scott MacDonald’s intricate work has opened the
door to a test of the 2+1 dimensional framework’s limits (if they exist).This thesis is an
effort to test such limits by colliding deformed nuclei together. By doing so, we hope to
create unusual flow anisotropies and pre- and post-collision behaviour, which, we hope,
will match experimental results.

However, since the most common projectile/target pairs are usually not deformed (i.e.
are generally spherically symmetric), a lack in experimental results opens the door to
a freer analysis of results and possibly expectations for future runs. This thesis’ goal is
therefore two-fold: firstly, to confirm the validity of our results against experiments [3]
and published 2+1D results [2], and, secondly, to try and guide future analyses towards
a common understanding of the specificities of deformed nuclei collisions. The relevant
observables will be anisotropic flows v,, while our comparison to previous 2+1D IP-

Glasma results will employ initial state energy anisotropies €.

1.3.1  Organization

The thesis is organized as follows: Part II contains background theory, ranging from the
nucleus deformation to flow in the glasma. We will try to describe the entire underlying

frameworks as accurately and concisely as possible, and further readings will be offered
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along the way. Part III will discuss the relevant specifics of our simulation and numerical
implementation, ranging from the organization of space to methods used for temporal
evolution. It will also contain our results and conclusion. An appendix containing some

calculations and relevant quantities will be found at the end.

1.3.2 Note on conventions

We use the mostly negative Minkowski metric signature (4, —, —, —) as well as units

where 1 = ¢ = kg = 1 unless otherwise noted.

13






Part II

THEORETICAL FRAMEWORK

In this part, we provide detailed notes on the theory underpinning the IP-
Glasma model. We will start by examining the Colour-Glass Condensate
framework, its assumptions and its implications. We will then dive into the
Classical Yang-Mills equations, which we will solve. We will then look at how

the glasma flows before the relativistic hydrodynamics regime takes over.






NUCLEON POSITIONS

Heavy-lon collisions start with system choice. That is, researchers must choose which
type of systems they are looking to collide. After settling on a system, they determine the
collision energy, and runs begin. In our theoretical framework, however, a more elaborate
setup is required. While it also starts with system and collision energy choice, we must

generate the involved nuclei. To do so, we sample from the Woods-Saxon distribution.

2.1 THE WOODS-SAXON DISTRIBUTION

For spherical nuclei, IP-Glasma samples nucleon positions according to the Woods-Saxon

distribution [13, 14],

_ 00
p(r) = = Trexp(=X) (2.1)

where py is the nucleon density, R is the desired nuclear radius, and a is the nuclear
skin depth. High-energy scattering experiments usually measure these parameters. This
simple distribution is satisfactory for most systems, like 7 Au or 2%Pb. Using the ac-
cepted values of R = 6.62 fm and a = 0.546 fm, we obtain the plot shown in fig. 7. Note
that these nuclei get their spherical nature from the lack of dependence of their nucleon
density on the azimuthal and polar angles. Therefore, the radial distribution shown in

tig. 7 holds in every direction. We sample the nucleons according to a weight

W(r) = rzp(r) (2.2)

which considers the relevant parts of the Jacobian required to sample in spherical
coordinates. Intuitively, this weight function quantifies the amount of added space avail-

able as we increase r. That is, even though the Woods-Saxon distribution is a plateau for
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p(r) = ﬁ
)

1+exp( 0.546

p(r)

0.5
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r (fm)

Figure 7: The Woods-Saxon distribution of a ?%Pb atom.

r < R, the lack of space close to o restricts our sampling to larger and larger values of
r. Therefore, we find more nucleons further away from the center simply because there
is extra space there - a simple fact that can be tricky. Fig. 8 shows the distribution of
nucleons as one would find them (i.e. without adjusting with the Jacobian). It is clear

what the effect of such considerations have on the nucleon density distribution.

30

20

p'(®

10 4

0 1 2 3 4 5 6 7 8 9
r (fm)

Figure 8: The Woods-Saxon distribution of a 2%Pb atom, multiplied by 72, the only relevant part

of its Jacobian.

Since we have established the spherical nature of the regular Woods-Saxon distribu-
tion, we can move to three dimensions. For a nucleus like 2%Pb, we sample r for a given
nucleon, as outlined above. Then, we sample the azimuthal angle ¢ and cos(6), where
6 is the polar angle, from uniform distributions. Using r, ¢ and 6, we can recreate the
nucleon position (x,y,z). The last important step is to verify that our sampled nucleons

do not overstep one another by setting a self-avoidance limit, which we check every time
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a new nucleon is generated. For every new nucleon, we cycle through the list of existing
nucleons and make sure that there are no nucleons within x fm of one another. In this

thesis” work, we have set the self-avoidance limit to x = 1 fm.

Figure 9: The spherical symmetry of the regular Woods-Saxon distribution, turned into a nucleus

with specific nucleon positions. The smaller nucleons are meant to represent depth.

Fig. 9 shows, schematically, how multiple nucleon positions emerge from our per-
fectly spherical theoretical model. A given nucleus might have more-or-less of a spher-
ical shape. However, once averaged, nuclei generated through Woods-Saxon samplings
will produce a close-to-perfect sphere. However, this thesis concerns itself with so-called

“deformed” nuclei, specifically 2%U.

22 THE DEFORMED WOODS-SAXON DISTRIBUTION

Some heavier nuclei exhibit prolate, elliptical shapes, reminiscent of an American foot-
ball. How do we model such nuclei using a Woods-Saxon distribution?

A simple solution to this conundrum exists: insert some dependence on the polar
angle, 6, into equation (2.1). To do so, we take the parameter R of our “regular” Woods-

Saxon distribution and modify it,

R(0) = Ro(1+ B2Y2(0) + BaY{(0)) (2.3)
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Figure 10: The R parameter’s form, in the regular (constant) and deformed (equation (2.3))

Woods-Saxon distributions.

Here, our parameter R becomes Ry, and we introduce two new defining parameters
to our deformed Woods-Saxon, B, and B4. These multiply the spherical harmonics Y/",
which are familiar given their prominent place in the hydrogen atom’s wavefunction,
making them modulators of deformity. In other words, 8, and B4 control just how much
deformation of the regular Woods-Saxon occurs. The spherical harmonics have the gen-

eral form

Y'(0,9) = f’;lEﬁ;gizﬁlm(cos(e))el’mﬁ” )
P = ()" 0-A)E ) (25)

with P;(x) being your usual Legendre polynomial. Now, these may look unnecessarily
complex. However, we are only using two specific iterations of these harmonics, namely

YY and Y}, which are much simpler:

5
Y) = ﬁ(_l 4 3cos?(0)) (2.6)

Y) = 16?/E(3 —30cos?(0) + 35cos*(0)) (2.7)

These introduce the 6 dependence we were seeking, in a relatively simple way. In

this thesis, most of the work shown will have assumed 23¥U’s deformation parameters,
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Figure 11: Directional nucleon density, averaged over 2000 nuclei. The nuclei had their long axes

aligned to the z-axis beforehand.

namely Rgp = 6.874 fm,a = 0.556 fm, B, = 0.2802 & B4 = —0.0093. Inserting these into

equation (2.3) leads to

R(6) = 6.874(1 + 0.2802Y3 (6) — 0.0093Y(6)) (2.8)

How do these spherical harmonics affect our new function R(6)? Fig. 10 shows how
R(6) varies over a full period of the polar angle.

We see how, depending on the sampled direction (polar angle) of our nucleon, the
R(6) parameter varies from ~ 8 fm to ~ 6 fm. This same plot, in polar coordinates,
results in a prolate shape resembling an ellipse, which breaks the spherical symmetry of
the Woods-Saxon distribution and therefore outputs deformed nuclei.

To further clarify the previous statement, we have added fig. 11. These two plots show
the “directional” density of nucleons for a set of 2000 nuclei generated by our code, with
their long axes aligned with the z-axis.

By considering only nucleons within a certain polar angle range, we can fit a new
Woods-Saxon distribution on this subset of nucleons, which enables us to see just how
different our nucleon distributions are in perpendicular directions. As fig. 11 shows, the
long axis (which is contained within the polar angle range 6 € [0, 5] U [1Z, 7]) has
a fitted Woods-Saxon R of ~ 8 fm, just like in fig. 10, while the short-axis (which is

contained within the polar angle range 8 € [3%, 7%]) has a fitted Woods-Saxon R of = 6

fm. The full deformed Woods-Saxon for a 238U nucleus is therefore
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1
0) = .
p(r,0) It exp (RO (2.9)

a

R(0) = 6.874(1 4 0.2802YY () — 0.0093Y](8)) (2.10)

The sampling procedure for a deformed nucleus’ nucleons is, therefore, slightly dif-
ferent. We must first sample cos(60) from a uniform distribution (for —1 < cos(0) < 1),
which in turn determines that specific nucleon’s R(0) value, which then permits sam-

pling from our Woods-Saxon distribution with R(6) now determined.

Figure 12: The clear asymmetry between the short and long axes is showcased here, schematically,
where a) is the short axis and b) the long axis. This asymmetry then used to generate a
nucleus with specific nucleon positions. The smaller nucleons are meant to represent

depth.

The rest, including nucleon self-avoidance, proceeds as it did for regular nuclei. The
final product of the process is shown schematically in fig. 12. The inherent asymme-
try of these deformed nuclei leads to an extra parameter to our nucleus initialization:

orientation.
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23 NUCLEUS ORIENTATION

When the collision system includes spherical nuclei only, the overlap region’s shape and
properties are almost entirely defined by the impact parameter, as seen in 1, fig. 4. That
is, given that the two colliding nuclei are spherically symmetric, their overlap region can
range from a circle (b = 0 fm) to a small wedge (b ~ R, with R being the Woods-Saxon
parameter). Of course, fluctuations in nucleon positions complicate these statements, but
they remain true on average.

However, once we introduce asymmetry into the equation, the overlap region is not
entirely determined by the impact parameter. Take the nucleus shown schematically in
fig. 12, and assume that we set the impact parameter b = 0 fm. The beam axis is the
z-axis. If we align the beam axis with our prolate nuclei’s long axes, then the overlap, as
seen in the transverse x-y plane, will be a circle. Now, take the same two nuclei, and align
their small axes with the beam axis. Reiterating that our impact parameter, here, is set
to o fm, we will observe an elliptic overlap region, closely following the outlines of both
nuclei, which shows that we can create different overlap regions by simply reorienting

our nuclei! Fig. 13 shows orientation conventions.

Yy

Figure 13: Orientation conventions for deformed nuclei shown schematically. Left: azimuthal an-

gle rotation. Right: polar angle rotation.

23



24

NUCLEON POSITIONS

The orientation of a deformed nucleus is set by the azimuthal and polar angles, as
calculated from the nucleus’ long axis. We give names to collision systems whose orien-
tations form sought-after overlap regions. Let 61, $1, 02, ¢ be the defining angles of our
collision system’s nuclei, as shown in fig. 13. Tip-tip collisions, which form circular over-
lap regions, occur when ¢; = 6, = 0. Body-body collisions, which form oblong overlap
regions, occur when 0; = 0, = 7 and ¢; = ¢. While we will revisit these notions, it
is important to note the following: for a given impact parameter and collision energy,
tip-tip collisions produce greater particle multiplicities than body-body collisions, as the
Colour-Glass Condensate, which we will dive into in Ch.3, dictates that the quark and
gluon densities will be much higher for a nucleus travelling at speeds approaching the

speed of light along its long axis. Therefore, the orientations of our nuclei do matter.

24 IMPACT PARAMETER

The impact parameter, which has already been mentioned a few times in this thesis, is
defined as the separation of the centres of the incoming nuclei, as measured perpendic-

ularly with respect to the beam axis. We sample this parameter from the distribution

2bdb
b%mx

P(b)db = (2.11)

for each event. In this thesis, b5, will vary from dataset to dataset, and will be speci-
tied. It usually will be between 0 and 8 fm, however.

Fig 14 shows that the two nuclei, after being generated, are shifted by % in opposite
directions. In this thesis, this direction will be the x-axis, but it, in truth, has no effect, as
long as we shift the two nuclei in opposite directions of the same axis.

For an example of what this looks like practically, fig. 15 shows two randomly ori-
ented 28U nuclei’s overlap region. The colour mapping shows energy density at lattice
points (which we will revisit later), while the red and green specs represent the nucleon
positions of both nuclei, projected onto the transverse plane. The ellipses reproduce the
approximate projections of each nuclei’s Woods-Saxon distribution on the transverse

plane. The figure on the right shows, in broad strokes, how the impact parameter helped



2.4 IMPACT PARAMETER 25

Figure 14: Schematic view of the impact parameter. In green, the projectile nucleus, and in red,

the target. Each are shifted by 3.

produce the overlap region from two elliptical nuclei, and how it affects their respective

positions in the transverse plane in our simulations.

= 6fm

Figure 15: Left: A U-U collision system’s overlap, at /s = 193 GeV, and b = 6.1 fm. Right:

Schematic reproduction of the overlap region and of the impact parameter’s role.






COLOUR-GLASS CONDENSATE

3.1 THE IDEA

The theoretical framework that governs the pre-collision dynamics of heavy-ion colli-
sions is the Colour-Glass Condensate (CGC), an effective field theory. The name seems
farfetched, but is actually quite evocative.

The “Colour” refers to the colour charges of QCD. As mentioned in ch. 1, nucleons
are made of quarks and gluons, which all carry colour charge inherently. We have also
outlined how a nucleon’s valence quarks are used to classity it, in the presence of a “sea”
of quarks coming into and out of existence in the background. This concept is central
to CGC, as now, this sea of quarks is taken into consideration, and so are all of the
gluons keeping it together. This means that our colliding nuclei are actually considered
in terms of colour charges and colour gauge fields, and not their actual nucleons. Instead
of the purely-geometric considerations of previous frameworks, we now implicate colour
charge as the central driver for the formation of QGP.

The more eyebrow-raising term in the expression is “glass”. Glass, as we know it,
seems solid. However, it is actually an amorphous solid, which indicates that it is neither
tully solid nor liquid. That is, on short time scales, glass behaves like a solid (as we see it,
touch it and use it). On longer time scales, it acts as a fluid. Glass molecules flow slowly
through its irregular structure all the time.Therefore, in physics, the term “glass” refers
to any material exhibiting such properties. The “glass” in CGC refers to the boosted
partons, which travel at highly relativistic velocities, and that act as sources for the colour
gauge fields. This in turn creates a time dilation effect experienced by the partons in the
lab frame. They are moving so fast that, as experienced by most of the interaction region

and the lab, they are essentially “frozen” over the time scale of the interaction between
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the two nuclei. In this approximation, the properties of the high-energy partons do not
change, and they become static sources with respect to the interaction region.

