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1 Introduction

Questions about the building blocks of the universe are not new. Even dating
back to ancient Greece philosophers theorized that the universe could be broken
down into some fundamental, indivisible units. Our understanding of the universe
has progressed considerably in the intervening thousands of years and we now know
that the fundamental structure of matter can be described by several elementary
particles (quarks, gluons, leptons, etc.) governed by only four fundamental forces
(strong, weak, electromagnetic, and gravitational). In this scheme bosons mediate
the interactions between elementary particles according to the fundamental forces.
The theory that describes these elementary particles and the fundamental forces is
called the Standard Model. Despite its status as a ”model” the Standard Model
is remarkably robust and has successfully described a wide variety of experimental
results and phenomena. Of particular interest in the Standard Model is the strong
force. Strong interactions are characterized by the exchange of gluons among quarks,
antiquarks, and other gluons. These quarks and gluons all carry color charge, which
is roughly analogous to the more well known electromagnetic charge but instead of
having two types (positive or negative) there are six types: red, green, blue, anti-
red, anti-green, and anti-blue. As one would imagine this creates a considerably more
complicated picture for particles governed by the strong force than for those governed
by electromagnetism. The theory describing systems dominated by the strong force
is called quantum chromodynamics (QCD).

1.1 QCD Phase Diagram

QCD is the theory used to describe the interactions between quarks and gluons.
Just as quantum electrodynamics (QED) has the fine structure constant, � which
quantifies the strength of the interaction between charged electromagnetically charged
elementary particles, QCD has the coupling constant �s. Essentially �s defines the
strength of the interactions between quarks and gluons. As can be seen in Figure 1.1
the coupling constant decreases logarithmically with increasing energy, giving rise to
the idea of asymptotic freedom [1]. In the energy regime of everyday life �s approaches
ones, giving rise to quark confinement meaning quarks and gluons are never found
outside of hadrons (hadrons come in two varieties: baryons made up of three quarks
or antiquarks and mesons made up of a quark and antiquark). However, this running
of the coupling constant has an interesting consequence: at sufficiently high energies
(i.e. temperatures) the coupling constant would become small enough to allow for the
deconfinement of quarks and gluons. This effects a phase transition, creating a new
state of matter dubbed the quark gluon plasma (QGP). In atomic physics a plasma is
a state of matter where electrons are freed from atoms creating a ”soup” of interacting
ions and electrons. The QGP is analogous in that quarks and gluons are freed from
hadrons. Figure 1.2 shows the QCD phase diagram as a function of temperature
and baryon chemical potential (�B) and illustrates the phase transition from hadron
gas to QGP. Numerical calculations from Lattice QCD show that the temperature
required to create QGP is approximately 160 MeV [2](a temperature roughly 100,000

1



times hotter than the center of the sun). Interestingly, in the microseconds after the
Big Bang all of the matter in the universe was sufficiently hot and dense to take the
form of a QGP.

Figure 1.1: Running of the strong coupling constant, �s as a function of energy with
a fit to QCD theory [3].

Figure 1.2: QCD phase diagram as a function of temperature and baryon chemical
potential. Experiments at RHIC probe the high temperature small �B range in order
to study the QGP [4].
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1.2 Relativistic Heavy Ion Experiments

