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”How often have I said to you that when you have eliminated the

impossible whatever remains, however improbable, must be the truth?”

—Sherlock Holmes, The Sign of the Four, Chapter VI
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Chapter 1: Introduction

1.1 The Standard Model of Particle Physics

The Standard Model (SM) of particle physics is a theory describing the elementary particles
of matter, calledermions and those that mediate the forces that govern these particles, called
gauge bosonslo be elementary, a particle cannot be comprised of other SM particles. A fermion
is a type of subatomic particle with a half-integer spin and a boson is one with an integer spin.
A gauge boson is a spib-bosonic particle that mediates one of the fundamental forces of the
universe: the strong force, mediated by the glugh the weak force, mediated by thNg¢ and
Z° bosons, and the electromagnetic (EM) force, mediated by the phojorRelevant details
concerning the gauge bosons can be found in Table 1.1. Gravity's potential incorporation into the

SM will not be discussed in this thesis.

Table 1.1: Table of Gauge Bosons and Their Physical Properties [1].

Gauge Boson  Interaction Theory Mass (GeVé#?)
gluon (g9) strong gquantum chromodynamics (QCD) 0
w ,2° weak guantum avordynamics (QFD)| 80.377 0.012,

91.1876 0.0021

photon () | electromagnetic quantum electrodynamics (QED) 0




The fermions in the SM are spit=2 particles categorized by their interactions with the
strong force. Fermions that interact via the strong force are cgliagks A single quark can
have an electric charge #2=3or 1=3and come in six different types avors (see Table 1.2).
All fermions in the SM can interact with the weak force, and those that are electrically charged
can interact with the electromagnetic force, but quarks and gluons have a unique property called

color charge which will be expanded upon in Sect. 1.1.1.

Table 1.2: Table of the Six Quark Flavors and Their Physical Properties [1].

Flavor | Symbol | Charge €) | Mass (MeV£?)
up u +2/3 2.16%%¢
down d -1/3 4.67913
strange| s -1/3 93.4%:%
charm c +2/3 1270 20
bottom b -1/3 4180°%)
top t +2/3 172690 300

Fermions that do not interact via the strong force are cadiptbns Leptons can be further
separated into two categories: those that are charged, calledeitteon(e ), the muon( ),
and thetau (), and those that are electrically neutral, collectively catiedtrinos There are
three neutrinos to mirror their charged counterpartsetaetron neutrind ¢), themuon neutrino
(), and thetau neutrino( ). Table 1.3 lists the six leptons with their corresponding physical
properties. A single neutrino rarely interacts with other particles, making measurements of their

mass dif cult. Also, whereas the quarks and other leptons only change avor via interactions with
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theW™ orW bosons, neutrinos can change avor in a process calillation This implies
that neutrinos exist in a superposition of the three leptonic avor states, potentially answering a

longtime question that neutrinos do in fact have mass.

Table 1.3: Table of Leptons and Their Physical Properties [1].

Flavor Symbol | Charge ¢) Mass (MeV£?)
electron e -1 0.51099895000 0.00000000015
muon -1 105.6583755 0.0000023
tau -1 1776.86 0.12
electron neutring e 0 < 0.000225
muon neutrino 0 < 0.19
tau neutrino 0 < 182

Another important aspect of the SM is the existencargfmatter The rst mathematical
formulation for antimatter was determined by Paul Dirac in 1928 as a relativistic variation on the

Schibdinger equation called the Dirac equation:

(i~ @ mc) (x)=0: (1.1)

Here,relativisticimplies considerations of Albert Einstein's Special Theory of Relativity. Matter
particles differ from their antimatter counterparts by having opposite quantum properties, such as
electric charge and spin, while maintaining the same mass as their counterpart. Matter-antimatter
pairs come about through a process catlezhtionor pair production where energy is converted

to mass viaE = mc?. The opposite process, where a particle and its anti-particle convert to
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pure energy, is callednnihilation Fermions that have a distinct antimatter partner are referred

to asDirac fermionssince they obey the Dirac equation, whereas particles that are their own anti-
particle are calledMajorana fermions Only neutral fermions can be Majorana particles, which
would apply to neutrinos, however, this is still an active area of research and will not be explored
in this thesis. Although some gauge bosons, such as the photon, are their own anti-particle, the
term 'Majorana’ is not used since the distinction only applies to fermions.