Finally, the term “condensate” refers to the coherent behaviour of gluons in CGC. This
coherent behaviour can be observed at length scales smaller than Qg 1 where Qs is the
saturation scale (more on that later), and is in large part due to the very high phase space

density of gluons.

3.2 THE EFFECTIVE LAGRANGIAN

In ch. 1, we quickly dissected the QCD Lagrangian in order to expose the differences be-
tween gluons and photons, and more generally between the strong and electromagnetic

forces. As a refresher, here it is again:

_ ) 1
Locp = Zq)q,a <l’)’yay5ab - gs')’ytach;S - mq%b) Yap — ZF;}/FAW (3.1)
q

Ffﬁ/ = a]/tAf/q - avA;j _gSfABCAﬁAS (3-2)

This is the fundamental Lagrangian, which takes the different quark flavours and
colour indices. Solving this for a specific system is no simple task, even when using pow-
erful supercomputers. Therefore, we need a more concise and simple approach. CGC’s

answer to this problem is the effective Lagrangian,

Lcoe = JMA; - %FﬁvPaw (33)
where it is important to note, for clarity, that the colour indices A in equation (3.1)
become lower-case a in (3.3).

There are a few clear differences right from the start. Firstly, Lcgc does not have any
fermions, which is caused by the CGC being an effective field theory. That is, it describes
the system in terms of effective degrees of freedom. In CGC, those degrees of freedom
are colour gauge fields that end up separated according to their respective energy scales.
Let x = lk,, with k being the momentum of a given parton and P, the momentum of

the hadron. x describes the fraction of the total nuclear momentum carried by a specific
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parton. Large x partons are treated as external sources J#* for the slow, small x partons.
In other words, the fast partons are classical colour sources with respect to the small
x partons. These fast partons include the valence quarks, which serve as static sources,
frozen by Lorentz time dilation on the time scale of the interaction. In more technical
terms, the degrees of freedom in this framework are colour source p at large x and gauge
tields A* at small x. Furthermore, the small x partons couple to the large x partons, as
equation (3.3) makes clear.

Fig. 16 shows the parton distribution functions obtained by fitting to HERA data. The
plot clearly demonstrates that small x gluons dominate the distribution functions (at this
specific scale). At higher energies, the fact that gluons radiate other gluons exacerbates
this phenomenon until the system reaches saturation. More on this later.

As mentioned previously, the colour sources p are assumed to be infinitely Lorentz
contracted. They are therefore treated as surface charge densities (which is why they are
designated by the variable p), propagating along the light cone. The CGC framework
uses the “infinite momentum limit” on its nuclei to create these simplistic conditions.
Therefore, the nuclei are considered to be moving at the speed of light, no matter what
the collision energy is. At the LHC, where the center of mass energy is 2.76 TeV, this
leads to a Lorentz factor of 1470, which in turn leads to a longitudinal nuclear width of
0.0082 fm, while it a typical nucleus is usually ~ 12 fm wide. In this thesis, however, the

center of mass energies are much smaller, at 193 GeV. This leads to

2
y=E - L2~ e =103 (3-4)
= Nuclear Width = ZR% = % ~ 0.12fm (3-5)

While the approximation is better at greater energies, it still is acceptable at the ener-
gies that this thesis aims to study. At the scale of our nucleons, which are about 1 fm
in diameter, this translates to target and projectile nucleons seeing one another with less
than 1 percent of the longitudinal extent of what they would usually “see” at rest. The
contraction applies to large x valence partons that carry large fractions of the nuclei’s
momentum [16].

However, small x partons must be dealt with differently. Given that x < Ry, these

partons become delocalized over distances larger than the nuclear radius. That is, quan-
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Figure 16: The different curves correspond to different parton distribution functions where xu, is

for the valence up quark (1, = u — ii, quarks minus antiquarks), xdy is for the valence
down quark, xS is for sea quarks (quarks that have not been accounted for yet, such
as the anti-up and anti-down quarks along with strange and anti-strange quarks), and
xg is for gluons. The gluon and sea quark curves are divided by a factor of 20 to make

the plot compact and readable. Data produced by HERA, from [15].

tum mechanics and the uncertainty principle dictate that small x partons see the large x
source terms as infinitely thin in the longitudinal direction. To make this clear, we use

the relativistic dispersion relation, coupled to the uncertainty principle:

AxT = = (3.6)
m? = E2—k*=2kTk -k} (3.7)

2 2 2
S o= MR M (38)
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Here, x* = x+ = (2% + x%)/+/2, which is the light cone coordinate of a parton and kT
is it conjugate momentum in the same coordinate system (see appendix A for details).
Equation (3.6) is first used to estimate the lifetime of a given parton. We then translate
the usual relativistic dispersion relation to our light-cone coordinate system, leading
to equation (3.7). We then rearrange equation (3.7) to gain a more intuitive form, (3.8),
where mi — m? + k%, and we’ve used k™ = xP*+, where P* is the total momentum car-
ried by the of the nucleus and x is the fraction of said momentum carried by the parton
under study, as outlined previously. Finally, we insert equation (3.6) into equation (3.8)

to obtain

xPT
Axt (3.9)
my

Thus, the lifetime Ax™ of each parton is proportional to x, its momentum fraction,
which implies that large x partons, such as our valence quarks, live much longer than
their small x counterparts. This difference in longevity reiterates that, to small x and
short-lived gluons, the large x sources seem frozen.

Now that we’ve established our frozen sources approximation, we can outline how
said sources are represented in equation (3.1), our Locp. The sources are found in the
JF* term. To represent their lack of evolution over the relevant time scales and two-
dimensional nature, the large x partons are represented using delta functions which

move along the light cone before and after the collision takes place:

JH(x) = p% (x1) 6*T6 (x7) + pf (x1) 676 (xT) (3.10)

In 3.10, the two colliding nuclei are represented by the subscripts A and B. As stated
above, the delta function enforce the two-dimensional nature of the relevant partons and
their spatiotemporal position along the light cone. The charge density functions p(x) are
unique to both nuclei. These are generated through stochastic sampling due to event-
by-event fluctuations. The CGC provides a gauge-invariant distribution of W{p], which
gives the probability of obtaining a specific configuration of p. This functional encodes

all the correlations of the colour charge density at the relevant cutoff scale between slow
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and fast degrees of freedom. Given this statistical distribution, the expectation value of

for a given operator is given by

(0) = [ IDpIW[plO}p (3.11)
where O is the operator in question. In this thesis, the weight function W|p] takes the

form of a Gaussian, following the McLerran-Venugopalan [12] model. However, why are

we not accounting for deflections of these large x partons during collisions?

3.3 THE EIKONAL APPROXIMATION

We use the eikonal approximation in many different areas of physics. It aims to reduce
the complexity of systems by reducing differential equations to a single variable and
was first used in the CGC framework by lancu, Leonidov and McLerran [17]. To start

our proof of validity, we define rapidity in terms of the momentum fraction x, which is

X = — (3.12)

We can then define the following approximation for rapidity,

y~In (1> (3.13)

x

It is important to note, here, that rapidity is related to the direction and momentum
of a particle, ranging from — inf, for particles travelling down the negative beam axis,
to +inf, for particles travelling down the positive beam axis. A particle travelling purely
in the transverse plane will have a rapidity of zero. Rapidity is a particularly useful
tool to describe heavy-ion collisions because it is additive under Lorentz boosts. The
approximate form shown in equation (3.13) is handy for quick estimates of a parton’s
rapidity. The eikonal approximation, however, requires the exact form of rapidity in light

cone coordinates, which is

1. [kt
y=5In (k—_> (3.14)



3.3 THE EIKONAL APPROXIMATION

where k* = k+ = (kK £%%)//2. We then use the definition of the transverse mass,

outlined in equation (3.8), to simplify further:

mi = kZL +m? = E?> — k2 =2kTk~ (3.15)
1 2(k+)2>
2 mi

Then, any particle which contributes or is created during the collision can be qualified

using its rapidity as follows:

y = %111 (2(1?2) =1In <—ﬁ(xp+)> (3.17)

m

Finally, defining

+
Yproj = 111(\/]5\/1; ) (3.18)

where M is the mass of our nucleus and P, as defined above, is its momentum, allows

us to write

M 1
y = In (m—L> —In (;) + Yproj (3-19)

where our initial approximation for rapidity from equation (3.13) can be found.

Now, obviously, in order for the eikonal approximation to be valid in our analysis, it
must be that our large x partons, the frozen sources of our framework, travel at rapidities
close to that of our initial beam, or the colliding nuclei. This imposes the following

condition on equation (3.19):

Y = Yproj < (3-20)

In (%) —In (%) ~0 <— (3.21)

In (%) ~ In (%) (3.22)

Sy = = (3-23)
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Then, if we look at the valence partons (which make up most of the mass of a nucleus),
we will have m ~ M, which leaves us with k|, < m, which means that our valence
partons do not have much transverse momentum. Therefore, we use the eikonal approx-
imation to ignore deviations in the large x partons” path, which would be extremely
subtle.

McLerran and Venugopalan ([12]) give another way of motivating the use of the
eikonal approximation. The authors explain that the primary parton production mecha-
nism is bremsstrahlung, which transfers minimal amounts of momentum to the radiated
particles (a soft transfer). This small transfer would leave our sources, the valence quarks,

as recoilless particles moving along the light cone.

3.4 SEPARATING SCALES

No matter how one perceives it, the eikonal approximation leaves a system of strong,
classical colour gauge fields behind. The high energies at hand allow us to treat these
fields classically since the usual quantum corrections would be negligible. The quantum
tield theory at hand makes this clearer. The high number of gluons leads to a large
occupancy number Ng, which towers over the value of the commutator of the raising

and lowering operators. That is,

(N = (afa) > (|aaf]) =1 (3:24)

Phrased as above, this seems like a technical artifact, and its use is doubtful. However,
this is analogous to large systems in the everyday world. Newtonian mechanics describe
these systems exceptionally well. Quantum corrections are only required once we dive
closer and reduce the size of these systems. This same separation of scales exists in QCD!
The high density of gluons at all points of the interaction region makes our system large
enough that quantum corrections are subdominant. What are these classical consider-
ations, then? They are the classical Yang-Mills equations - our equations of motions -

which we will now describe in detail.



SOLVING THE CLASSICAL YANG-MILLS
EQUATIONS

As stated in our introduction, QED and QCD share some key features but diverge on
others. The fact that QCD has multiple colour charges adds much complexity to this the-
ory. While we use Maxwell’s equations to determine the features of large electromagnetic
systems, they cannot describe multiple different types of charges. That is where the Yang-
Mills equations step in. A scalar can represent an electromagnetic charge, while colour

charge must be represented on a vector space. The Euler-Lagrange equation applied to

Lcge (3-3) lends

[Dy, F*]a = Ja (4.1)

D],t = a‘u + igAZta (42)

Since this was obtained using the CGC Lagrangian, ], is the source term, as described
in equation (3.10). Now, these equations of motion resemble those of QED, except for
the colour index a. This colour index represents the vector space described above and
is part of an SU(3) symmetry because of the three existing colour charges - red, green
and blue. This change may seem small and inconsequential at first, but it carries much
weight in actuality. First of all, fields in QCD are matrices that do not commute with
one another, making this theory non-abelian. Given that our EOMs include the covari-
ant derivative D, our equations will be non-linear. Said covariant derivative would
introduce commutator terms in our colour gauge fields, which will not be linear. As
mentioned previously, this means that contrarily to photons, which are neutral and do
not interact with one another, gluons interact with one another. These interactions add a
plethora of additional diagrams and vertices which complicate perturbative calculations.

Finally, the non-abelian nature of the Yang-Mills equations leads to a negative beta func-
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tion in the renormalization group flow. This is the root cause of the asymptotic freedom
described in chapter 1. In the following sections, we will outline various results related
to the Yang-Mills equations. These will be key to evolving our system after the initial
collision and into the glasma phase, which is central to the IP-Glasma framework. Their
detailed mathematical derivations will be added to appendix A.

We start by looking at the colour gauge fields stemming from a single nucleus before
the collision. These fields evolve in regions 2 and 4 of figure 17, and, once the nuclei

collide, are transported into region 1 and produce glasma.

4.1 LIGHT CONE BOUNDARY

The gluon field strength tensor is given by

B, = 0,AL —0,A% — g fupc ALAS (4-3)

In chapter 3, we derived a few key equations using light cone, or T — # coordinates.
These are used throughout this thesis and are outlined in appendix A. The field strength
tensor, as presented in equation (4.3), is not in T — # coordinates. Therefore, we must
tind the expression for our colour gauge field strength tensor in the relevant coordinate

system. We start by noting that

T = V222 (4-4)
1 t+z
=5 In (E) (4.5)

where t and z are the usual time and spatial coordinates. Equation (4.5) shows the rapid-
ity, which we used in section 3.3, in a different form. Recalling that our T — # coordinates
can easily be transformed into specific + indices for propagation in the negative and pos-

itive beam directions, Fj, becomes

Fr = 3iA* —3tAl —ig [Ai,Ai] (4.6)



4.1 LIGHT CONE BOUNDARY

REGION 1

REGION 3

Figure 17: Different spacetime regions of our collision, as depicted on this Minkowski diagram.

The nuclei are represented in green on the light lines.

We know that the sources for our classical gluon fields are the hard partons which
travel along the light cone, undeflected due to the eikonal approximation. Recall that we

write the colour current

Jo = 8pa(x¥,x)) (4-7)

As we know, the CGC framework models both nuclei as infinitely Lorentz contracted,
2-dimensional sheets of colour charge fluctuations. This approximation means that out-
side of our two nuclei (whose large x partons keep travelling near the speed of light after
the collision), our solution must solve the equations of motions derived previously.