Recreating the conditions of the early universe in order to study the QGP may
sound like science fiction, but it is possible through collisions of heavy ions at relativis-
tic speeds. Some of the world’s first circular particle accelerators (called cyclotrons)
were invented by famed experimentalist Ernest Lawrence nearly one hundred years
ago. These first cyclotrons were quite small with diameters of a few feet to a few
inches and, relative to modern standards, accelerated particles to very low energies
(the first operational cyclotron achieved 80 keV protons). Some of the first heavy ion
accelerators were the Alternating Gradient Synchrotron (AGS) at Brookhaven Na-
tional Laboratory (BNL) and the Super Proton Synchrotron (SPS) at the European
Center for Nuclear Research (CERN). These experiments represented a huge increase
in energy, providing beam energies of 10-200 GeV, but were fixed target experiments.
The modern age of heavy nuclei accelerators is represented by the Relativistic Heavy
Ion Collider (RHIC) and BNL and the Large Hadron Collider (LHC) at CERN. These
modern colliders provide beam energies up to the TeV range (several million times
more energetic than Lawrence’s first cyclotron) and their abilities to accelerate nuclei
to these energies has allowed for in-depth study of the QGP (note: whether or not
there is QGP formation in very high energy proton on proton collisions is a matter
of active study, but is beyond the scope of this thesis). Both RHIC and the LHC
operate in basically the same way: there are two independent rings, one circulating
particles clockwise and the other counterclockwise. The particles are accelerated with
alternatingly positive and negative electric fields that ”push” and ”pull” the particles
faster and faster until they reach speeds very near the speed of light (radio-frequency
cavities are also used to accelerate the particles) . As the particles traverse the beam-
lines they are focused and ”steered” by thousands of superconducting magnets. The
accelerated beams then cross at a number of interaction points where experimental
collaborations place detectors to study the unique physics of these collisions.

Figure 1.3: Aerial image of the RHIC accelerator at Brookhaven National Lab showing
the six interaction points [5].
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1.3 Stages of Heavy Ion Collision

An understanding of the time evolution of a heavy ion collision and subsequent
QGP formation is critical for a full description of QGP phenomena. Much headway
has been made in a theoretical understanding of the different stages of heavy ion
collisions in the past decades, but as of yet there is no single model that can accurately
describe all stages of the collisions and QGP formation. The evolution of the collision
system can be roughly broken down into five main stages, which are described below
with a visible description in figure 1.4.

Figure 1.4: Illustration of the five stages of a heavy ion collision beginning with the
initial state just before the ions collide and ending with chemical and kinetic freeze-out
where individual, non-interacting hadrons being observed by detectors [6].

1.) Initial State: Because the two nuclei are travelling at over 99.9% the speed of
light they are Lorentz contracted into ”pancakes”

2.) Preequilibrium: When the two nuclei collide at ultra-relativistic energies the
energy density is high enough to free quarks and gluons from hadrons, creating the
QGP. Most of the energy deposited in this manner comes from initial hard scatterings
of the constituent partons in the region where the two nuclei overlap. Several of the
most successful probes of QGP phenomena (this will be discussed more in the next
section) are sensitive to this initial preequilibrium state.

3.) Hadron Gas: Due to thermal pressure gradients (the strength and direction
of which are highly dependent on the shape and size of the initial overlap region of
the colliding nuclei) the QGP expands rapidly after formation, cooling as it does so.
The expansion of the QGP medium can be described by viscous hydrodynamics. On
the timescale of a few fm/c the QGP cools below the critical temperature and can no
longer sustain deconfined quarks and gluons.

4.) Hadronization: Once the QGP cools below the critical temperature the
medium is composed of an expanding gas of highly energetic hadrons. For some
time these hadrons can collide inelastically until the temperature of the system drops
to a point called chemical freeze-out. At this point the yields of specific types of
hadrons that will observed in detectors is set, but the hadrons are not completely
done interacting.
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5.) Freeze-out: The system of interacting hadrons continues expanding and cool-
ing until it becomes so dilute that the hadrons stop colliding elastically and effectively
decouple from the system into individual, non-interacting particles at a point called
kinetic freeze-out. At this point the individual particles will continue to propagate
outwards until reaching the various detectors around the initial collision point.

1.4 QGP Observables

Theories predicting the existence of QGP medium date as far back as the 1970s,
but once they were put forward discussion quickly turned to how we could create a
QGP medium in a laboratory setting and how we would know it when we did. As
was discussed in section 1.2 modern particle colliders can provide sufficient energy
density to form a QGP medium easily enough, but what is the evidence that what
these collisions create actually is QGP? There are many experimental signatures of
QGP formation in heavy-ion collisions (and several in smaller collision systems that
will not be discussed here), but we will focus on two hallmark signatures seen at
RHIC that were used as the benchmark for QGP formation: anisotropic flow and
constituent quark scaling.