The mathematical formulation of the SM is the Standard Model Lagrangian X
1 : , o
Lsw = ZF F +i D + 3y; ; +hec+jD jJ© V() (1.2)

The rst term ( %F F ) describes the three fundamental forces and how they self-interact,
whereF andF are the eld-strength tensors with indices from 0to 3. The second term

(i D )describes how the fermions interact with those forces via the gauge bosonsj vehbee
imaginary unit equal t(g) ~ 1, and represent the fermion and conjugate elds, respectively,
andD is the covariant derivative written in Feynman slash notation to denote it acting on various
different elds. The third term (;y; ; + h:c:) describes how quark and lepton elds interact
with theHiggs bosoneld ( ), resulting in each particle’s mass from the Yukawa coupligsf
generation indicesj . Until now, the Higgs boson has not been discussed due to lack of relevance
to this thesis, but in brief, the Higgs isaalar bosordistinct from the previously described gauge
bosons in that it has a spin of zero. The Higgs boson was predicted by the late Peter Higgs in 1964
and was experimentally veri ed in 2012 [2]. THnec: part of the third term in Eqn. 1.2 represents

a short-hand for the Hermitian conjugate and accounts for antimatter considerations. The fourth

term (D j?) describes how the Higgs boson interacts with the three fundamental forces, with



jD being the covariant derivative of indexacting on Higgs eld. Lastly, the fth and nal term

( V( )) describes how the Higgs boson interacts with itself, referred to as the Higgs potential.
The expanded sy for all 3 fundamental forces independently can be found in Appendix A.
While physics beyond the SM is an active area of research, ¢gheis widely accepted in the

eld as the best model of the universe in conjunction with Albert Einstein's General Theory of

Relativity (GR).

1.1.1 Quantum Chromodynamics

The nucleons (protons and neutrons) comprising atomic nuclei are themselves made up of
partons a collective term for the quarks and gluons in nuclear ma@iaantum Chromodynamics
(QCD) is the theory that describes how quarks and gluons interact with one another. Since quarks
are fermions, they are subject to the Pauli exclusion principle, which states that no two fermions
in the same quantum system can exist in the same quantum state. However, while the valence
quarks of the proton and neutron ared and udd, respectively, other particles comprised of
these sam8 avored quarks were discovered. To avoid violating the Pauli exclusion principle on
paper, a new quantum property was proposed by University of Maryland physics professor Oscar
Greenberg in 1964. The quarks and gluons are conceptualized as baldngharge consisting
of red (R), green(G), andblue(B) [3,4]. Color charge is a charge triplet state, makids, and
B three distinct types of charges, as opposed to the charge singlet found in the EM force which
leads to only one kind of electric charge. Antimatter particles in the EM force have opposite
electric charge to their matter partners, thus the antimatter particles of quarks acaitpcarks

would have opposite color chargesaoftired (R), antigreen(G), andantiblue(B).



Figure 1.1: A Feynman Diagram depicting the exchange BRagluon between a quark of
color chargeB and ad quark of color chargdR in a proton. This results in the two quarks
swapping their color charges [5].

The gluons in QCD have a unique property distinguishing them from their EM counterpart,
the photon. Whereas photons mediate the EM force, but do not participate in it (i.e., photons have
no electric charge), gluons mediate the strong force but also participate. Each gluon carries some
combination of color and anti-color charge, allowing them to attract or repel quarks, antiquarks,
as well as other gluons. The mathematics that governs Q@@ntum Field TheoryQFT),
predicts that for three colors and three anti-colors, there are eight distinct gluon states according
to the Gell-Mann matrices. It is the exchange of gluons that changes the (anti)color charge of
(anti)quarks (see Fig. 1.1). This results in bound systems of quarks baltkdns Hadrons are
further categorized according to their quark makeup, with quark-antiquark pairs oaechs
and groups of three quarks calledryons In Quantum Electrodynamic®ED), the theory
describing the EM force, electric charge and its anti-charge (each somewhat arbitrarily labeled
positiveor negative cancel out to be electrically neutral. In QCD, hadrons are color neutral or
have awhitecolor charge, either by a color with its anti-color, as with mesons, or the three unique

(anti)colors together, as with (anti)baryons. Unlike in EM interactions where the strength of the



interaction decreases with the square of the distance, as the distance between quarks increases, so
too does the strength of the interaction between them [4]. The energy required to separate a single
guark from a hadron exceeds the pair-production energy for a quark-antiquark couple, rendering
single-quark isolation impossible in this way [6]. The principle of quarks being forced into color
white hadrons is known alor con nement It should be noted that these colors have nothing to

do with visible light and are at best a book-keeping method for balancing quarks within hadrons.

In his 1985 book “QED: The Strange Theory of Light and Matter,” Richard Feynman referred to

the creators of the color con nement theory as “idiots” for choosing such a confusing name [7].