These questions have been tackled in [12, 18, 19], which allows us to use these results
to our advantage. We are seeking the boundary conditions along the light cone created
by our colliding nuclei. We will first examine the regions directly outside of the light
cone, which are not the subject of our study but are necessary to a full understanding.
By choosing a covariant gauge, we can cancel some of the colour gauge fields. Since
both of these regions are symmetric about the light cone, their solutions will be analo-

gous. Taking the region to the “left” (in Minkowski terms) of our backward-propagating
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nucleus (region 4 in fig. 17), we will have A* = A’ = 0, as a consequence of our choice

of gauge. This choice leads our field strength tensor to become

F= = 9A; (4.8)

since its other relevant components have vanished. We can insert equation (4.8) into the

sourced classical Yang-Mills equation

[D,-, Pf—] = I (4.9)

we obtain

9,00A" = |~ (4.10)

This is a two-dimensional Poisson equation, which is a well-known partial differential

equation. We write its solution

B —op (xT,x
A~ = % (4.11)
1

and, as is usual in physics, we require that our gauge fields vanish at infinity. This same

process yields

—gp (¥, x
AT = % (4.12)

for the region to the “right” of our forward-propagating nucleus, (region 2 in fig. 17). It
is now important to transform our gauge since our system is not in the covariant gauge,

but the light-cone gauge. We know that gauge transformations take the form

AL ()t — V(x) (A‘;(x)if‘Z + é%) Vi(x) (4.13)

with V being the gauge transformation matrix at hand. Then, transforming to the light-

cone gauge for region 4 of fig. 17 would give
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A =0 (4.14)
Al = éVE)iVJr (4.15)
io vt = gATV! (4.16)

Referring to equation (4.13), we see that our field must be a pure gauge field in that re-
gion. Using well-known techniques to find V by inserting our Poisson equation solutions

in equation (4.16), we can solve for our gauge fields, which yields

Al = (Pexp [ig /x ;—21() (z7,x1) dz‘]) (4.17)
e V2
V! (P exp [ig /x_ ;—le (z7,x1) dz‘])
e V2

Although this result seems exceptionally complicated, it is what we needed. Our
charge densities are now related to our pure gauge fields for each nucleus before the
collision. We now need to relate these pre-collision, pure gauge colour fields to our post-
collision system.

In this post-collision system, our colour gauge sources include both nuclei. This means

that our source term is now a sum of our two colour sources,

Jor = gpa(x7,x1) +gpp (x7,x1) (4.18)

Now, these nuclei are moving in opposite directions, on the x and x~ axes of fig. 17.
Our nuclei are moving at the speed of light, which means that their fields cannot precede
them. It also implies that said fields are pure gauge in their wake. This means that our

gauge fields are given by [20]

Al = AL (x)0(x)0(—xT) + AL (x)0 (x7) 6 (x7) (4-19)
AT =0 (4.20)

where the A and B subscripts represent our two nuclei. An interesting consequence of

these solutions is that our nucleus’ charge density is related to the discontinuity de-
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scribed by our colour gauge fields at our nuclei’s spatial positions. That is, before the

collision, we have

VA, =pa(x)) (4.21)

with the same being true for nucleus B. Our solutions equation (4.19) and (4.20) have an-
other consequence, which is that all components of F/ vanish, meaning that our solution
is exact in regions 2 and 4 for fig. 17.

After the collision, our solution changes. Instead of having a pure gauge field, we
now have a complex arrangement of colour gauge sources that generate gluons in the
interaction region. All of our sources remain on the light cone, as dictated by the CGC
framework.

To obtain the post-collision solutions, we must first move to the Schwinger gauge [20],

x AT +xTAT = 0 (4.22)

We then take the following ansatz, which will also be used to determine our colour

gauge field strength tensors in section 4.3:

At = dxta(x, 1) (4.23)
Al = ) (xy,T) (4.24)
Before and after the collision, our nuclei colliding at T = 0 connect the different regions

of spacetime. Therefore, we must match our colour gauge field solutions before and after

the collision at this point in spacetime.

o .= ol +ad (4.25)
o =8 [e]ai] (426

where a1, are required because of a singularity on the light cone exhibited by [D,,, F*] =
0, which will be solved in section 4.3. We can now eliminate our as by rewriting in terms

of our colour gauge fields
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1 .

A, = *f Al (t,x1), A% (7)) (4.27)
_ 1 i

AT _, = g[ (t,x,),A% (T,xL)] (4.28)
A= Al (xn) A (x1) (4-29)

This shows that our initial charge distributions, which are sampled and stochastic,
define our fields after the collision via the pure gauge fields existing before the collision.
These represent the initial state of our glasma, which is then evolved using the Classical
Yang-Mills equations of motion, which we will solve shortly. For now, let us quickly

examine how we obtain our initial fields from our Poisson equations.

4.2 WILSON LINES AND THE INITIAL FIELDS

Recall that we had obtained

_ x:F,x

as our solution to the Poisson equation which had risen from our source equations
of motion. We now use a widespread trick in PDE analysis, which takes the Fourier

transform of our solution. This yields

Ai(kj_) — gp(kl_)

(4.31)
K

This simplifies our earlier problem from a differential problem to an algebraic problem.
We can solve this new equation and take the solution’s Fourier transform to obtain our

initial fields. This allows us to write the following expression

V(x) = Pexp (i/dx‘A’L (x‘,xﬁ) (4-32)

Wilson lines are given by the path ordered exponential of a given gauge field. We can

discretize this expression as follows
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N :
T —igp (x1)
Vi(x))= L[lexp{ V2 e } (433)

Here, m is an infrared cutoff which leaves out momentum modes below it and protects
our results from dreaded infrared divergences. Conveniently, the modes which are left
out thanks to such a cutoff are those that should be subject to colour confinement. These
Wilson lines are precisely the gauge transformation matrices V described earlier. Insert-
ing our discretized expression (4.33) into (4.15) and solving for the gauge fields. We will
be using Wilson lines, and specifically, our discretized expression while talking about
implementing all of this theory mathematically via the lattice. We are now finally ready
to look at the theory behind the colour charge densities, which is now clearly central to

our classical Yang-Mills equation solving methods.

4.3 F;}V AND THE EQUATIONS OF MOTION

We are now ready to understand how these initial gauge fields evolve after the collision.

Recall the ansatz taken at the end of section 4.1

AT = HxTa(xy,T) (4.34)

A = o) (x),7) (435)

which is taken at T = 0 and therefore concerns all fields in the forward light cone (i.e.
after the collision, in figure 6).

Using this, along with equation (??), we arrive at

F* = 9 (£xFa) —04a’, —ig [cxi,ixioc} (4-36)

We can then use the chain rule and useful quantities to obtain

. . 1. .
FiE = _x* (:F [Dl,zx} + ;asz’L) (4.37)
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where equation (4.37) represents gauge fields and field strengths within the light cone.

All as present in the equation are part of the ansatz mentioned earlier. For pure light

cone gauge fields and components, we have

Ftm"=—-F T=0"TA" -9 A" (4.38)
= F*~ = —13.(7%) (4-39)

while the purely transverse coordinates give

Fi = 81'041 — ol —ig [oci,zxj } (4.40)

These require intricate steps to complete, which we will outline in detail in appendix A.
Now that we have the general form of our gauge field strength tensor under wraps, we
can find our EOMs. We will again segregate our steps between regions of spacetime,
starting with the forward light cone, where the collision and all subsequent essential

events occur. In the x* directions, we have

D, F'<] = 0 (4.41)
= 0:F¥* —ig [A%,F7*] + |D,F*| =0 (4.42)

Explicitly converting to light-cone coordinates and inserting our colour gauge field

strength tensor expressions, we find (once again for x*)

— [Di, afzxﬂ — iglr2 [, 00a] F T [Di, [Di, oc” + 0, (%af(Tzzx)) =0 (4.43)

Now, since our expressions for x* and x~ are similar, we can add and subtract them

to give simpler results:
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= igT? [&, 0at] + [Di,aTuci_ =0 (4-45)

D, FF'] — [D,, F¥"] = 0 (4.46)

= J; (%&(T%)) -7 [Di, [Di, oc}— = 0 <— (4-47)
%arr?’aﬂx - [Di, [Df, a} -0 (4.48)

The last Yang-Mills equations written in terms of our initial colour gauge fields is

Dy F] =0 (4-49)
After a few steps and a fair bit of cancellations, and using the expressions for our field

strength tensor shown previously, we arrive to

%aﬂaﬂxi — igT2 [a, [Di, (xH — [Dj, Fﬁ} =0 (4.50)
These are extremely useful. We now have equations describing our system after the
collision in terms of the initial colour gauge fields, as described in our ansatz. We now
have the boost invariant Yang-Mills equations of motion at our disposition. We use these
equations to evolve our system passed its initial conditions and into the post-collision
phase. Coupled to equations (4.27), (4.28), and (4.29), our system is now completely
defined and can be evolved in time after the collision. We have therefore fully-developed
the glasma spatiotemporally, starting from the initial gauge fields produced by our two
nuclei pre-collision, to point of collision, and through the time after the collision.
We end this chapter with a quick discussion on the saturation scale Qs and its rela-
tionship to our initial colour gauge fields via the colour charge density profiles it helps

produce.

4.4 COLOUR CHARGE DENSITY

We have established that our large x partons acted as sources for our small x gluons.

The large x valence partons radiate gluons via bremsstrahlung. However, as one might
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Figure 18: Gluon cascades from a valence quark in a hadron, circled in red. From [10].

have already foretold, this physical process becomes limited as more and more gluons
are radiated.

Given that gluons can radiate other gluons, it would make sense for two gluons of
the right colour charges to, sometimes, recombine into a single gluon. The saturation of
a system occurs when the two processes outlined previously, namely gluon production
and gluon recombination, compete on the same scale. Once the number of recombined
gluons is comparable to the number of new gluons radiated in a given volume, we have

reached gluon saturation. The momentum at which saturation occurs is given by

S G 7 2
Q: = “A§+Q) (4.51)

One can obtain this equation by remarking that a sufficient condition for saturation
would be that the product of the gluon recombination cross-section with the gluon sur-
face density exceeds 1 [10, 17].

The saturation scale, however, is not a hard cap on gluon production. While satura-
tion effects can be measured at energies lower than Qs, gluon-gluon radiation is still a
significant contributor at scales larger than Qs. Fig. 18 shows a Feynman diagram that
showcases both gluon radiation and recombination. Once the recombination probability
equals the probability for further radiation, the system has reached saturation.

Qs sets the energy below which the gluon density is limited and growth, limiting our
colour charge density. In IP-Glasma, the colour charge density p and the saturation scale
Qs are related by a simple constant.

Up to T = Q; !, solutions to the classical Yang-Mills equations describe our system
accurately. However, after this time, the gluon density reduces greatly, and the classical

tields do not represent the system accurately anymore. Since Qs depends on the colli-
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sion energy, the more energetic the collision, the longer our classical Yang-Mills field
approximation will remain valid.

The MV model, which is central to the currently presented theoretical framework, also
depends on a feature of Q;. The feature in question is geometric scaling and states that
the ratio of the transferred momentum in scattering processes to the saturation scale Q;
should be central to the cross-sections of such processes [16]. Geometric scaling’s effect
come into play if the area of a hadron involved in a process is much larger than the

inverse of the saturation scale squared,

R*> Q.2 (4.52)

If this condition is met, then the hadron’s area, as “seen” by small x partons, will be
effectively infinite. This practical infinity leads to all participating hadrons seemingly
behaving in the same way on the scale of our small x partons.

Having finished our talk about classical fields, we must now explain how we liken the

glasma to a fluid, via the stress-energy tensor.



FLOW IN THE GLASMA

As we have mentioned in the introduction to this thesis, we usually divide heavy-
ion collision simulations into three stages: initial conditions, relativistic hydrodynamics,
and hadronic cascade. While the transition from the purely hydrodynamic stage to the
hadronic cascade stage is not the subject of this thesis, one might ask how we move from
colour gauge fields evolving in the collision area to viscous, relativistic hydrodynamics.

The critical element of such a transition is the stress-energy tensor, T#".

5.1 THE STRESS-ENERGY TENSOR

We will start by giving the form of the stress-energy tensor before explaining its different

parts. [21] gives TH" for our glasma

1
TH — _gvégpegyé‘l:eeFép + A—nggmgﬁwpmﬂﬁ (5.1)
The ¢*s are our metric matrices and simply raise and lower the indices of our colour
gauge field tensors. We can therefore take them out:
1
TH = —FMFS + Zg”"F“"‘ﬁFMﬁ (5.2)
The first term in this equation can be re-written partly in terms of our colour gauge

field A

—FUPES = P9V AL — ig [ AL, O] AT 4 0, AT (5-3)
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Now, to backtrack further, we reiterate that the covariant derivative can be written
dp = Dp + igAb, and that we are in the sourceless regime [D,, F**] = 0. This brings us

to

1
TH = —F™09Y AL + LM FPEj; + 9y (F7P A™) (5-4)

We can then remove the total derivative d,F*# A", as done in [22]. This removal is
valid because the 4-momentum, which we obtain by integrating the T* component over
all of space, is unchanged by a total derivative, which becomes a boundary term after

integration by parts. We then have

T = —FM9" A, + jIgWF"‘ﬁFaﬁ (5.5)

Recalling that our system, here, is sourceless, we have

1
Lege = — F"Ey, (5.6)
This fact leads us Noether’s theorem. The conserved current associated with transla-

tional invariance, here, is our stress-energy tensor, and is given by

TH = ‘S—LaVAg — Lo" (5.7)

5 (us)
which matches equation (5.5).

Now that we have established the physical validity of our stress-energy tensor, we can
look at the specifics of our 2+1D setting. To do so, we must first quickly dive into the
specific form of our colour gauge field strength tensor. Given that we are only interested
in a single mid-rapidity slice, our longitudinal colour gauge field will be a scalar field. To
simplify things further, we can set the longitudinal chromo-electric field to the longitu-
dinal colour gauge field’s conjugate momentum. Furthermore, using the gauge A™ = 0,

as outlined in [23], we obtain
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EX EY
0 -5 -5 -Z
E* X Dy¢p
L= 0 FXy
Fv=| T v (5.8)
B px g ¢
T T
n _Dxp  Dyp 0
T 2 T2

with ¢ being the scalar field describing the longitudinal colour gauge field, E' being the
chromo-electric field, 7 representing the conjugate momentum of ¢, and D; representing

covariant derivatives. We can now return to our analysis of T".