1.) Anisotropic flow: the idea of anisotropic flow is fairly simple: if particles
produced in the collisions of heavy ions do not interact with any type of medium then
the distribution of these particles once they are detected will be isotropic (in fact
this is what we see in proton on proton collisions where at most an exceedingly small
droplet of QGP is formed). However, if the particles are influenced by the presence
of a medium there will be some augmentation to the particle distribution due to the
initial conditions of the medium. In a heavy ion collision the initial overlap region of
the two nuclei is typically almond shaped as seen in figure 1.5. This creates pressure
gradients that are larger in the reaction plane than out of the reaction plane (in the
diagram the reaction plane is the XZ plane and can be theoretically understand as
the plane of the impact parameter and beam direction). If the particles produced
in the collision thermally equilibrate with the medium and their mean free path is
small the particles will be subject to these large pressure gradients from the medium.
This causes particles to adopt preferred directions of ”flow” in momentum space (the
right side figure in 1.5) and will lead to an anisotropic azimuthal particle distribution.
These anisotropies can be quantified with a Fourier decomposition of the azimuthal
distribution of the particles called anisotropic flow, vn and is a hallmark of QGP
formation (see figure 1.6).
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Figure 1.5: Initial shape of a heavy ion collision and the resulting pressure gradients
leading to preferred directions of particle flow in momentum space [7].

Figure 1.6: Difference in azimuthal particle distribution between a scenario with
no QGP formation (a) and with QGP formation (b). In the case of no thermal
equilibrium and large mean free path the azimuthal distribution will be isotropic as
seen in (a). But for the case of thermal equilibrium and a small mean free path in
the medium pressure gradients will create preferred patterns of anisotropic flow that
can be quantified to determine the relative strength of particle interaction with the
medium [8].

More detail will be payed to the mathematical framework behind azimuthal flow in
subsequent sections, but for now we will focus on some key results from RHIC. Figure
1.7 shows some the earliest RHIC results from the PHENIX and STAR collaborations
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on the elliptic flow (the second order harmonic of vn), v2, of identified hadrons. It is
clear from these results that the elliptic flow is nonzero and that at low transverse
momentum the results are well described by a hydrodynamical description of QGP
evolution, indicating strong evidence for QGP formation. Something that is clear
from these results is that not all particles flow identically with the medium as shown
by the discrepancy between kaon and proton v2 at higher transverse momentum. This
suggests that the specific quark constituency of a hadron plays a role in the end state
QGP signatures that we detect.

Figure 1.7: Elliptic flow (v2) as a function of transverse momentum (pT ) for identified
hadrons from PHENIX and STAR. The results are compared to models of hydrody-
namics that agree well with the data for low pT [9].

2.) Constituent quark scaling: Another strong indicator of QGP formation would
be not just hadronic degrees of freedom, but quark degrees of freedom. If an experi-
ment can show that individual quarks are being influenced as opposed to hadrons it
would illustrate the medium being probed is made up of deconfined quarks not just
interacting hadrons (i.e. QGP formation). Direct evidence for quark degrees of free-
dom has been produced by both PHENIX and STAR by looking at the pT -dependent
v2 for identified mesons (containing two constituent quarks) and baryons (containing
three constituent quarks). The left hand side of figure 1.8 shows a clear difference
in v2 in higher transverse kinetic energy, KET , (KET =

p
pT 2 +m2)�m) and pT

ranges between mesons and baryons. This can be explained if we think about the
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constituent quarks picking up some collective elliptic flow and then recombining into
hadrons instead of the hadron itself being what experiences the collective interaction
with the medium (i.e. quark degrees of freedom). The right hand side of the figure
shows the same results but with both v2 and kET scaled by the number of constituent
quarks in the identified hadron. Here we see that all of the results fall on the same
curve. This proves that the produced medium has quark degrees of freedom as the
collective flow behavior is directly related to the quarks themselves, not simply the
hadrons.

Figure 1.8: v2 of identified mesons and baryons before (left) and after (right) quark
constituent scaling. This illustrates the presence of quark degrees of freedom and
thus the production of medium of deconfined quarks (QGP) [9].

These are far from the only pieces of evidence that confirm the creation of QGP
medium, as there are many others such as jet quenching, nuclear modification fac-
tor (RAA), strangness enhancement, etc. All of these experimental techniques are
still active areas of research as we move from proving the existence of the QGP to
attempting to quantify its properties.