1.2 Relativistic Kinematics

In high energy collisions, elementary particles interact via the exchange of virtual gauge
bosons in hard scattering processes. Heeagd refers to a relatively large momentum transfer
between particles. Due to the high kinetic energy, and therefore high momentum, of the colliding
particles, Special Relativity must be considered. Moving forward, momentum will be de ned as
afour-momentunp = (p°; pt; p?; p3), where the superscripts are not exponents, but designations

of the four dimensions a$pacetime(ct; x; y; z). This gives the equation for four-momentum as:
E . . . .
p: E’pxipwpz ’ (13)

wherep’ = E=cre ects the particle's total relativistic energh,.
Consider two colliding particles of four-momentymnandp,. Figure 1.2 shows a kinematic
diagram for two such particles. De ning; as moving in the positive direction, the four-

momenta of the particles becormpe= (E;;0;0;E;) andp, = (E;0;0; E,). Particlep, has
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P4

P1 P2

Ps

Figure 1.2: A kinematic diagram showing two colliding particles of 4-momemitand p,
scattering at an angle and with outgoing 4-momentpgg and p,, respectively, in the center-
of-mass (CM) frame.

a negativep, = E, because it is moving in the negativedirection. This is useful, as the
incoming particles therefore have wroor y directional considerations, and thus no angulay (
considerations. Here, the speed of lightas been given arbitrary units setting its valué.to

The Mandelstam variables is de ned such that momentum transfer between particles is

conserved in relativistic kinematics:

s=(pL+ P2)° = (ps+ pa)™ (1.4)

Expanding thes variable in terms o, andp, givess = (p1+ p2)2 = P2+ ps+2(p1 P2).
When squaring a four-vector, the resulpisp= p° p° p* pt p?> p> p° pd therefore
squaring the four-momentagive$= E? 0 0 E2=0andp3=E> 0 0 ( E?=0.
This means the Mandelstam varialleeduces t@(p; p.). Multiplying the two four-momenta
together givep, po= E:E, O 0 ( E;E,) =2E.E,, thuss=4E,E,. Inthe center-of-
mass (CM) frame, the total ener@ty is simply the sum of the energies of the two incoming

particles Ecy = E; + E»), and since the particles have the same energy in this reference frame



(E = E; = E,), the Mandelstam variabkecan be rewritten in terms of the total CM energy:

_p p p 49—
Ps= 4E.E,= 4E2= (2E)2= E2, = Ecum: (1.5)
In the elds of particle and nuclear physics, itis common to report the CM energy per nucleon of
S
a collision,” Syn :

Ps

p—
= p—: 1.6
SNN pm (1.6)

In the title of this thesis, thg Syn = 5:02TeV means that for a symmetric collision of two Pb
nuclei both of mass numbér, = A, = 208, the total CM energy is divided by 208 to obtain the

5:02TeV value.

1.2.1 Transverse Momentum

It is practical when studying particle collisions to categorize effects due to the beams
themselves (correlated to the beam momeniynyersus those effects due to physics occurring
as a result of the collisions. These collisional effects would correlate o taedp, components
of the four-momenta. This allows for the de nition ot@nsverse momentufpr ) perpendicular
to the beam axis. Detected particles with Ipyvare therefore associated with effects due to the
beam particles, whereas detected particles of highesre associated with outgoing particles
created in the collision with anglerelative to the lab framg-axis. Figure 1.3 shows a graphical
representation of how transverse momentum relates tp,thadp, basis vectors.

Transformation between Cartesian momentum space coord{ipgigs) to coordinates in



Figure 1.3: Transverse momentum vector of a particle with angtethe x,y) plane.

(pr; ) is achieved using a Jacobian matrix:

@ @ cos pr sin
@pri ) @p @p sin pcos
@p @
and nding the Jacobian determinant of Egn. 1.7 yields:
det(J(pr; )= prcog  ( prsin® )= pr: (1.8)
Therefore, partial derivatives with respectgoandp, can be represented as:
@p@p= pr@p@ : (1.9)

This relationship will become important later, as Eqn. 1.9 will be utilized in Sect. 1.4.
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1.2.2 Rapidity and Pseudorapidity

Traditionally, a constant velocity is calculated as the slope of a position vs. time plot.
However, there is no reason this has to be the case. Changes in position over time can also be

related by the angle of the velocity vect®) o the time axis, as seen in Fig. 1.4.

AX AX

] N

() (b)

Figure 1.4: A graphical comparison of velocity de nitions relative to (a) the sthpedt, and (b)
the angle , in the(x;t) plane.