5.2 ENERGY, PRESSURE AND FLOW

The stress-energy tensor, while being a necessary element of transition towards the hy-
drodynamic phase, offers important information about the glasma. By diagonalizing T*?,
we can obtain the components of the pressure (in x, y and 7) along with the energy den-
sity at a specific location. This key information allows us to evaluate pre-hydrodynamic
quantities that are not experimentally measurable, which allows us to make predictions
on observable results and other phenomenological analyses. Let us start by looking at

the pressure components. Using equation (5.1), we have

1

XX - Ey xy 1 2 2
T = tr| -+ 5+ 7+ (P 4 5 (Dx9) — = (Dyo) (5.9)
-EZ Ez 1 1 2
Tyy = tr T_;C - T_g + 7T2 + (ny)Z - ? (Dx(l))Z + ? (Dy(l)) (5'10)
1 |2 B, > 1 2, 1 2
TV = | S == (FY)" + 5 (D) + — (Dy) (5.11)

These are the pressure components of our glasma, and include all of the elements
present in F#Y. The last diagonal element of T#" is T'", which represents the energy

density of the system. It is given by

E2 E2 1 1 2
TTT — Tr —;‘ + - 7?4 (FY)? - = (Dxp)? — = (Dy) (5.12)
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The energy density in the chromo-electric field is given by the first three terms, while
the last three terms give the energy density in the chromo-magnetic field. The fact that
71 terms appear in this expression leads to an apparent singularity. Therefore, we start
our analysis at T > 0

To determine the flow vector of our glasma at a specific location, we must dive a
bit deeper into the procedure to determine T*". That is, a local eigenvalue/eigenvector

equation

T/u’ = aut (5.13)

where u" represents the eigenvector associated to the eigenvalue a. If the eigenvalue and
the norm of its associated eigenvector are both positive (i.e. the flow solution is time-
like), we know that we have solved for the energy density €, which in turn allows us
to ascertain that the associated eigenvector is the glasma’s flow velocity at that point.
It must be made clear that, here, we are talking about energy flow - how the glasma’s
energy is propagating through the transverse plane - which is more subtle than typical
flow descriptions. It is important to note that we normalize the obtained four-vector’s

norm to unity, i.e.

Wy = gt = (@7 — () — ()P~ (W) = 1 (514)
1 0 0 0
0 -1 0 0
Suv = (5.15)
0O 0 -1 O
0 0 0 -7°

Figure 19 shows how the flow acts at different stages of the evolution of the glasma.
At first, high energy densities across the interaction region limit the flow, leading to tiny
tlow vectors scattered across the transverse plane. However, as the energy diffuses, larger
energy gradients tend to emerge. These eventually lead to flow, which is showcased
by the largest flow vectors pointing from high energy density locations to low energy

density locations. It is also clear that the glasma is flowing outwards and expanding, as
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Figure 19: Four panels showing energy density and flow vectors at different stages of the glasma
evolution. The time snapshots, going from left to right, then top to bottom, are at

T = 0.010, 0.037, 0.135 and 0.401 fm/c.

it should. This is a satisfying and intuitive result enabled by the theoretical framework
that we have outlined in this section of the thesis.

This significant consequence of the CGC and Glasma frameworks allows us to ini-
tialize the hydrodynamics stage of our simulation using flow velocities, which are not
permitted by other initial conditions models. Obviously, given that our simulations are
in 2+1D, the longitudinal flow is set to 0 throughout. It is, however, important to note
that, throughout our calculations, the full 4x4 TH" is always used, meaning that the #-
directional flow is not 0, and can sometimes be quite large. We ignore it in our subsequent

steps because of our 2+1D, boost invariant approximation.
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We are now ready to move on to the numerical implementation of this theoretical

framework, and its produced results.



Part III

NUMERICAL STRUCTURE AND RESULTS

In this part, we provide details as to how we employ the general theoretical
framework outlined previously in our simulations. We will, amongst other
things, look at how we discretize the space, solve the initial fields numeri-
cally, and deal with gauge invariance. We will also be introducing a crucial

component of our scheme: lattice QCD.






THE LATTICE

We will start our discussion on the numerical methods used in our simulations with
the lattice, the spatial setting on which our glasma evolves. Using discretized space in
simulations is necessary. However, it can be used to our advantage when it comes to
QCD simulations, as we will see in this chapter. Let us start by looking at the parameters

for our lattice.

6.1 THE SPACE

Technically, the lattice spacings should have units of length. However, as nuclear and
particle physicists like to do, we make all length quantities, whether longitudinal or
transverse, unitless. This transformation means that our length units are now lattice units.
As we will see later on in this chapter, we can write many useful quantities in terms of
our lattice spacing a using natural units. That is, by multiplying by appropriate factors
of 1 and ¢, one can rewrite any result in terms of our lattice spacing a, which is measured
in fm.

The size of the lattice spacing a affects the energy densities generated by our chromo-
electric and chromo-magnetic fields within the lattice at early times. This effect can be
seen in figure 20. While the differences in energy densities are wide at early times, they
all converge to similar values later. In figure 20, ¢*u ~ 2GeV, which means that the final
time shown on the graph, gzyr = 3, is T ~ 0.25fm, which is much earlier than the
time at which we pass from IP-Glasma to relativistic hydrodynamics. This effect, while
interesting, is, therefore, inconsequential. In this thesis, N = 500 and a2 = 0.044 fm ~ 0.2
GeV L. However, as was outlined in chapter 5, energy density and glasma flow are both
tightly related. Because the flow is obtained by diagonalizing T"", it is more sensitive to

the grid size than €, and pushes our grid parameters towards finer grids. We can use the
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0.4

N=T00 -

Figure 20: The energy density for various choices of transverse grid size N, averaged over more
than 30 random configurations of the initial colour charge density to avoid any bias.

Taken from [24]

saturation scale Qs to determine an upper bound for our lattice spacing a. To be able to
see and analyze gluons down to the saturation scale, we must have a grid size which
takes this into consideration. Since, in the natural units, energy and distance are related

by an inversion, we seek to have

a< Q! (6.1)

At the energies relevant to our analysis, the maximum saturation scale should be around
0.5 GeV, which means that 2 < 2 GeV~! is sufficiently small to resolve the important
physics at hand. This upper bound puts our choice of lattice spacing well below the
maximally allowed value.

Now that we have settled the basics, we must show how we will effectively use this

lattice.



6.2 GAUGE THEORY ON THE LATTICE
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Figure 21: A lattice site at (x,y), taken from the entire lattice. Since this thesis only deals with 2+1
dimensional calculations, we only need to consider our lattice links in the transverse

plane.

6.2 GAUGE THEORY ON THE LATTICE

This section will bank heavily on figure 21, which shows a Wilson loop, or plaquette, as a
visual aid. Four Wilson lines, or links, make up each plaquette. A link serves to transport
gauge fields from one lattice site to another. Figure 21 pictorially shows that, while a
link U transports information in the positive x or y direction, its hermitian conjugate U*
transports information in the opposite direction, a very clever and useful mathematical
tool.

Now - the theoretical considerations of Part II stated equations that relied on continu-
ous spatial variables. We can not use continuous spatial variables on our lattice. However,
each lattice site offers information regarding the colour gauge fields within the bound-
aries traced by its links! How do we, then, reconstruct the values of our colour gauge
tields inside of our plaquettes?

We start by defining the link at point x and discretizing it by expanding about small

variations (in this case, our lattice spacing a):
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Uy(x) = exp {igaA;j(x)t“} (6.2)
, 1
Uy = 1+igaAft’ — g2 AL ALK 4O (a3> 6.3)
As stated previously, we use links to transport quantities from lattice site to lattice site.
We can chain such transport actions together by multiplying links with adjacent links.

Therefore, looping around the plaquette and back to our lattice site (x,y) in figure 21,

we have

Uy = Up(x)Uy(x +ap)U(x + ad)Uf (x) (6.4)
Uy = 1+iga(Au(x)+ Ay(x+ap) — Au(x +ad) — Ay(x)) (6.5)
Upw = 1+iga® (0,4, —0,A) (6.6)

Where, in the second step, we have kept only terms to linear order in our lattice
spacing and, in the third step, we have used the fact that, on the lattice, we calculate
derivatives by subtracting the values of functions at adjacent lattice sites and dividing
by the lattice spacing. This explains why, while we keep our terms to first order in a,
we have an 4? term leading equation (6.6). If we now look at terms stemming from

equation (6.4), but only keeping terms quadratic in 4, we will have

Upw = — 82512 (AVAV + AvAy + AyAy — Ay Ay (6.7)
— Ay Ay — AVA — AVA, + AYA,)
Uy = —g%a® [Ay, Ay (6.8)

Combining equations (6.6) and (6.8) gives

U, = 1+ iga’® (04Ay — 0Ay) — g%a? (A, A (6.9)

The last two terms can clearly be combined and simplified into Fy, such that

U, = 1+ igazFW ~ exp <iga2PW> (6.10)

U;V = 1- igasz, ~ exp <—iga2Fw> (6.11)
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where equation (6.11) represents us circling the plaquette in the opposite direction.

This result may look inconsequential at first, but is quite powerful. In these plaquettes
lie the values of our gauge field strength, which is, as we have established before, at
heart of most of the quantities important to the framework. As an example, let us take

the trace of the difference between a plaquette U, and its Hermitian conjugate U;V,

iﬁ[(u;,-uw>w] ~ ga’Fl, +0(a®) (6.12)

where t* is a Gell-Mann matrix. By multiplying this trace by a second identical trace,
we obtain F2. This calculation is precise to order a*, which is satisfying and useful.

Let us now outline, in more detail, the forms taken by other quantities on the lattice.

6.3 USEFUL QUANTITIES ON THE LATTICE

All steps regarding quantities on the lattice are taken from [23] and [25].
We will begin by looking at the initial conditions of our simulation, that were discussed
in chapter 4, on the lattice. This concerns our system at T = 0. Using the tricks shown in

the previous section, we formulate the initial conditions as as

o (U +u®) (1) - (W +u®) (14uf) ) =0 6

where, we have replaced (x, y) with the simple index i. Given that our lattice is equally
spaced, we can easily track the entire lattice space using a single index.

We will also take

¢=0 (6.14)
E'=0 (6.15)
7 = g W) =) (U ) -0 ) (6.16)
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where we have used the shorthand h.c. to designate the hermitian conjugate of the
previous group of terms. The 7 represent the unit vectors aligned with our lattice, and
we are summing over their two possible directions (x and y). Equation (6.16) is analogous
to the solution to our ansatz a.

We can easily show that equation (6.13) solves our continuous initial conditions. Ex-
panding the exponential in U;, and keeping track of the colour gauge fields for each

nucleus, we have

Tr {t” [(2 +iga (AZ(A) + A(B))) (2 —igaA;) (6.17)
— (2—ig (aa” + A"} (2 +igaay)| } =0

Keeping only terms linear in a, we have

Tr {t“ [(4 + 2iga (Al-(A) + AEB)> — ZigaAi) (4 2iga (AI(A) +AP )) + 2igaA,->] } €6.08)
Tr {1 |aiga (A + A1) — digan;| | =0 (6.19)
= A =AM 4 AP (6.20)

which is what we wanted to show. We can repeat this procedure for the other defining
equations of our initial conditions.

Now that we have ensured that our initial conditions are easily transferrable to the
lattice, we can look at the equations of motion derived in chapter 4. We start by writing

the Yang-Mills Hamiltonian in 2+1 dimesions:

H= /dxﬂy ( L EYE} + 4F“F” 21—T(Dl-q>) (Dip)" + E“E”) (6.21)

We note that our choice of gauge makes it so that the longitudinal colour gauge field
Ay is a scalar field ¢, which leads to our chromo-electric fields having the following

forms:

1
E! = ;BTA%:n (6.22)
E = T Af (6.23)
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where we have reiterated that the longitudinal chromo-electric field is set as the con-
jugate momentum of our scalar field ¢. We can then use the Hamiltonian density H and

discretize it, to obtain

2 i\ 2Ne 1
H:=ZGJ%mﬂ+?£@—Emmuwm) (6.24)

x| T
1 -
+a12 Tr (nz) + - ;Tr (¢ — 4),-)2>

This is reminiscent of our energy density T'" = ¢, presented in chapter 5, in that
it combines contributions due to the chromo-electric and chromo-magnetic fields. N,
designates the number of different colour charges in our theory, which is 3. Also, the
scalar field ¢ can be transported using our gauge links U;, giving rise to ¢;, which is the
scalar field transported from the lattice site of ¢ into the direction i. Uy, designates the
plaquette in the transverse plane, as shown previously. At initial times, all of our energy

is stored in longitudinal fields only, which means

2

€(T:0) = ﬁ

mfkqﬁmwn+%n@ﬁ (6.25)

which is calculated and presented in [26]. We can a combination of similar procedures
and Poisson brackets to obtain the discretized equations of motion for our fields, which

are given by

B = 5 Uy Unyy — Uy — U3, | — trace + L[, g) (6:26)
£ 3 [ U] et g o
U, = ig—jEiUi (6.28)

$=1m (6.29)

=15 G+ §oi - 29) (6.30)

where, in equations (6.26) and (6.27), we are making the plaquette matrices traceless.
How to discretize and evolve these equations temporally will be the subject of section 6.5.

For now, let us quickly look at how we deal with the stress-energy tensor on the lattice.
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This part will exclude many long-form equations, which we will show in the ap-
pendix B instead. Their derivations follow the techniques outlined previously in this
thesis. We treat the transverse electric fields Ey, slightly differently. Instead of defin-
ing them at lattice sites, we define them at the centre of our plaquettes. That is, if we
have a plaquette at the lattice site (x,y), as in figure 21, we want the electric field at
(x + 3,y + 3). However, this adds a different element of complexity, which is that two
neighbouring lattice sites now contribute equally to our electric field in the middle of
certain plaquettes. Defining E,, means that we must also define our stress-energy tensor

at the same location since it relies on the electric field’s value. Now, let

. 2 2
E2,(i) = £ Tr [E"z +ER2 +EP 4 Elyﬂ} (6.31)

1
E%(l) — 1 Tr [7-[ + 7Tz+a + 7T1+a + 12+ax+ay} (6.32)
2
B}?(Z) - #Tr {(‘Pz Uy,i®ita xz) <<Pz+a xz+a¢i+ax+ayu;’i+a> } (6.33)

2 2
B(i) = 5 Tr {(cpz — Uy all) + (Gira = Upisadivara,Uiss) } (6.34)

2

B2(i) = [—ZL (u Uy iUl US Uy U US U —traceﬂ (6.35)

where a, and a, are to indicate that we are looking at a lattice point one x lattice
and one y lattice spacing a away. Equation (6.35) stems directly from equation (6.12).

From these expressions, we can write the stress-energy tensor’s diagonal elements rather

simply
T** = E3, + E; — B; + By + B (6.36)
TV = E2,+ E2+ B2 — B2+ B2 (6.37)
T = E%, — E2 + B2 + B2 — B2 (6.38)
T™" = E3, + E; + B + By + B} (6.39)

which leaves T traceless. Due to the stress-energy tensor’s symmetry, only six of the
12 remaining elements (excluding the diagonal elements that we have just outlined) need
to be determined. These, as mentioned previously, can be found in appendix B.