1.5 Outline for this thesis

The primary motivation for this thesis is to study the properties of the QGP by
measuring the v2 of charged hadrons and open heavy flavor muons at forward rapid-
ity in Au+Au 200 GeV collisions using data collected by the PHENIX experiment
at RHIC. Rapidity is a measure of a particle’s angle relative to the beamline axis. A
rapidity of zero corresponds to perpendicular to the beamline and the particle comes
closer to parallel with the beamline rapidity increases. Previous PHENIX measure-
ments of charged hadron and heavy flavor hadron v2 have been done at rapidities
close to zero, but particles produced at larger rapidities sample a different area of
phase space and could be subject to different pressure gradients within the QGP
making this a crucial piece of research in furthering our understanding of the QGP
medium. Additionally, it is interesting to study particles containing heavy quarks as
a comparison to lighter hadrons such as pions and kaons. Because certain quarks are
much heavier than others theory suggests that they may not fully equilibrate with the
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medium in the same manner as lighter quarks meaning the QGP signatures discussed
in the previous section could look different for particles comprised of heavy quarks
than for those comprised of lighter quarks. One can think of it like tossing stones
into a river: if you throw a fifty gram pebble into the river it will easily flow with the
river’s current, but if you throw a fifty kilogram rock it will not flow in the same way.
This thesis seeks to quantify any mass-related differences for v2 measurements in this
unique rapidity range to understand if what theory and experiment tells us about the
behavior of heavy quarks at zero rapidity holds true for other rapidity ranges as well.

Chapter 2 introduces the specifics of particles containing heavy quarks as this
understanding is crucial to understanding the thesis. The theoretical framework for
the production of heavy flavor particles as well as heavy flavor interactions with the
QGP will be discussed. In addition previous RHIC results on heavy flavor interac-
tions with the QGP will be presented and discussed to provide context for the new
measurements presented in this thesis.

Chapter 3 describes the experimental apparatus used in detail. Specifications of
the RHIC accelerator will be discussed along with the components of the PHENIX
detector with special attention payed to the technology used to detect particles at
forward and backward rapidities.

Chapter 4 describes, in detail, the analysis framework used to make the new
measurements presented. All steps in the process from data selection and processing
to the final measurements and systematic uncertainty calculations will be elucidated.

Chapter 5 presents results for charged hadron and open heavy flavor muon v2 as
a function of pT at forward and backward rapidities. We also provide discussion of
what these results tell us about how heavy quarks interact with the QGP with context
provided by previous related PHENIX results.
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2 Heavy Flavor Production and Interaction with

the QGP

Before launching into a description of heavy quark production and interaction we
should first explain what exactly we mean by ”heavy” quarks. Quarks are funda-
mental building blocks of matter that are typically confined within hadrons and are
governed by the strong force. Figure 2.1 shows a table of elementary particles and
their associated characteristics. Looking at this table one might assume that when we
say ”heavy” quark we mean the top quark as it is clearly the most massive; however,
this is not the case as the top energy achieved in collisions at RHIC is below the
threshold required to produce top quarks (note: top quarks are produced in LHC
collisions but are still exceedingly rare). When we say heavy quarks we generally
mean the charm and bottom quarks that are significantly heavier than the up, down,
and strange quarks but are still light enough to be produced in collisions at RHIC.

Figure 2.1: Table of elementary particles in the standard model with each particle’s
associated mass, charge, and spin [10].

The QGP created in heavy ion collisions at RHIC is comprised almost entirely of
gluons and the lighter u, d, and s quarks. Considering that, for the most part, QGP is
not comprised of heavy c and b quarks one might think it odd to actively study them
as a way of better understanding the dynamics of the QGP; however, heavy quarks are
actually incredibly useful probes of the QGP. This is because the mass of charm and
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bottom quarks is greater than the initial temperature of the QGP (approximately 300-
600 MeV) [2] and the ΛQCD scale (approximately 200 MeV). This means that heavy
quarks cannot be produced thermally in the medium and cannot be produced from
the vacuum. Consequently heavy quarks are only produced in the initial nucleon on
nucleon hard scatterings and then are subject to medium interactions with the QGP.
This means that heavy quarks participate in the entire time evolution of the system
and provide a relatively ”clean” signal for studying QGP dynamics.