Y

Here, alow angle corresponds to moving only in time and not in space, i.e., remaining stationary,
while a = 90 corresponds to movement only in space but not in time, i.e., instantaneous
teleportation. This allows velocity to be rewritten in terms of this angle such%)téat tan

According to General Relativity, three-dimensional spécey/; z) and one-dimensional
time (t) exist as one four-dimension@t; x; y; z) spacetime system (see Sect. 1.2), which allows
for the curvature of a coordinate system in the presence of a source of high energy density that
is perceived as gravity. This means traditional trigonometry, based on Euclidean geometry in

a at spacetime, must be replaced with hyperbolic trigonometry, giving a relativistic velocity

é = % = tanh w, where the anglev is called therapidity, tanh is the hyperbolic tangent
function, andc is the speed of light in a vacuum. As! c, tanhw ! 1, which means the
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Figure 1.5: A spacetime diagram with asymptotes of

rapidity! 1 . This de nes the limit of velocity, as no rapidity angle can ever give a value
of jvj > c. A spacetime diagram is shown in Fig. 1.5. Notice the axes have been ipped, as is
convention.

At speeds within the Newtonian limit of GR such that relativistic effects are negligible,
velocities are additive. However, a true sum of rapidities is calculated byatite sum of

arguments identity:

tanhw; +tanh w,
1 +tanh wy tanhw,

tanh(w, + wy) = (1.10)

Using thetanh w in terms of relativistic velocity, these terms can be rewritten wiemé w,; =
v=cis the velocity of some coordinate systetanhw, = ul=cis the linear velocity of an object
within that coordinate system, andnh(w; + w,) = uy=cis the linear velocity of the object

relative to a stationary observer. Substituting these into Eqn. 1.10 yields the traditional relativistic
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velocity-addition formula:

v+ ud
v’
C2

In the elds of nuclear and particle physics, rapidity is typically represented with the

Uy = (1.11)

1+

variabley and is represented as a function of energy and momentum [8]. The hyperbolic equivalent
. 1 1+ . , :

of the arctangenfartanh, can be written aartanh (x) = > In ﬁ for jxj < 1. Using this

relationship, a rapidity in terms of energy and momentum can be derived by using hyperbolic

cosine and sinegsoshandsinh, respectively, and invoking the relationshipssh(artanhx) =

1 . L
p——— andsinh(artanhx) = pX: both forjxj < 1.
1 x? 1 x?
Y 1
coshfy) = cosh artanh(—: = b= (1.12)
v
1 R
c?
sinh artanh% = rv;cz: ; (1.13)
v
L e

where is the Lorentz factor and = v=c Three-momenturjpj = ( px; py; p,)) and relativistic
energy argpj = mjvj andE = mc?, respectively, anjyvj is the3D velocity vector. These
can be rewritten in terms afoshandsinh such thate = mc? coshy andjpj = mjvj coshy.
The velocity vector in the three-momentum de nition can be rewrittefpass mc coshy =

mcsinhy. Finally, a ratio of three-momentum and energy can be written in terms of rapidity:

jpj _ mcsinhy 1 )
E - mcZcoshy Ctanhy, (1.14)
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y = artanh (1.15)

jpjc _ 1
£ —2In

In particle colliders such as the LHC, the three-momentum is rede ned to be parallel to the

z-axis in the beam direction, which yields:

E + p,C
E p.cC

y = %In (1.16)

Equation 1.16 is equivalent to Eqn. 1.15 if the angle between the vector aeatkis is zero

(pz = jpj cos ):

1 E + p,C 1 E + jpjccos 1 1+ cos
= -In =N ——M— =-In ——— ; 1.17
y 2 E p.c 2 E | pjccos 2 1 cos ( )
where = % = ”)?JC In the ultra-relativistic limitasy ! ¢, ! 1, thus allowing for the
determination of gseudorapidityeta, ) such that:
1 1+cos 1
=ZIn ——— =ZlIn 2 _ = In tan = 1.1
2" T cos 2" O 3 tan (1.18)

It is clear from Egn. 1.18 that the advantage to using pseudorapidity over rapidity isahgt

depends on a particle's angle relative to the beam axis, thus making it simpler to determine

experimentally. Since the momentum depends on the particle's identity, it is not possible to use

rapidity when the particle is not identi ed, makinga reasonable substitute. The particle physics

community somewhat loosely use the temmsl-rapidityto refer toj j < 2, forward rapidityfor

values of] j > 3closer to the beamline, anebry forward rapidityfor values of] j > 5. If the
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distinction is necessarpackwardrefers exclusively to direction < 0.