We now begin a quick yet crucial discussion on the specific algorithms used to solve

and evolve the initial fields on the lattice.
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6.4 SOLVING THE INITIAL FIELDS

We want to solve

Tr {t“ <<ui(A) + ui(3)> (1 + uj) — <ul.(A) + ul,(B)> <1 + UZ*)JF)} =0 (6.40)

which was the initial condition outlined in the previous chapter. We will follow the
procedure developed by Marius Cautun, Francois Fillion-Gourdeau, and Sangyong Jeon
in [27], without going into too much details.

Now, equation (6.40) presents a system of 8 equations to solve (one for each SU(3)
group generator). Because of its non-linearity and complexity, we must solve this system
iteratively.

Even though we know our solution will not be Abelian, we start off by taking the

following ansatz for our solution at a given lattice site:

u, = uMu? — (6.41)
u® = ygmy® (6.42)

We insert it into equation (6.40) to obtain

ReTr [tu (U(l) + U(2)> (1 + U(3)+>] = fa (6.43)

where f, is a small numerical quantity that we want to take to 0. We can write

(B)  _ inxatay3)
ucurrent =e!™ uprevious (6'44)
3 . 3
uc(ulrent ~ (1 + mxﬂtﬂ) u}()rivious (6'45)
where Uéilvious designates the previous iteration’s guess and « is a constant chosen to

ensure convergence. If we require that our newest guess solve equation (6.40), we obtain

axp Im Tr [tbta <U(1) + U(2)> u®t } =—fa (6.46)

previous
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which we solve for x;,. This gives us Uc(izrem via equation (6.44), which we plug back
into (6.40) to give us our new f,, f;. If we look at the Taylor expansion of the exponential

in equation (6.44), we find that

fo= —“;xbxc ReTr [tytcty (UMD +U@)uPl, | (647)

previous

If we stray away from our lattice and into the continuum limit, our links become unit

matrices, which leads to

2
fo= =S fofe Te [{ta o} (6.48)

Even though we have taken the continuum limit leading up to this result, we still
expect that f, should remain proportional t f, f. on our lattice. We also expect that |f;| <
fa, which means that, by iterating this process enough times, f; should reach o, and we
should be left with U(®), our solution. If we do not move towards smaller values of f;
after approximately 20 tries, we use another algorithm, SAM, which improves our initial

guess for U(3), and we move from there.

6.5 TEMPORAL EVOLUTION

We now look at how we solve key differential equations in time, such as equations (6.26)-
(6.30), using the Leap Frog algorithm. The algorithm follows a similar procedure by
evolving derivatives at times halfway between the time steps of the quantities themselves,
and thus the quantity and its derivative successively leap over one another, but are never
at the same time. In general, for a quantity x, its first time derivative v, and second

derivative g,

x(T+dt) =x(1)+ov(r+dr/2)dt (6.49)
o(t+dt/2) =v(t—dt/2)+a(1)dT (6.50)

We can apply this procedure to equations (6.26)-(6.30) to obtain (in order)
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(T + d%) at
EX(x,T+dt/2)= =E(x,T—dt/2)+i 2 (Uxy + Ux—y (6.51)
— h.c. — trace) + id—Td [P, @)
(T + %)
(T + ‘%T) dt
EY(x,T+dt/2) = EY(x,T —dt/2) + iT (Uyx + Uy—x (6.52)
—h.c. — trace) + id—TdT [Py, ¢]
<T + 7)
U;i(x.T+dt) = exp <i (fid%) E! (T + dz—T>> U;(7) (6.53)
o(x, T+dt) = ¢p(x,T) + T:;:TT T <x,r + %T) (6.54)
7, THAT/2) = T AT 4 S LB =20 (659

Note that the last three equations above would involve division by 7, which would

1 dt

cause clear issues for T = 0. For this reason = is replaced by =3 which equals 1/2 for
7

T = 0. This introduces some error but prevents these terms from blowing up at initial
time. For large T this expression has the same behaviour as 1. Furthermore, because, as
mentioned, the momenta (derivatives) E! and 7t are stored at T — %T, while ¢ and U; are
stored at T, the derivatives will always lag behind the fields by half of a time step. This
method is the so-called leapfrog algorithm. At the end of the simulation, derivatives are
evolved by an additional half time step to bring all quantities to the same value of 7. The
leapfrog algorithm has an error of order dt? at each step.

This concludes this important part of the thesis and precludes our discussion regard-

ing colour charge density sampling and saturation scale determination.
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This chapter will outline how we determine the saturation scale for each nucleus and
how we generate our colour charge distribution. These steps are all taken within the
IP-Sat model. The last section will be a quick overview of the IP-Jazma framework used

to guide more complex calculations in this thesis.

7.1 FINDING THE SATURATION SCALE

Determining the saturation scale is done through the IP-Sat model, which stands for “Im-
pact Parameter Dipole Saturation model” [1]. The information presented in this section
is but a condensed version of [1]. We start by looking at the cross-section for a g7 to pass
through a dilute gluon cloud. This quantity is proportional to the strong coupling «s, the

quark-antiquark dipole’s area, and the number of gluons in the cloud. This readily gives

2

) 2 2
g = 770 (%) xg (x, 1°) (7.1)
2
where %f’) represents the gluon density at a specific momentum fraction x, per colour

charge. It is important to reiterate that a; and g are both scale-dependent, as mentioned
in the introduction to this thesis, which is why both present > dependence, with u being
a scale parameter. Now, take a single proton. If we assume that the quark-antiquark pairs
form a dense enough cloud (which is in line with what the CGC framework prescribes),

then the probability for a g7 dipole to not undergo an inelastic interaction is given by

P = exp { -2 (1) x5 (207) [ dzp(t) ) 72

where p(b,z) is the gluon density inside the proton, and we are integrating over the

longitudinal extent of the proton. Now, taking
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[dzp(b,z) = T(b) = ﬁexp (—b%/2Bg) (7.3)

we can write the differential cross-section thanks to the impact parameter dependence

introduced in T (b):

dogg

T =2 (1 exp (— gt (1) xg (x,02) T(V))| (7.4)

It is important to note that, here, the impact parameter b represents the proton impact
parameter, and not the nucleus impact parameter described in chapter 2. The parameter
B found in T(b) is obtained by fitting to HERA diffractive data. For a given dipole size,
the cross-section will plateau at a particular value of b. As we increase the dipole size, the
corresponding value for b increases as well. We initialize the gluon density distribution

at a given scale (u3 = 1 GeV?) as

xg (x, ) = Agxs(1 —x)56 (7.5)

with the values of Ay and Ay coming from fits to experimental scattering data. We cal-
culate the individual momentum fraction x of partons using the average transverse mo-

mentum as a function of collision energy reported by CMS [28]

(pr) = 0.413 — 0.01711n(s) 4 0.00143(In(s) ) (7.6)

Finally, we take strong coupling as a function of scale to be

2\ 12
Kg (:u ) - (33*2Nf) 1n7(-[y2/A2QCD) (77)

with Agcp = 200 MeV and Ny = 3. We evolve the equations using the DGLAP (Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi) equations [29, 30],

oxg( x,fi2 ag (2 1 5
aﬁgggz) = Sz(fc ) Je dzPg(2) g (£, 71%) (7.8)

where Peo(z) =6 [(132) +1242(1- Z)} + (% - %) 6(1—z) (7.9)




7.1 FINDING THE SATURATION SCALE

In IP-Glasma, we take the saturation radius 7, to be the dipole size for which the proton
becomes one interaction’s length. This assumption sets a requirement on the exponent

in equation (7.4), namely

(27;\172065 (}42> xXg (x, ;42) T(b)) = % (7.10)

Solving this using Brent’s method, outlined in section A.3, we can find the saturation

r=rg
radius, which can easily be related to the saturation scale for a single proton via

Q= 711

We then compute the saturation scale for each nucleus by summing the contribution
from each nucleon at a given point in the transverse plane. This sum depends on the
spatial distribution of nucleons discussed in chapter 2, and is related to the colour charge

density via [1]

Q3 (x,by) =Cg (x,b)) (7.12)

where this is for a single nucleus, C is a proportionality constant we use to fit overall
energy densities, and ¢%u? represents the colour charge per unit area. That is, ¢ and u
are treated as a single quantity, given that ¢ depends on y, as seen in equation (7.4). In
this thesis, we use C = 0.5.

An important caveat to the method we have outlined here is that it uses a constant
momentum fraction x, which is entirely determined by the collision energy. However,
physically, it would be more realistic to have each gluon have a specific momentum
share, determined by its position in the transverse plane and related to the saturation

scale. Therefore, following techniques outlined in [31], we define

x(xL) = %\/xs) (713)

along with a total thickness function for the whole nucleus (instead of individual nucle-

ons)
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A

Ttotal(b) = Z Ti(b) (7-14)
i=1

where A is the total number of nucleons in our given nucleus. We insert this definition

into equation (7.4) to give

‘Z%q =2 [1 —exp <—2’T—I\ir20cs (12) xg (x, 4?) T4 T(b))} (7.15)

This leads to apparent complications, such as the fact that x now depends on Qs. To
circumvent this barrier, we initialize our system using the x calculated via equation (7.6).
We then solve iteratively for Qs and x until our solution converges. We then finally arrive

at a distribution for our colour charges in the transverse plane.

72 COLOUR CHARGE DISTRIBUTION

We use equation (7.12) to determine the surface colour charge density of each nucleus.
Following the MV and CGC models, we have the following distribution of colour charge

for a nucleus moving in the positive z direction

Wlp] = exp {— J dznf;z(xﬂ} (7.16)

(x=x1)

where y is the local charge density in the transverse plane, as obtained via equation (7.12),
and which [12] describes in detail. We then sample the colour charge squared per unit

area from the Gaussian (7.16), through

2

(o (&= x 1) 0 (¥ y,) ) = 208 (x1 —y ) (7.17)

which we can discretize on the lattice via

2,2
(kL) ob (1)) = 006 (x —y ) 55 (719)



7.2 COLOUR CHARGE DISTRIBUTION

with the indices k,I = 1...N representing discretized longitudinal coordinates, which
we have chosen to be 10. We recognize the general colour indices a and b which run from
1 to N2 — 1. Also, x, and y,, which are the positions of the charges in the transverse
plane. Even though our simulations are run in 2+1 dimensions, a finite width in the x~
direction is necessary to avoid singularities. Taking N slices in the longitudinal direction
corresponds to averaging over N colour charge configurations. This averaging picture
implies that the saturation scale and colour charge distributions depend on N to some
extent, with N = 10 being sufficient to ensure convergence. Using equation (7.12), we

can relate the saturation scale to our charge distribution as follows

Energy Density [fm'4]

10-10

Figure 22: Contour plot of the energy density in the transverse plane for an ultra-central event

(b = 0fm) at 193 GeV and 7T = 0.4 fm. The spikes are a unique feature of IP-Glasma.

b b ski Q:
(ot )l 1)) = 0" (e —w1) o (7.19)

Because of colour confinement, the expectation value of all colour charges should

vanish. In other words, our sampled system should remain colour-neutral. However,
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equation (7.19) describes fluctuations in the colour charge densities on time scales much
longer than the collision time. These fluctuations are on length scales of order Q;!,
leading to bumps of colour charge on each incoming sheet of colour glass. This is in
contrast to purely geometric models, such as the Glauber model, which lead to smooth

initial states. This is a trademark of IP-Glasma and can be seen in figure 22.

7.3 IP-JAZMA

Full IP-Glasma calculations can be rather computationally intensive and, therefore, time-
consuming. To guide our quest for results, we use frameworks which skip long steps
(such as glasma time evolution). These frameworks help identify interesting data avenues
quickly, which allows us to focus our intensive calculations on systems and parameters
which are promising. These quicker frameworks do not, however, replace attempts at
complete physical descriptions of our systems such as IP-Glasma. Therefore, final results
in this thesis should always be understood as having been obtained through a complete
initial conditions (IP-Glasma), relativistic hydrodynamics (MUSIC) and hadronic cascade
(UrQMD) simulation.

IP-Jazma is one such framework. It is a simplified version of IP-Glasma. It is based
upon Nagle and Zajc’s paper [32] and has been a useful phenomenological tool since its
inception. The main assumption made by IP-Jazma, based on results from [33], is that
the energy density ¢ at initial time is proportional the product of the saturation scale

squared of both nuclei. That is, at T ~ 0,

e(x,y) gZQE(A)(xL,yL) X QE(B)(M,]/L) (7.20)

where Qg( 4) and Qg( p) are the saturation scales squred of both our nuclei, g is the strong
coupling constant, and ¢ is the energy density.

Our implementation of the IP-Jazma framework differs from what is described in [32],
but the essence remains the same. We generate the nuclei, saturation scales and colour
charge densities as we would during a regular IP-Glasma event. However, after the first

time step, the simulation is terminated, which saves a lot of computational time. The
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code returns a simple dataset, which is comprised of lattice site positions, Q? for nuclei
A and B, and Qg( 4 X Qg( B)" We then have all it takes to broadly depict the energy density
distribution at initial time. Using this description, we can calculate €;, our eccentricity,
at initial times. This is because eccentricity is a relative quantity. By this, we mean that
each lattice site’s weight in a given eccentricity calculation is not absolute, but relative
to the values of the other lattice sites in the same transverse plane. Therefore, the fact
that we do not recover an accurate value of the energy density ¢ is inconsequential to the
calculation of eccentricities, which has allowed us to save precious time throughout this

project.
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This section will be constructed such that the thought process we went through becomes
clear. Experimental results for deformed nuclei collisions are incredibly scarce. The only
reported results within the last decade stem from [3], which will be central to our anal-
ysis. However, most of the plots, especially those involving IP-Jazma results, will be
compared against data from [2]. Those are results generated by Bjorn Schenke, Prith-
wish Tribedy and Raju Venugopalan, who are based at the Brookhaven National Labo-
ratory (BNL), where the Relativistic Heavy Ion Collider (RHIC) is located. Although the
underlying concepts are similar, our code and theirs are different, and comparing our
data with simulations they have done in 2+1 dimensions is an excellent indicator of our
progress and the validity of our simulations. Given the general lack of experimental data
available for U + U collisions at 193 GeV, the general approach to our analysis, especially
towards the end, is to guide further simulations and further data accumulation towards
a phenomenological understanding of how initial state anisotropies affect observables,
and, by proxy, the formation of QGP. Let us start by reintroducing essential quantities

that will be present in our various plots.