2.1 Theory of heavy 
avor production

The entire process from initial heavy flavor production to detection can be broken
down into three stages: quark production, hadronization, and decay, all of which are
illustrated in figure 2.2 and outlined below.

Figure 2.2: Illustration of charm quark production in an inelastic collision followed
by hadronization into D mesons and then hadronic or leptonic decay [11].

1.) Quark production: As has already been explained heavy quarks are produced
in hard scatterings between individual partons in a hadron, not the collision of the
hadrons themselves. In this framework the cross section for hadron A + hadron B
producing heavy quark C + heavy quark D + anything else is factorized as:

d�

dyCdyD
�=
X

a; b

Z
dxAfa=A(xA)

Z
dxBfb=B(xB)Hab(yC�Y; yD�Y; xAxBs;M) (1)

where the sum runs over given parton types a and b and Y represents the rapidity
of the parton in the center of mass frame. f represents the specific parton distribution
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function (PDF) and Hab is a hard scattering function describing the actual parton
level interaction. Born diagrams of heavy flavor quark production (figure 2.3) show
that there are two primary partonic processes at play: quark-antiquark annihilation
and gluon-gluon fusion. For the case of particle collisions (either proton-proton or two
heavy nuclei) the gluon fusion process dominates because the abundance of gluons is
much higher than that of of light antiquarks.

Figure 2.3: Born diagrams for the production of a heavy quark Q and heavy antiquark
Q̄. The top diagram illustrates light quark q and antiquark q̄ annihilation while the
bottom three all show different channels for gluon-gluon fusion [12].

2.) Hadronization: After the initial production of a heavy quark pair they may
traverse and interact with the QGP medium for some time before quickly being
overcome by the strong force and forced to combine with other quarks or antiquarks
to produce hadrons. Very rarely the produced heavy quark and antiquark can pair
together to form a type of meson called heavy quarkonium (either cc̄ or bb̄). Since
these mesons have no net quantum number corresponding to heavy flavor content
they are often called ”closed” or ”hidden” heavy flavor mesons. These particles are
an active and compelling area of research in their own right but this thesis will focus
on the other type of heavy flavor meson: ”open” heavy flavor. The vast majority of
the time the heavy quark and antiquark do not pair with each other but instead pair
with different light quarks and antiquarks producing open heavy flavor mesons. D
mesons consist of either cq̄ or c̄q and B mesons consist of of either bq̄ and b̄q where q
is any light quark.

3.) Decay: The average lifetime of open heavy flavor mesons is roughly 10,000
times shorter than that of a lighter meson such as a kaon or pion. This means that
while we expect the average kaon or pion to travel meters from the initial collision
vertex before decaying, heavy flavor mesons will, on average, only travel microns
before decaying. Because of this we never actually observe open heavy flavor mesons
in our detectors (placing a detector microns away from a substance that is 100,000
times hotter than the center of the sun is a bad idea); instead we observe the decay
products of these mesons and use this information to infer the behavior of the mesons
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themselves, and, by extension, the quarks that make up those mesons. Open heavy
flavor mesons (like most all other hadrons) have multiple decay channels, i.e. ways
that they can decay. The specific rates for each of these decay channels has been
meticulously measured (and cataloged in the Particle Data Group handbook) giving
us relative probabilities of any given type of decay occurring.