1.3 Heavy lon Collisions

The theory of color con nement from Sect. 1.1.1 suggests that as quarks are pushed closer
together, the strong force between them should decrease. Under the intense temperatures and
pressures achieved during ultra-relativistic particle collisions, these conditions cause the protons
and neutrons to melt into one another and allow the quarks and gluons to become decon ned,
behaving as asymptotically free particles [4]. This hot, dense collection of decon ned quarks
and gluons is referred to @uark Gluon PlasmdQGP), which is a state of hadronic matter
predicted to model the conditions of the early universe microseconds after the Big Bang [9].
Although use of the terrmelt may seem strange, it is not entirely inappropriate. Calculations
from String Theory have modeled QGP using the anti-de Sitter/conformal eld theory (AdS/CFT)
correspondence, which describes the interactions of particles approximating quarks and gluons.
The model shows that the ratio of the shear viscosify 1o the volume density of entropysy)

has a universal value [10]:

~

A 6:08 10 ®*K s: 1.19
S¢ 4kp (1.19)

Researchers argue that this is the lowest bound on the ratiy for a wide class of thermal
guantum eld theories [10]. This is positive news for QGP research, as it is a strongly interacting
system where reliable theoretical estimates of the viscosity are not available, with estimates
showing that QGP behaves in many respects as a droplet of a liquid [10]. There is experimental

evidence that the viscosity of the QGP at temperatures achieved using the Relativistic Heavy
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Figure 1.6: Phase diagram of nuclear matter and the facilities that can measure the phase
transition [11]. No changes were made. (License: CC-BY-4.0)

lon Collider (RHIC) at Brookhaven National Laboratory (BNL) on Long Island, New York is
surprisingly small, possibly approaching the viscosity lower bound [10]. Figure 1.6 shows phase
transition for nuclear matter under various temperature and baryon density conditions.

The study of QGP, also call€guark Matter has been at the forefront of recent particle and
nuclear physics research, speci cally in Heavy lon (HI) Physics, where bare atomic nuclei (those
fully stripped of their electrons) are accelerated to velocities approaching the speed of light.
However, due to Lorentz length contraction, the nuclei, traditionally modeled as a collection

of spheres for the protons and neutrons, are contracted along the direction of motion from the
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center-of-mass reference frame:

LO: I—O: : (120)

where L% is the contracted length of the nucleus; is the proper nuclear length, andis

the Lorentz factor from Eqn. 1.12. At these ultra-relativistic velocities, the Pb nuclei length
contract by over three orders of magnitude according to Eqn. 1.20 from a nuclear radius of about
6:62 femtometers {fm = 10 ®m) [12] to 2:45 attometersIam= 10 ¥m) along the beam
direction. These collisions occur with the system exceeding the critical temperdtiref(
nuclear matter, estimated to occur arodigd 155MeV [13,14]. Using the Boltzmann constant

(kg = 8:617333: 10 'MeV/K), this gives a critical temperature of arouitB0 102K,

which rivals the core temperature of newly formed neutron stars [15].

1.3.1 Event Characterization

Because an understanding of the experimental observables and their coordinates is important
when quantifying aspects of the QGP, it is necessary to de ne and characteeizerdarPhysically,
an event is a single readout of signal from electronics, in general as a result of outgoing particles
from a collision interacting with various detector components [16]. Figure 1.7 shows the event
evolution of a HI collision.

Time scales involving HI collisions are typically reported in units ofdmvhich represents
the time it takes for a photon traveling ato traverse a nuclear distance in femtometers. As
the Lorentz contracted nuclei collide, those nucleons that melt and form QGP are called the
participants while those that do not collide, callsgectatorswill continue approximately along

their respective beam directions. As this compressed parton system formed by the participants

17



Figure 1.7: Event evolution of a HI collision starting with Lorentz contracted nuclei, the
initial collision att = 0, the formation of QGP, then chemical and thermal freeze-out due to
hadronization and expansion of the medium [5].

begins to cool down and expand, the system thermalizes and begins to create new particles from

the condensation of quarks and gluons back into various baryons and mesons in a process called

a freeze-oubr hadronization These particles, produced at variouand angles with a wide

range ofpr values, can be observed using particle detectors that will be discussed in Chapter 2.
Events are typically tagged by thentralityof the collision. As shown in Fig. 1.8, centrality

is a predictive measure of the degree of nuclear overlap, de ned by the magnitude of the impact

parameterp, which is the distance between the centers of the two colliding nuclei. However, the

impact parameter cannot be directly measured, therefore the centrality is quanti ed as a measure

of the number of particles produced in an event as a percentage of collisions having a larger

particle multiplicity than the current event, or the fraction of events that hdvenaaller than a

given percentile of all collisions, allowingto scale with the centrality [18]. For simplicity, a

particular centrality range can be referred to as being “central' (largest overlap), ‘'mid-central’,

and “peripheral' (smallest overlap). So, an event with a centrality of 5% would have a particle
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Figure 1.8: A diagram showing how a particle emitted at an angteay be correlated to the
Reaction Plane (RP) angle, denotegh , based on the impact parametef17].

multiplicity greater than 95% of recorded events and would therefore be classi ed as a central
collision.