8.1 €, AND U,

As we have discussed in the introduction, v, is the second coefficient of the Fourier

expansion of the azimuthal distribution of particles

All coefficients present important information about our system, but v; is the key sig-

nature of the formation of QGP. Coherent elliptic flow, measured by v, and described
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schematically in figure 5, is linked to €3, which is a measure of the elliptic shape of the
distribution of energy in the initial state that gets converted by hydrodynamic flow from
a pressure anisotropy to a momentum anisotropy. While the relationship is true up to
the n" harmonic, it is much more important in the case of €3 and v, because of the initial
state geometry of colliding nuclei at finite impact parameter. Looking at figure 23, which
shows data from a group of 2000 ultra-central events (b = 0 fm), we see that v and e;
form a roughly horizontal line, which illustrates their intimate relationship. A seemingly
disheartening fact becomes apparent however, when looking at the inconsistent nature
of the two other curves described in figure 23, % and éz—i; However, this can be ex-
plained by the fact that, at lower energies, higher flow harmonics have a harder time to
develop, given the fleeting nature of the QGP. The peaks and valleys in the (v3)/(e3) and
(v4) / (€4) distributions should therefore be regarded as noise explained by our relatively
small center of mass energy. Also, even though their allure is much less consistent than
that of %, the fact that the ratios are on three distinct levels, going from the largest for
the elliptical ratio to the smallest for the quadratic ratio, is a great sign and consistent
with previous results [34]. A more detailed examination of the calculation of v, is offered

in appendix A. We can now look at centrality selection in this thesis.

8.2 ZERO DEGREE CALORIMETER

Heavy-lon collision simulations usually determine the centrality by calculating the to-
tal energy deposited in the transverse plane at a certain rapidity, a quantity related to
observables such as the multiplicity. Calculating energies deposited in initial overlaps is
not feasible experimentally, so various experimental centrality selection techniques have
been devised. One such technique is the use of a Zero Degree Calorimeter (ZDC). We
place a ZDC apparatus in line with the beam axis of a collider starting at the expected point
of collision. In circular colliders, as shown schematically in figure 24, the ZDC is placed
such that it is in line with the tangent to the accelerator’s path at the point of collision.
ZDCs can only detect neutrons because colliders rely on strong electromagnetic fields
to accelerate and guide particles/nuclei. When a nucleus is accelerated, the strong force

has the upper hand and the nucleus remains unchanged - a mix of protons and neu-
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Figure 23: The event averaged v, in ratio to the event averaged €, for geometrically ultra-central
U + U events at 193 GeV, with b = 0fm. The low centre of mass energy makes it so
that the third and fourth flow harmonics do not have time to develop as well as the
second. For this reason, peaks and valleys in (v3)/ (e3) and (v4) / (e4) should be viewed
as noise resulting from the lack of development of higher harmonics caused by our

relatively low center of mass energy.

trons - at the nuclear scale. Therefore, the positively charged protons are deflected by
the electromagnetic fields and carry the neutrons around with them via the strong force.
However, the collision is so energetic that it can free a nucleon from its atomic confines.
That is, the non-participating protons continue their assisted path around the particle ac-
celerator, while the neutrons, now freed from the grips of the strong force and, therefore,
their bond to positive charges, continue in a straight line - unaffected by the overwhelm-
ing electromagnetic fields surrounding them. ZDCs measure the neutrons, which make
it to its detectors. Experimentalists can then assess how central the collision was, based
on the number of neutrons detected: more neutrons mean that there is a higher chance
that the collision was off-centre and that most of the nuclear matter from one nucleus

missed the other (and vice-versa), while fewer neutrons point to more nuclear matter
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colliding particles

Point of collision

Figure 24: Schematic view of a Zero Degree Calorimeter (ZDC). After the collision, neutrons
which have not collided with the opposite nucleus are left undeflected and are mea-

sured by the ZDC.

participating in the initial impact, and that they probably have witnessed a very central,
head-on collision.

The process of introducing such a centrality determination scheme theoretically is
two-fold. Firstly, we find the number of participating nucleons. Two nucleons have an in-
elastic collision whenever their geometric distance is less than oy, the nucleon-nucleon
cross-section, which is an energy-dependent quantity. Thankfully, it has been measured
at the highest energies at RHIC to be ony = 42 mb [2], which is the value we use in
our analysis. Once the number of participating nucleons is determined, we must sample
from a binomial distribution to estimate the number of those undeflected nucleons which
are neutrons. We are required to do so because, in its current state, our Woods-Saxon
sampling method does not differentiate between neutrons and protons. Many efforts are
underway to characterize nucleon distribution function using neutron-proton correlation
functions [35], and it could be interesting to consider such segregating distributions in

the future. For now, however, we sample from equation (8.3). It is important to note,
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here, that the measurement is done for each nucleus individually. As can be seen in fig-
ure 24, the spectator neutrons from both colliding nuclei are measured in two separate
ZDCs. This allows researchers to be even more selective in their events, by asking that
both nuclei have a less than x spectator neutrons, instead of only fixating on the total
amount of spectators. Therefore, to determine the number of spectator neutrons stem-
ming from a particular nucleus for a given event, we sample from equation (8.3) 100
times per nucleus and average those samplings to obtain a final value. This final value is
used to then bin that particular event according to its number of spectator neutrons. By
averaging over 100 samplings of our binomial distribution (8.3), we reduce the amount
of variability introduced in our results, which was important given the small amount of

statistics accrued in our full IP-Glasma+MUSIC+UrQMD runs.

P(X =k) = ()pFa—p)m* (8.2)
SP(X=k=(1-2" & (8.3)

In equation (8.3), S represents the number of spectators stemming from a given nu-
cleus (calculated geometrically), Z is the atomic number (98 for U), A, the atomic mass
(238 in this thesis), and N is what we aim to sample, the number of neutrons. The results
that follow all stem from the same single centrality cut. That is, the selection process is
binary. If both nuclei accounted for six (6) or fewer neutrons “detected” by our ZDC, we
retain the event. If not, we do not group the event with the others (although its data will
someday prove useful). This specific cut mimics what is done in [2] and [3], and repre-
sents the 0 — 0.1% most central events of a minimum-bias set of events using randomly

oriented U nuclei. We are now ready to interpret our results.

8.3 ULTRA-CENTRAL EVENTS

This project’s goal was always to determine the effects of initial state geometry on ob-
servables. With this in mind, we set out to generate data using our 2+1D IP-Glasma
framework, coupled to MUSIC and UrQMD. In this phase, we generated 2000 geomet-

rically ultra-central events. That is, we set our impact parameter b to Ofm. The deforma-

79



8o

RESULTS

tion parameters for our Uranium nuclei were taken from [36], a well-known compilation
of experimentally obtained deformation parameters for commonly used ions. The de-
formed Woods-Saxon parameters were R = 6.874 fm, a = 0.556 fm, B, = 0.2802 and
Bs = —0.0035. Finally, instead of orienting our nuclei in a specific direction, we ran-
domly oriented each generated nucleus’ long axis to avoid biases towards events which

cannot be intentionally reproduced experimentally.
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Figure 25: Eccentricity versus scaled multiplicity for geometrically ultra-central U+U events at

193 GeV b = 0fm, compared to BNL data [2].

Figure 25 shows our data compared to that obtained through BNL's version of 2+1
D IP-Glasma. Before we go further, it is important to note that the data obtained by
BNL [2] does not stem from a full hydrodynamic+hadronic cascade simulation. They
get their scaled multiplicities by using fits of gluon multiplicity for events ran and com-
pared against experimental data. This is a good approximation but does not replace
going through MUSIC and UrQMD. Nevertheless, as will become apparent, their data
compares itself nicely against experimental flow harmonics.

Looking back to figure 25, our data seems to vary more than BNL’s data. It is less

steady and goes through a wider range of eccentricity values. For the most part, BNL's
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data is within our errors, which means we are not completely off. However, statistically,
about half of our 2000 events make it through our centrality cut, meaning that, while
1000 events are by no means an excessive amount, it is still a statistically significant
amount, and the tail-ends of our distributions are far from satisfactory. The datapoint
without error bars stems from a single event. Let us now look at how our dataset fares

against experimental data.

® McGill IPG+MUSIC+UrQMD
0.06 - . A STAR 0-0.125% ZDC
0.05
* ®
0.04
e ®
;, [ 2P ]
e ®
0.03 A 1
A“AAAAA‘A“““P
1 4 A 2 A
®
0.02
0.01 A
T T T T T
0.85 0.90 0.95 1.00 1.05 1.10 1.15
MULT
(MULT)

Figure 26: Elliptic flow versus scaled multiplicity for geometrically ultra-central U+U events at

193 GeV b = 0fm, compared to STAR data [3].

Figure 26 shows our elliptic flow values plotted against scaled multiplicity, and com-
pared to STAR data, for the 0 — 0.125% most central events of their runs. Once again, our
data’s variance is too high, and we are not reproducing experimental data satisfactorily.
Notice that the STAR data shown in figure 26 and the BNL data shown in figure 25
follow the same flat distribution. This shared behaviour matches expectations of how ec-
centricity and elliptic flow distributions should compare, and is another reason we have
decided to attribute as much importance to BNL's data. At this point, it seems like our
dataset is biased towards events that do not contribute as much in an experimental set-
ting. However, inspired by a paper [37], which showed that successively binning first by
energy, and then by ZDC calculations could greatly reduce variability and omit outlying
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events from consideration, we pursued our analysis. Figure 27 shows different attempts

at this successive binning technique.
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Figure 27: LEFT COLUMN: Eccentricity versus scaled multiplicity for geometrically ultra-central
U+U events at 193 GeV b = 0fm, compared to BNL data [2]. RIGHT COLUMN:
Elliptic flow versus scaled multiplicity for geometrically ultra-central U+U events at
193 GeV b = 0fm, compared to STAR data [3]. A) 20% most energetic events. B) 10%

most energetic events. C) 5% most energetic events.

The A) panels have the largest acceptance of energy, at 20%, while the C) panels show
the most restrictive energy window implemented, at 5%. The reclassified data does look

better, especially in the A) panels where it overlaps BNL and STAR data at average
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multiplicity. It, however, does reduce our statistics and our data’s range in multiplicity.
From 1000 events making it through the sole ZDC cut in our previous plots, A) works
with ~ 250 events, B), with ~ 150, and C), with ~ 70. While this is not sufficient to
conclude our search, it provides useful information and indicates that our framework
is behaving intuitively. The more restrictive we become in our energy filters, the less
eccentricity (and elliptic flow) our data showcases. Low eccentricity values are linked to
circularly shaped interaction regions, which, in the case of deformed nuclei collisions,
must be caused by tip-tip collisions. Tip-tip collisions generate greater colour charge
densities and more extreme collision conditions, leading to more energy being stored in
the transverse plane. These results, then, do not invalidate our model.

This dataset raises many questions. To answer some of them, we turn to the IP-Jazma
framework, described in chapter 7, to help us gain insights into which parameters, if any,

could be at fault in our analysis.

8.4 IP-JAZMA AS A GUIDE

We ran six distinct sets of events using IP-Jazma, each comprising 50000 events. This
high number of events is made possible because a single event using this framework
takes approximately 2 minutes to run while going through 2+1D IPG+MUSIC+UrQMD
can take up to 12 hours per event. By generating decent amounts of data in much less
time, we were able to put a few hypotheses to the test.

We wanted to know if we had been too restrictive in our choice of impact parameter
and were consequently omitting key initial state geometries, which contributed towards
BNL’s and STAR’s results from minimum bias runs, but not ours. To do so, we set one
of our runs’ impact parameter range from b = 0 to 20 fm, and another from b = 0
to 8 fm. The reasoning behind these choices was that, while we wanted to see if a true
minimum-bias set of runs would help quell the large variances in our data, the argument
that omitting particular initial state geometries relevant to ultra-central ZDC collisions
would not be valid beyond a few fm. Too large of an impact parameter all but guarantees
that at least one of the nuclei will have more spectator neutrons than our threshold for

consideration, and would generate a lot of redundant data.
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Next, given that the BNL group did not use self-avoidance in their Woods-Saxon sam-
pling (i.e. they considered nucleons to be point-like and with no spatial extent, therefore
allowing them to be within any distance of one another), we wanted to see how much
effect that would have on our data. On that same note, we wanted to see if using the
same deformation parameters used by the BNL team would have any effects. That is,
although marginal, our B, B4, R and a parameters all displayed differences. The param-
eters used for generating their deformed nuclei were R = 6.81 fm, a = 0.55 fm, B, = 0.28
and B4 = 0.093. Using these parameters, we ran our fourth set of IP-Jazma events.

Finally, we wanted to ensure that our deformation software was not at fault and that
the Woods-Saxon sampling procedure was going smoothly. To do so, we set up our two
tinal sets of runs. The first had its deformation parameters B, and B4 set to o, leaving us
to sample those runs with a regular Woods-Saxon distribution. We also wanted to see
what halving f,, the most influential deformation parameter would do to our minimum
bias runs. We therefore set B, = 0.1401 and set the impact parameter range from b = 0
to 8 fm.

It is important to note that, while we will be comparing these events to BNL and STAR
data using scaled multiplicity, Jazma only allows estimates of total energy. Therefore, all
IP-Jazma data presented runs on the assumption that transverse plane energy deposition
and final state multiplicity are intrinsically related.

With this lengthy description out of the way, we can look at our IP-Jazma results.

In figure 28, while some panels look promising, we seem to have exacerbated the
eccentricity variability we were looking to appease. Figures 29 and 30 showcase the use
of the successive binning technique used previously, keeping only the 1% and 0.1% most
energetic events respectively before applying our ZDC cut. Let us analyze these in order.

First, panel A) shows an apparent lack of statistics stemming from the fact that our
impact parameter range is far too broad. Only ~ 40 events out of the 50 0oo events make
it through our cut, and we cannot make a definite statement regarding anything. This
fact is only made worse by our successive binning technique - omitting much-needed
data obviously will not help.