Even with coordinategpr; ; ) and collision centrality to estimate a nal parameter
must be de ned to account for the differences in collision geometry event-by-event. This is
called thereaction plang[RP), which is a plane de ned byand the beam axis, and whose angle
( rp) is determined with respect to theaxis [5]. The RP angle is shown in Fig. 1.8 with the
edge of the plane as a linear extension of the impact parameter. To correct for varying collision
geometries, outgoing particle angles ircan be rede ned relative to the RP angle by simple

subtraction RP)-
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1.4 Azimuthal Anisotropy

Quantitative measurements of QGP rely on studying the ow of particles in the system.
Flow is a measure of how the energy, momentum, and number of particles varies with direction
and can be broken down into several subcategories, the most important to this dissertation being
anisotropicdirected owin the RP ancklliptic ow in and out of the plane, originating from the
expansion of the hot and compressed reaction zone (the QGP) [19]. Quark Gluon Plasma ow
is quanti ed from the Lorentz-invariant cross-section using a relativistic invariant phase space

volume:
3 3
EOI /| E N X
d3p dpcdp, dp;

(1.21)

whereE is the emitted particle's energgl® is the Lorentz-invariant differential cross-section,

p is momentum, andN is the invariant particle yield [8, 20]. The proportionality symbol in

Egn. 1.21 is due to the shift from cross-section to invariant particle yi®ds= L d , whereL is

the luminosity, de ned as the number of interactions per unit area over some time interval. Thus,

Eqgn. 1.21 holds by ignoring the luminosity in the conversion of cross-section to particle number.
Invoking Eqn. 1.9 allows for the transformation dfydp, to prdprd , but this can be

further expanded by taking the derivative of rapidiyy from Eqn. 1.16 [8]:

dy _ @y, @ @E_ _E P P

d, @p @E@p EZ pP  EZ p E

(1.22)

m| =

Here,c has once again been set to béor simplicity. The @ E=@ portion of the equation is

solved by using the relativistic energy equatonr= P pZ+ m2 = P pg + p3 + p; + m2. These

manipulations of Eqn. 1.21 lead to a new formulation in terms of previously de ned kinematic
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variables:
N BN PN dN,
dpdpdp,  prdprdd  prdprd  d

(1.23)

The dy from Egn. 1.22 was converted directly to pseudorapiddy) (in Eqn. 1.23 since HI
collisions in this dissertation approach the ultra-relativistic limit.
The shape of this ow is quanti ed by the particle distribution in the plane transverse to the

beam direction witmth-order ow harmonicsy, in a Fourier decomposition [21-23]:

2 dN X .
Na o 1+2  va(pr: )cos( rP)) (1.24)

n=1

where thev,, coef cients arepr- and -dependent and the azimuthal direction has been rede ned
relative to the RP ( rp ). TO determine they, coef cient, one can calculate the average

cosine in Eqn. 1.24 such that:

R
(Cosh(  me)A+2 - vecos(  we)) d
hcos(  re)i = 2

(1.25)

P
1+2  v,cosf( rr)) d
0 n=1

Expanding the numerator gives a sum of two integrals:

Zz Z2)4

cosf( rp))d +2 Vn cos(n( rp))) d:

0 0 n=1

An integral of a sum is a sum of integrals, so this can be rewritten as:

z, v Z,
cosf( rr))d +2 vy i cos(n( rp))) d;

0 n=1
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wherev, does not directly depend on The summation symbol can drop out to consider any

integer. Integrating the cosine function yields:

ZZ
costi( we))d = (sin@n N ) SN0 n )

Sl

SN re))] =
0 0

%(Sin(Zn n rp)*sin(n grp)):

Using the trigonometric identitgin(n2  nx) = cos(nx)sin(n2 ) cos(2 )sin(nx) where
X is the RP angle, one obtains the result:

Z,
cosf( re))d =

1
0 n

(cos rp)sin(n2 ) cosf2 )sin(n grp))+sin(n grp))

Sl

(©0SO re) O 1 SN gp)+SiN(N wp))= (SN0 wp) +SIN(N wp) = O:

The second integral in the numerator of Eqn. 1.25 can be evaluated such that:

Z . 2
? co(n( ) d = 2n( re) *sin(2n( RP))

0 4n 0

4n  2n gp+sin(dn 2n gp) O 2n gp +sSiN(0 2n gp)

4n 4n
1 1 . 1 1 .
= 5 Rt %sm(4n 2n gp)+ 5 RP Esm( 2n gp):

Utilizing the same trigonometric identity as before, one obtains:

+ %(cos(m re)SiN(4n) cos(4n)sin(2n gp))+ %sin(Zn RP)

22



1 : 1 .
= + E(Cos(z’n rp) O 1 sin(2n gp))+ Esm(Zn RP)

1 1
= — sin(2n + —sin(2n = :
4n ( RP) 4n ( RP)

Evaluating the integral in the denominator of Egn. 1.25:

Z, 2 zZ, 2 Z,
1+2  vycosf( rp))d = d +2 v, cos( rp))) d:

The rstintegral is simply2 , while the second integral has been shown t@,ldeerefore:

R

(cos(n( RP)))(1+2i1VnC°S®( re))) d _0+2v,
= B -2 +0 Um
1+2 v, cosf( rp)) d

0 n=1

Finally, v, can be written in terms of the average cosine:

R

(Cos(  re))A+2 © vacosO(  ge))d

0 5 n-1 = hcosf( rp)i: (1.26)
1+2  vycosf( rp)) d

0 n=1

In practice, the brackets represent an average over measured patrticles for all recorded events
[24]. The rst harmonic coef cientyv,, corresponds to an overall shift of the distribution in the
transverse plane (directed ow) and the second harmonic coef cientarries information on

the magnitude of the eccentricity (elliptic ow) of the QGP [22].
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1.4.1 Directed Flow

Study of directed ow in HI collisions presents unique experimental challenges compared
to the other ow harmonics due to its sensitivity to the initial conditions of the collision medium
[17]. While participants have been used to studyhsignal, spectators have also been used due
to the directed ow correlating with thepectator plan€SP) [17, 24]. There has been debate in
the eld as to whether the spectators de ect inward or outward with respect to the medium, but a
2016 study demonstrated that outward de ection of spectators is strongly favored on average [25].
Figure 1.9 shows the correlation between directed ow with the spectators. The purple blob
representing the QGP formed from participants is distended relative to the beam direction and
tilted in the direction of the spectator de ection [26].

Another unique feature of directed ow is the existence obddandevencomponent that

varies with (pseudo)rapidity such that:

vi( )e 1O =yeven()d 0 4y oddyd 10D (1.27)

wherev§'e", $ven and $9 are even functions of while v$% is an odd function of , meaning
thatv§ven( ) = v§en( ), whereas/f%( ) = v9dd( ) [17,24,26,28]. Here, the; is a
reference angle for the RP with respect to the rst-order harmonic (see Sect. 3.3 for details).
Typically when researchers in the eld refer ¥, they are referring to the$® as a function

of y for identi ed hadrons or where particle identi cation is not required [17, 28]. Thed
component stems from the de ection of the spectator nucleons at high pseudorgpidity3d),

making its value greatest along the angle of de ection of the two colliding nuclei, whereas near
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Figure 1.9: Cartoon of a HI collision from the longitudinal view, looking down from positive

y onto thex-z plane where the RP has been oriented toxkexis rp) with the target (T)

and projectile (P) spectators mapped onto it via a spectator plane (SP))&Eﬁth Participants

are in purple, P spectators¥ 0) are in red, and T spectators€ 0) are in blue. Blue and

red arrows represent respective spectator de ection. Some spectators have coalesced back into
various nuclei, such as deuterium (d) and helium isotopes. Adapted from [27].

mid-rapidity § j < 1:5), v?9 rapidly approache8 [17, 24, 26]. Interestingly, as beam energy
increases, there is a smaller de ection perpendicular to the beam [17].viTffecomponent

arises from the heterogeneous temperature and energy density of the QGP due to an asymmetric
distribution of energy and quarks within the participant protons and neutrons [17, 26]. These
event-by-event uctuations in the initial conditions of HI collisions results in directed ow having

this (pseudo)rapidity-symmetric component which does not vanish at mid-rapidity [24].

1.4.2 Elliptic Flow

The most dominant and investigated harmonic in QGP studiesvs gignal corresponding

to the elliptic ow [5,27]. Elliptic ow is described as such due to the ellipse formed from the
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Figure 1.10: Elliptic shape of the reaction zone in a HI collision. Bheerves as an axis of
symmetry perpendicular to the RP and can create a separation between charged particles (denoted
by+ and )[29]. It should be noted that the non-overlapping regions should be length contracted
according to Eqn. 1.20.

collision of spherical nuclei. Figure 1.10 shows a three-dimensional representation of the elliptic
nature of QGP. A pressure gradient is formed resulting from the elliptic shape that is greatest
within the reaction plane than orthogonal to it [5]. This creates a non-uniform blast-wave of
particles as the QGP cools with a greater particle multiplicity closer to the RP [5].