Panel B) shows comparable data to what we obtained in our first full ultra-central

IPG+MUSIC+UrQMD. The successive binning technique gets rid of the most significant
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Figure 28: Eccentricity versus scaled multiplicity for U+U using IP-Jazma at 193 GeV. A)

Minimum-bias run with impact parameter range b = 0 to 20 fm. B) Slightly-biased

run with impact parameter range b = 0 to 8 fm. C) Self-avoidance neglected in Woods-

Saxon sampling procedure. D) No deformation (perfectly symmetric Woods-Saxon

distribution). E) Perfectly reproducing the initial parameters used by the BNL group

[2]. B) Slightly-biased run with impact parameter range b = 0 to 8 fm and B, = 0.1401

(halved).

outliers, which is what we had hoped. However, keeping only the 0.1% most energetic

events is too restrictive in this case.
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Figure 29: Eccentricity versus scaled multiplicity for U+U using IP-Jazma at 193 GeV, using the

1% most energetic events. A) Minimum-bias run with impact parameter range b =
0 to 20 fm. B) Slightly-biased run with impact parameter range b = 0 to 8 fm. C)
Self-avoidance neglected in Woods-Saxon sampling procedure. D) No deformation
(perfectly symmetric Woods-Saxon distribution). E) Perfectly reproducing the initial
parameters used by the BNL group [2]. F) Slightly-biased run with impact parameter
range b = 0 to 8 fm and B> = 0.1401 (halved).

Panel C) shows less variance in eccentricity, and the tails of the distributions in fig-

ure 28 seem to flatten out, which is a great sign. Applying our successive binning

technique gets rid of low-energy data and reveals a bias existing in these events to-
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Figure 30: Eccentricity versus scaled multiplicity for U+U using IP-Jazma at 193 GeV, using the

0.1% most energetic events. A) Minimum-bias run with impact parameter range b =
0 to 20 fm. B) Slightly-biased run with impact parameter range b = 0 to 8 fm. C)
Self-avoidance neglected in Woods-Saxon sampling procedure. D) No deformation
(perfectly symmetric Woods-Saxon distribution). E) Perfectly reproducing the initial
parameters used by the BNL group [2]. F) Slightly-biased run with impact parameter
range b = 0 to 8 fm and B, = 0.1401 (halved).

wards more considerable energies. That is, while the average energy (multiplicity) of

the datasets stands squarely in the middle of our plot, we see much more points to the

right of the average than to the left, meaning that there was a lot more variability in

87



88

RESULTS

the energies generated by these events. This bias is most probably caused by the lack of
self-avoidance, leading to denser nuclei on average. Denser nuclei lead to denser colour
charge distributions, and, in turn, more extreme energy values

Panel D) demonstrates that spherically symmetric, non-deformed Woods-Saxon distri-
butions in geometrically ultra-central collisions produce very small eccentricities, as the
overlap regions tend to be circular. This data is reassuring, as it shows that the Woods-
Saxon sampling, at its base, is not flawed.

Panel E) illustrates high eccentricity values in figure 28, which are surprising given
that this data stems from a perfect reproduction of BNL's initial parameters. However,
the corrections offered by our successive binning techniques do bring the eccentricities
into closer accord with BNL's data.

Finally, F) shows values that are too small, with no crossing towards the data whatso-
ever. While the values are close to BNL's data, they are of the order of the non-deformed
values from panel D) and, while they cannot be discarded outright, do not constitute
proof of anything fishy going on with our or BNL's deformation application.

The final figure, fig. 31, shows the eccentricity against the total number of participants
in a given event. This plot allows for a broader interpretation of results, seeking to verify
the extent of the validity up to peripheral events, and also ensures that generated events
do not go to waste. The panels with few points concentrated at the rightmost end of the
plot are those for which the impact parameter b was o, while those with more substantial
distributions represent datasets with broader impact parameter ranges. It is interesting
to note that the panels showcasing broader impact parameter ranges seem to all have
overshot their purpose. With our impact parameter range as small as b = 0 to 8 fm, we
are still generating many peripheral events, down to as low as ~ 130 total participants,
which is much too peripheral for our purposes.

The main conclusion extracted from these runs is that expanding the impact param-
eter range is beneficial, but conservatism is critical. Given that our full simulations are
computationally and temporally expensive, we should be careful not to overshoot our
impact parameter range and generate large swaths of peripheral events. The benefits
seem to be clear: deformed nuclei can exhibit highly anisotropic and energetic overlap

areas at impact parameters larger than those of spherically symmetric nuclei. While it
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Figure 31: Eccentricity versus total number of participant nucleons for U+U using IP-Jazma at 193
GeV, compared to BNL data [2]. A) Minimum-bias run with impact parameter range
b = 0 to 20 fm. B) Slightly-biased run with impact parameter range b = 0 to 8 fm.
O) Self-avoidance neglected in Woods-Saxon sampling procedure. D) No deformation
(perfectly symmetric Woods-Saxon distribution). E) Perfectly reproducing the initial
parameters used by the BNL group [2]. F) Slightly-biased run with impact parameter
range b = 0 to 8 fm and B, = 0.1401 (halved).

may seem like our deformation procedure is at fault when looking at panels showcasing
non-deformed data, it is essential to note that, concerning our deformed data, the non-
deformed datasets behave as expected. We find lower eccentricities caused by spherical

nuclei at small impact parameters (large number of participants) while climbing more
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rapidly than the BNL data at larger impact parameters (smaller number of participants).
Therefore, the results stemming from non-deformed and less-deformed runs are incon-
clusive as of yet, and warrant a deeper investigation, which is still ongoing.

We are now able to analyze the final results presented in this thesis, stemming from

our most recent runs.

8.5 BIASED RUN

After our endeavours in IP-Jazma, we return to full 2D IPG+MUSIC+UrQMD simula-
tions. Our objectives for this run were to increase the number of events, while also
allowing enough of a gap in impact parameter such that non-trivial initial conditions
could occur within our simulations. Therefore, we settled on 10000 events, with impact
parameter range b = 0 to 4 fm, while all other parameters remained the same as in our
tirst run. While the impact parameter range might seem restrictive, it is motivated by
the fact that most events beyond 4 fm in impact parameter are extremely peripheral, as
shown in figure 31 and explained previously.

We begin by presenting the v, to €, ratio, as was done in the beginning of this chapter.
Figure 32 looks very similar to figure 23. Although the % distribution does look better
in this current iteration, spikes and variability can be found to a similar extent. The
smoothness of the distribution for % might be caused by increased statistics. The fact
that, at these energies, higher harmonics have a harder time forming does remain true,
however, and is apparent in the distribution for %

We look at figure 33, which shows our eccentricity versus scaled multiplicity as com-
pared to BNL's data. Here, we see a net improvement upon the results of figure 25. The
general slope of the points is much more steady, and the tails of our distribution are
much closer to the rest of the data, with the notable exception of the one, error-bar-less
point in the top left, which stems from an extreme outlier in the ~ 300 datapoints making
it through our ZDC cut. Our data, however, is still slightly too high.

Next, we show the elliptical flow harmonics versus scaled multiplicity for the current

dataset. The same progress concerning fig. 26 is made here, which is what we would

expect, given that we now know that both v, and €; are intrinsically linked.
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Figure 32: The event averaged v, in ratio to the event averaged €, for biased U + U events at 193
GeV, with the impact parameter ranging from b = 0 to 4 fm. Similarly to fig. 23, the
low centre of mass energy makes it so that the third and fourth flow harmonics do not

have time to develop as well as the second.

Figure 35 shows our successive binning technique applied to our new dataset. As men-
tioned before, ~ 300 events make it through the ZDC cut alone. That constitutes ~ 3%
of our events and is enough for us to reach statistically significant conclusions. However,
such a small portion of our events, making it through means that our successive binning
technique might not be necessary in this case, even though it is far from a minimally
biased dataset. While panel A) removes the the outlier from figures 33 and 34, it does
not do much beyond that. Both panels B) and C) flatten our data out, but do so at the
expense of statistics and scaled multiplicity range, meaning that our data’s general trend
is harder to extrapolate. However, they are promising in the sense that their points close
to average multiplicity match experimental values very closely.

We end this section €; and €3 plotted versus the number of participants and multi-
plicity, respectively. Starting with figure 36, we the data shown in figures 33 and 35

shown in a different light. That is, we recognize, at the rightmost end, the central colli-
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Figure 33: Eccentricity versus scaled multiplicity for biased U+U events at 193 GeV, with the
impact parameter ranging from b = 0 to 4 fm, compared to BNL data [2].
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Figure 34: Elliptic flow versus scaled multiplicity for biased U+U events at 193 GeV, with the
impact parameter ranging from b = 0 to 4 fm, compared to STAR data [3].
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Figure 35: LEFT COLUMN: Eccentricity versus scaled multiplicity for biased U+U events at 193
GeV, with the impact parameter ranging from b = 0 to 4 fm, compared to BNL data
[2]. RIGHT COLUMN: Elliptic flow versus scaled multiplicity for biased U+U events
at 193 GeV, with the impact parameter ranging from b = 0 to 4 fm, compared to STAR
data [3]. A) 20% most energetic events. B) 10% most energetic events. C) 5% most

energetic events.

sions which we are represented in those figures. We are within the error of the relevant
points. However, going towards more peripheral collisions, we see that our data presents
considerably higher values of eccentricity than what BNL is reporting. In stark contrast,

tigure 37 shows the opposite: our dataset’s triangularities are smaller than those reported
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Figure 36: Eccentricity versus total number of participant nucleons for U+U events at 193 GeV,
with the impact parameter ranging from b = 0 to 4 fm, compared to BNL data [2].
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Figure 37: Triangularity versus multiplicity for U+U events at 193 GeV, with the impact parameter

ranging from b = 0 to 4 fm, compared to BNL data [2].
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by BNL while remaining within error. While these two plots were added to ensure that
all analysis elements were available to the reader, it is important to note that second and
third flow harmonic data was not reported by the STAR collaboration in [3] for periph-
eral collisions. Therefore, BNL's data and trends for these specific plots is not yet verified
by experimental data. Both our and their data, while showing differences, are parts of a

plausible whole.
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CONCLUSION AND FUTURE WORK

In this thesis, we have discussed the motivation for Heavy-Ion Collisions and the un-
derlying theoretical framework in which we study them, with a strong emphasis on the
initial state. In particular, we have provided an in-depth description of the IP-Glasma
model, highlighted its distinguishing features, and some of its phenomenological suc-
cesses. We have also described in detail how we generate deformed nuclei and the ex-
pected effects of using deformed collision systems.

These unusual, asymmetric initial conditions have challenged our ability to describe
established theoretical data and experimental data at /s = 193 GeV. However, in the
span of our work, we have been able to considerably improve our results by the use
of phenomenological and theoretical analysis. By this, we mean that, after an initial
assessment, we were able to use tools based upon the IP-Glasma framework at large
in order to guide our final analysis. The evident lack of experimental data describing
deformed systems makes unbiased analyses tough. However, in this thesis, it allowed us
to showcase the flexibility and applicability of our framework at large. Critical insights
into the role of the impact parameter b, deformation parameters 8, and B4, and that of
the collision energy were realized.

This helped us further the broader goal of proving the existence of QGP, and analyz-
ing its consequences on observables. By generating non-trivial initial state anisotropies,
we were able to produce larger ranges of eccentricities €, which, as we have shown, are
critical to the later properties of the QGP. By generating unique configurations of the
overlap area, we were able to generate values of eccentricity which are usually inacces-
sible when using spherically symmetric nuclei. We have, therefore, been successful in
generating the types of initial conditions which can lead to interesting effects within the

QGP and on end-state observables.
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While this project was a success, its narrow scope means that our search for the effects
of initial state anisotropies on observables remains wide open. We realize that the data
presented and the conclusions reached are only partial, and our analysis must be deep-
ened. For this, we believe that increasing statistics on our final runs could be helpful. We
also believe that a full minimum bias dataset could be an exciting addition, as it would
allow for a more intelligent analysis of the effects of deformed nuclei on observables.
By focusing entirely on central (as determined by a ZDC) collisions, we might be losing
insights by overlooking peripheral events, which could hold the key to the specific ef-
fects of deformed nuclei and initial state anisotropies at large on end-state observables.
The end goal will be to generate data using a 3+1D simulation, which will provide more
detailed calculations of important quantities at hand, such as longitudinal flow. We also

hope to have considerably more experimental data in the near future.
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APPENDIX: CALCULATIONS AND USEFUL
QUANTITIES






COORDINATES & IMPORTANT
CALCULATIONS

Here, we give a quick reference guide which can be useful to conceive of the sometimes
odd T — 1 coordinate system, as well as a key calculation in said coordinate system. We

also show how calculations of the flow harmonics v, are done in this thesis.

A.1 LIGHT-CONE COORDINATES

In light-cone coordinates, we mix beam-axis coordinates (z) with temporal coordinates ¢
to obtain a sensible way of analyzing heavy-ion collisions. Using typical cartesian coor-
dinates would lead to multiple complications. The most easy of these to conceive of is
the velocity with which each part of our system is moving. Therefore, looking at these
collisions in a fixed system of with coordinates (x,y,z,t) would force us into analyzing
huge, constantly expanding volumes, even on the relatively small timescales at which
these events occur. Therefore, we use rapidity coordinates in order to constantly move
with specific parts of our coordinate system which are going at specific speeds relative

to the speed of light. Let us start our descriptions, then, with

xt = % (t+2z) (A1)

x* trace the light-cone from the origin onwards, and are used to track our nuclei in

the CGC framework. We can write quantities such as momentum in the same way,

pt =5 (E£p?) (A.2)

Very important definitions within this coordinate system include the proper time T,
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T = /t?2 — 72 (A.3)

and spacetime rapidity,

In (H£) (A.4)

Nl—

17:

which can both be written in terms of x= if one uses

x-y=xy +xyt—xy, (A.5)
=T=Vvxtx™ (A.6)
== %ln (;‘—j) (A.7)

where equation A 5 is the dot product of two vectors. We use proper time 7 to evolve
our system, because it puts us in the reference frame of the moving particles which are

experiencing all of this. By way of a simple trick, we can find

T=vVPR_22=t 1—(%)2:t\/1—v§:£ (A.8)

Y

where 7 is the Lorentz factor. One can also solve equations A.3 and A.4 to find

t =7tcoshy =3 (xt+x7) (A.9)
z=r1sinhy =1 (xT —x7) (A.10)

It is clear, however, that we are working with 3 different coordinate systems, which,
even though they are related, can lead to complications. We explicitly define their respec-

tive metrics in order to avoid any confusion, and possibly to save the reader a headache:
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01 O 0
1 0 O 0
g (xT,x7) = (A.11)
00 -1 0
00 0 -1
1 0 0 0
0 -1 0 0
S (T, 1) = (A.12)
0O 0 -1 0
0 0 0 -—712
1 0 0 0
0O -1 0 0
guv(t, x,y,2) = (A.13)
0O 0 -1 0
0 O 0 -1

where one recognizes, in gw,(t, x,y,z), the regular Minkowski metric, given as refer-

ence. One can change between these metrics by applying the standard

dx# axV
8up = Ix® 9B (A.14)

A.2 CLASSICAL YANG-MILLS FIELD STRENGTH AND EOMS

This section outlines selected detailed steps towards recovering the field strength tensor
and equations of motion in T — 7 coordinates. We will skip over details already presented
in chapter 4, and how tricky steps that were overlooked. Let us start.