Glauber Monte Carlo (MC) simulations suggest that the participant nucleons in the collision
can have different spatial locations event-by-event, meaning that the total number of colliding
nucleons in a single event can vary compared to an event of the same centrality class. This
variation creates unique orientations of participants resulting in a participant overlap that can
differ from the overlap mapped by the impact parambtestimated by collision centrality [30].

This participant plang(PP) is shown in Fig. 1.11. Peripheral collisions are most affected by this
effect due to the thickness and area of the overlap region being small and the randomness of
binary processes dominating [30], but these will not be discussed in this dissertation.

The ellipse modeling the overlap region in a HI collision can be quanti ed fromedstion
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Figure 1.11: Diagram of the interaction region in a HI collision shifted and tilted with respect
to the(x;y) lab frame, leading to a spatial distribution that is better approximated by an ellipse
along thex®andy®axes (the PP) [30].

plane eccentricit{"rp ), de ned as:

2 2
n X-
RP — );+ > (1.28)
y X

where the major axis of the ellipse maps to the lab framexis and the minor axis maps to
the x-axis, and 2 being the variance with respect to some directiop € v h vi?) [31].
However, since the ellipse modeling the PP can differ from that modeling the one relative to the

RP, aparticipant eccentricity(" par¢ ) is de ned:

a 5 .
2 2
L% A ) L2
part = T2 2 T 24 2 ' (1.29)
y0 X0 y X

with the covariance,, = hxyi h Xxihyi [30,32]. Please note the typo in Eqn. 1.10 of Ref. [30].
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Due to the relationship between coordinate systems in Egn. 1.29, no rotation of the coordinate
system is necessary, and if the covariance @endy goes to0, then Eqn. 1.29 will reduce to
Eqn. 1.28 anyway [32]. These considerations result in a momentum anisotropy that is detectable
through the emitted particle asymmetric distribution [5], meaning thattparameter is strongly

dependent opr and symmetric as a function of
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Chapter 2: Experimental Overview

2.1 The Large Hadron Collider

The Large Hadron Collider (LHC) is currently the world's largest patrticle collider with a
circumference of roughly 27 km, located at the European Council for Nuclear Research (CERN)
facility outside of Geneva, Switzerland. The LHC crosses the national borders of Switzerland
and France with several experiments built at various interaction points (IP) on the LHC ring. The

location of each experiment relative to one another in the LHC is shown in Fig. 2.1.

Figure 2.1: Physical layout of the main LHC experiments. Adapted from [33].
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The main experiments at the LHC includeT oroidal LHC Apparat®s (ATLAS), A L argelon
Collider Experiment (ALICE),CompactMuon Solenoid (CMS), and_arge HadronCollider
beauty (LHCDb). This dissertation will focus primarily on data analysis from the CMS experiment

with mentions of ALICE and ATLAS where appropriate; LHCb will not be discussed.

Figure 2.2: A graphic overview of all accelerators in operation at CERN as of June 2022. Credit:
Fabienne Landua (License: CC-BY-4.0).

Figure 2.2 shows the multiple linear accelerator (LINAC) and synchrotron systems used to
accelerate particles close to the speed of light. For the 2018 PbPb rulnoq syih = 5:02TeV, the

nuclei reached velocities of 0:99999998. At these energies, even ultra-peripheral collisions
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Table 2.1: Pb Beam Parameters at the Start of Collisions in the LHC and as Achieved in 2018.

LHC Design 2018
Beam Energy4 TeV) 7 6.37
Total no. of Bunches 592 733
Bunch spacing (ns) 100 75
Bunch intensity {0’ Pb ions) 7 21
RMS Bunch Length (cm) 7.94 8.24
No. of Colliding Bunches (IP1/5) <592 733
Half crossing angle, IP1/5 ¢ad) 160 160
Peak Luminosity, IP1/2/5 (mbs 1) 1.0 6.1

@ This analysis of the 2018 PbPb run includ&sand100-ns bunch spacing.

impart enough energy to exceed the binding energy per nucleon of the nucleus at |édglé\an

per nucleon. Also, while commonly compared to pancakes, which have thicknesses roughly a
tenth of their radius, these nuclei are equivalently about 1@0nner, closer to a pancake-sized
cutout of computer paper.

Rather than two continuous beams of patrticles, the LHC accelerates nuclei in discrete
packets calledbunches The LHC hasl232dipole magnets that bend the bunches around the
ring, while 392 quadrupole magnets focus the beams to prevent spreading of the bunches due
to Coulombic interactions between nuclei. The Pb beam parameters for the LHC design and
2018 run are given in Table 2.1, adapted from [34]. Data for this dissertation were recorded in

November 2018 during the LHC Ruh
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