Take the tensor in light cone coordinates and the ansatz as described in chapter 4, and

substituting the latter into the former
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Fi* = 9IA* — 0= Al — ig [Al, A*]
AT = £xFa (x,71)
Al=d (x,,7)
— F# =9 (£xFa) — 0Fa!, —ig [l £xFa]
F'* =9 (£xFa) — ger0%al, —ig [0, £xTa]
= F* =0 (£xFa) — o¢a!, —ig [l , £xFa]
Use the chain rule to expand into T — # coordinates
[F = +xF9ln — g—;afal —ig [l , £xta]
= F'* = +x* (o'a —ig [l ,a]) — ai—&ami

and remark that

oT d

_ Foo
oxF  oxT 2xtx =

N =
N
=
_|_
=
I
,\]

which leaves us with equation 4.37, or

it = _x* (:F [Di,zx} + %aml)

For pure light-cone gauge fields and components, we have

Fr—=—F+t=0tA"—9 At —ig[AT,A ] =0TA~ —9 AT

[AT,A7] = [xTa, —x"a] = —xTx " [a,a] =0

= F~ =0" (—x"a)— 9~ (xTa)

= ai—r_ r(—x"a) — ai—ﬂaf (xta)

= %87 (—x ) — £0; (xTa)

_ooxxty L oxt T oxxty o oxT T
T T T xt T T T x~

= —2x713‘+ o0 — 2

= Lo, (%)

(A.15)
(A.16)

(A.17)
(A.18)

(A.19)
(A.20)

(A.21)
(A.22)

(A.23)

(A.24)

(A.25)
(A.26)

(A.27)
(A.28)

(A.29)
(A.30)
(A.31)
(A.32)



A.2 CLASSICAL YANG-MILLS FIELD STRENGTH AND EOMS

where we have used the partial derivative relation between light-cone coordinates and
T — 17 coordinates.

Now, for the EOMs, we start with

[Dy, F**] =0 (A33)
o0_Ft —ig[At,F~ "]+ [D;, F] =0 (A.34)

which, once converted to T — 17 coordinates, becomes

aﬁ(—EaT (%BT (T2IX)> —ig [x*tx,%af (Tzoc)} + [D,', —xt (— D, o] + %aﬂxiﬂ =(A.35)
<= {0r (100 (t2) ) — ig [«,9c (v2)] + 7 [Dy, [D',a]] = [Dy,9cal, ]} =0 (A36)

Dividing out the % factor, carrying out the T derivative in the second term and raising

the index on the first covariant derivative in the third term,

9c (L0c (%)) — ig7? i, 0ca] — 7 [DV, [D,a]] — [Dy0ee ] =0 (A37)

We can follow the same procedure in the x~ direction, and add and subtract these
solutions as described in chapter 4. We are left with the last Classical Yang-Mills to

solve:

[D,, F¥] = [Dy,F™] + [D_,F~'] + [Dj, F'] =0 (A.38)

Plug in the field strength components:

0. (x+ (— [Di,zx} + %8%1)) —ig {—x‘zx, xt (— [Di,uc] + %aflxiﬂ (A.39)
+0_ (x_ ([Di, oc} + %afzxi)) —ig [x*tx,x_ ([Di, oc} + %afai)] + [Dj, Fﬁ} =0
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Applying the derivatives:

ox+t
—ig {—x_uc, xt (— [Di,zx} + %afai)]
+ [Di, oc] + %aftxi + x_;i—T_af ([Di,oc] + %aﬂxi)
—ig [xﬂx,x_ ([Di,tx] + %aﬂxiﬂ - [Dj,Pji] =0

Which we can simplify to

— [Di,oc] + %Bfoci +xt ot o <— [Di,zx] + %E)Toci) (A.40)

290, + 29%*& (%%oci) —2igxtx~ [a, [D},a]] — [D/,F/] =0 (A.41)
290! + 70, (%BTMJ —igt? [, [D',a]] — [DI,FI'] =0 (A.42)
= %af’carzxi —igt? [, [D',a]] — [DI,FI'] =0 (A.43)

We now have derived the field strength tensor and EOMs of the classical Yang-Mills

tield in more detail than in chapter 4.

A3 DETERMINING ROOTS

As outlined in section 7.1, the determination of the saturation scale is dependent upon

finding the roots to

f(r) = 2”—]\1720@ (1?) xg (x,u®) T(b) — 3 =0 (A.44)

To do this, we use Brent’s method, a root-finding algorithm that combines several
simpler methods, namely the bisection model, secant method, and inverse quadratic
interpolation. This provides quick and reliable solutions to our equations. In the case of
our saturation scale, the root in r give the saturation scale, because Q2 = r% In order
to solve this problem, Brent’s method begins with the bisection method to isolate the
root. Taking an initial guess for r, to be the average squared gluon radius of the proton,

Bg = 4.0GeV?, and then searching for a place where the value of f(r) changes sign, i.e.



A4 SCALAR PRODUCT METHOD

f(a)f(b) < 0 for two points a and b, will allow us to utilize the bisection method. For
a continuous function, a change in sign guarantees a root between the two points with
differing signs, mirroring the intermediate value theorem. We will call the current guess
b and the guess for which the sign changes a such that [4, b] contains the solution, and
require that |f(b)| < |f(a)|, meaning if this condition is not met, we swap a and b. Thus
b is regarded as the better approximation and a third point, ¢, is initialized by setting
¢ = a. Now that the solution is bracketed, we check at each iteration whether f(b) = 0
or a—b < 6, where ¢ is the tolerance that we set for the solution. If either condition
is satisfied, b is the approximate solution and the process is complete. Otherwise, the
method determines a new trial point V' in the following way: If f(a) # f(c) and f(b) #
f(c), b is determined using inverse quadratic interpolation

. af(b)f(0) bf(a)£(0) (@) (b)
b= toronGa 7o) T TOFa e o) T TOFa)GeFm) (A4

Otherwise, b’ is determined by linear interpolation

_ af(b)=bf(a)
v = L (A.46)

The method maintains values of a,b, and c that satisfy the following conditions at each

iteration:
e b#£c

e f(b)f(c) < 0 such that the solution lies in the interval (a,c) if f is continuous

|f(b)| < f(c) such that b is a better approximate solution than ¢

either a # b and a # ¢, or a = ¢ and a and is the previous value of b

At this point, a relatively complicated set of conditions determines whether to proceed
by bisection or interpolation. The method iterates until a zero is found or the procedure
converges. Brent’s method is robust, fast, and reliable, and allows us to accurately solve

for our saturation scales.

A.4 SCALAR PRODUCT METHOD

There are various methods and definitions for calculating flow harmonics. The method

employed for the plots shown in this thesis is known as the scalar product method and
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is outlined briefly here. For a more in depth discussion see [38]. First defining the event

flow as

Qu = |Qul e = & ¥ e (A.47)

Then, as is done in the event plane method, one can define particles of interest as, for
example, identified particles in a small pr range and their corresponding flow vector as
Qy. Then v, is determined by correlating the particles of interest to two different groups
of particles, known as sub-events and denoted by A and B, in a wide pr range with flow

vectors Q, 4, and Q,p, respectively. The expression is

(QuQ;4)

on{SP} = (QuaQss)

(A.48)

where the name scalar product comes from this definition. This expression assumes
that v, does not fluctuate event to event, an assumption we know not to be true. In the
case of of event-by-event fluctuations in v,, event averages are taken in two steps: first
averaging over events with the same v, and then averaging over v, bins. Doing so for

equation (7.13) and using the following two definitions

(QuQia) o, = (Que™ )y, (Quae™™)y,, = vnvna (A.49)
(QuaQsiB) |0, = Via (A.50)

we can calculate the scalar product result for the fluctuating case,

0.{SP} = ﬁ NG (A.51)

The scalar product method does not include any experimental detector specific prop

erties and thus allows for an easy comparison between theory and experiment.



RELEVANT QUANTITIES

This can serve as a quick refresher for the reader who has not seen or done calculations

in field theories, and QCD in particular, in a long time.

B.1

ELEMENTS OF THE STRESS-ENERGY TENSOR ON THE LATTICE

Here, we explicitly add the various elements of the stress-energy tensor on the lattice

which were omitted from section 6.3. Their derivations follow the a few differential

equations which are solved iteratively on the lattice, and are quite tedious, yet intuitive.

1
_ Y t t + t
TF = Tr [—in (uy,l-uxwuy,i et — Uil Ul Ut (B.1)
1 . . 1
_ﬁ trace —l—u;/lfﬁ Uy’i_f xli_£+?u]}-,i - Uyll leifﬁw uyllfﬁ ux,i_j - ﬁ trace
Cc C

1
oY ) Tt t _ L gt t -
- lEi—f—)? (uy,z—i-y?ux,1+x+yuy,i+23?ux,i+£ ux,z—l—xuy,1+2xux,i+£+yuy,i+£ N, trace
1
t t t t
Uy iUy, ilivgUy iy — Uy ipeUy i Uy Ui — N, trace
— o (U..0.. .U . —ut. U s
70 ( Ui 2 Uy xi—2Pi-2Uxi—z
o (Uit Ut —Uut. e U e
i+y x,z+y¢1+x+y x,i47 x,z—£+g¢l—x+y xXi—X+y

t t
—Tlit% (ux,i+2?¢i+29?ux,i+a? - ux,ifl’iux,i)

t t
—TTit 54y (ux,i+ﬁ+94’i+2ﬁ+ﬁux,i+f+9 - ux,i+9¢i+yux,i+y>}
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1 . 1
T =T [—zEf (ux,iuy,iﬂu;l Uy = Uyl iy Uy iy cUT — N trace (B.2)
t + t 1
+uyl yux/liguyl erxu u uyl y+xuxl yUy’lfy\ - ﬁc trace

T t t
—iEfyy <Ux,i+yuy,i+y+fUx,i+zguy,i+y = Uy iigUnisagUyieagUi g — 3 trace

1
—I—U;,i Uy, illyitz U; ity — Ux lerll;r ; HU; iUy i N trace)

— 7T (uy,i¢i+9 y,z y¢1 -7 yl 3/)

.l._
- 7Ti+3?< y,i+£¢i+£+? y1+x -u yi— y+£¢i—9+ﬁuy,i—9+f>
— Ty (Uy,i+y4’i+zyuy,i+yf — Uy uw‘)

t t
— Tit#tg <uy,i+£+§¢i+29+fuy,i+;e+g - uy,i+gecpi+9?uy,i+a?)

TT77 — %TI‘ |:Elx < xz(Pl—l—x xl (P1> 1-‘,—yA< xi+j¢i+£+y XH-]/ (Pi+9) (B3)
+E! (Uy,i¢i+yu;,i - <Pi) +EL ( Uyivsivargly e <Pi+aeﬂ
1

xy 2 t Y +
Ti = FTI' |:—g <Elx + Uy, El—|—yu > <E1 + ux,l'EZ'-‘rﬁux,i) (B4)

+ (ux,i¢i+xu;,i - 4’1) ( yz47z+y ‘Pl)

+ Uy (Ui g g s A)u*.<u ¢ Au+-—4>->
Y1 XJA+YTi+xX+y szry 1+ y,i Yyi1vit+x y,i 1

+ ( x1¢z+x xz 47z> ( y,i+£¢i+ﬁ+9 y,z+x ¢z+x>

—i—Uy,i( '+g¢i+£+yulz+y ¢i+y> u;,iux,i( i+ i+ﬁ+y y,z—l—x ‘Pz+x> }

2 8
Tixn - 2 Ir {4 [Ex (7[1 + Uy, it 2 Uy 1) T EH—y (ni+9 + ux'i+9ni+£+yu’t’i+y>}

1 t t t t 1
8 Kux,iuy,,-ﬂu“ rgl = Uy ileigUy U — 3 trace

1
FUUS ;o US Ui o — UL, xuy,i_,eux,i_wu;,i—Etrace) (Uy,i¢i+9u;,i—c,bi>

1
+ (Uy,ierU;l +yu;,u u;iuy,iuxwu}jl TN — trace

1
t t t
+ux,i+9? uy,i+2x uy 1—|—x+yux i+x uy,iJra? uy,iJrJ?Jr]J ux 428 ux J+E T Nc trace)
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B.2 su(3)

2
T = 2 Tr {% [Ezy (7Ti + Uy,iﬂi+?u;,i> +E/ (ﬂl‘rf + Uyli”ni“”?u;fi”)}
1 t t f ro
4 @ |:(uy,i uxll.erA uy,i—l—)? ux,i — Ux,i uy,iJrf ux,l-_,_y uy,i - ﬁc trace

Yi+—7x,i—1 yi—7 XN,

1
U GUT o UT Uy g —UT Uy gUyi e Ut — —trace) (ux,igbiﬁu;i—cp,-)

X

t gt t +
+ <Ux,i+12uy,z‘+ae U, iUy,i — Uy ;U iUy i 2 Uy g — 1o trace

1
+ t + t
FUyigUsitagUy i eagUnivg — UnirgUyivergUsivopUying = 3¢ trace)

.I.
(ux,i+y4’i+£+9ux,i+y - ¢i+g>

B2 SU(3)

SU(3) stands for the group of 3 x 3 special unitary matrices generated by

[Ta, Tb} — ifabcTc

(B.7)

where T% are group elements of SU(3) and f*¢ are SU(3) structure constants. The

generators are normalized to obey

Tr [TT] = $0a

(B.8)

The number of generators for SU(3) is 32 — 1 = 8, which, in physics corresponds to

the 3 distinct colour charges. The SU(3) in nuclear physics are sometimes called the

Gell-Mann matrices, and their normalization condition is

Tr [t7t0] = 25,

(B.9)
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B3 GAMMA MATRICES

The gamma matrices y# act on spinors and come in a variety of representations. Their
defining feature is the Clifford algebra that they obey, namely the anti-commutation

relation

{7, v} =2y (B.10)

where u,v = 0,1,2,3. The simplest representation of the gamma (Dirac) matrices are
4 x 4 matrices, meaning there is no such representation in 3 x 3 or smaller matrices. We

generally use

0 01
Y= (B.11)
10
0 0 o
Y = ’ (B.12)
—c 0

where ¢* are the Pauli matrices.
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