For the D and B mesons that we are interested in there are two general categories
of decays that can occur. The first is hadronic decay, where the open heavy flavor
meson decays into multiple lighter mesons. This can be seen on the left hand side of
figure 2.2 where a D0 meson decays into K� and �+. The decay type that is more
relevant to the results put forward in this thesis is semileptonic decays. In the case
of a semileptonic decay the heavy flavor meson will decay into one or more lighter
hadrons plus a neutrino and either an electron or a muon (an example of this process
can be seen on the right hand side of figure 2.2). It is these decay leptons (in our
case muons) that we can detect and use to make meaningful measurements. Using
the leptonic decay has several advantages and disadvantages. One advantage is that
leptons have very long lifetimes and interact very little with materials (more on this
in the next chapter) meaning they can produce a relatively clean signal in detectors.
Another key advantage is that instead of having to keep track of all of the decay
particles we can simply focus on the lepton and track it back to the heavy flavor
decay. There are two primary disadvantages to studying these semileptonic decays.
The first is that in a heavy ion collision there are many sources of leptons (particularly
electrons) that do not come from heavy flavor decays, meaning we must be careful in
how we sort and subtract out all contributions that are not from heavy flavor decays.
The second drawback is that due to the decay the specific kinematics of the decay
lepton will not be identical to those of the heavy flavor muon. Solutions to these two
issues will be discussed in detail in chapters 3 and 4.

2.2 Heavy Quark Interactions with QGP

Heavy quarks are only produced in the initial hard scatterings of partons inside the
colliding heavy nuclei, whereas lighter quarks can be produced thermally in the QGP
or via QCD processes. Regardless of how a quark is produced in the collision system
they all interact with the QGP medium in basically the same ways. The very high
color charge density in the QGP means that as a produced quark traverses the medium
it will be subject to numerous interactions with other quarks and gluons, losing some
part of its total energy each time it undergoes one of these interactions. The amount of
energy lost by a given quark is dependent on its particular characteristics such as mass
and charge, but is also dependent on the characteristics of the produced medium such
as its size and temperature. Most experimental measurements of the QGP (including
the ones presented in this thesis) rely on the fact that the number and strength of these
interactions depend on the medium characteristics to make observations about the
QGP from detected particles. However, the fact that these interactions are dependent
on the quark characteristics also means that we expect different quarks to interact
differently with the QGP, i.e. heavy quarks are not influenced by the QGP medium
in the same way as light quarks.
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Regardless of the type of quark produced it will lose energy to the QGP in two
main ways: elastic and inelastic collisions (both pictured in figure 2.4). In the elastic
collisions produced quarks collide with the gluons and lighter quarks in the medium,
imparting some of their energy. This type of energy loss is expected to dominate for
low pT particles. The average energy loss in one elastic scattering of this manner is:

< ∆E1scat
coll >� 1

�T

Z tmax

m2
D

t
d�

dt
dt (2)

with cross section d�=dt where t = Q2 is the momentum transfer squared in a
medium of temperature T . The inelastic scatterings, which are expected to dominate
at higher particle pT , occur when quarks traversing the QGP medium radiate gluons
in a process called radiative energy loss. This process is analogous to electron bremm-
strahlung (braking radiation) and is sometimes called gluon bremmstrahlung. How
much energy a quark loses in this manner can be determined from the single or double
differential gluon bremmstrahlung spectrum (!dIrad=d! or !d2Irad=d!dk

2
? where !,

k? are the energy and transverse momentum of the radiated gluon, respectively):

∆E1scat
rad =

Z E

!
dIrad
d!

d! (3)

∆E1scat
rad =

Z E Z kT;max

!
d2Irad
d!dk2

?
d!dk2

? (4)

For incoherent scatterings one has: ∆Etot = N∆E1scat , where N = L=� is the
medium opacity. The energy loss per unit length, or stopping power, is:

�dE
dl

=
∆ < Etot

>
L (5)

which for incoherent scatterings reduces to �dE=dl =< ∆E1scat > =�
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Figure 2.4: Collisional/elastic (left) and radiative/inelastic (right) energy loss mech-
anisms for a quark of energy E traversing the QGP medium [13].

These energy loss mechanisms are generally the same regardless of whether we
consider light or heavy quarks; however, there are some specific considerations for
heavy quarks. Figure 2.5 illustrates the average radiative and collisional energy loss
as a function energy. As was stated earlier, it is clear from the plots that collisional
energy loss is only relevant at lower energies. The other key illustration from the figure
is the difference in energy loss between light and heavy quarks, which is due to the so-
called ”dead cone” effect. Due to specific kinematic constraints gluon bremmstrahlung
radiation is suppressed within a cone at angles less than the ratio of the quark mass
to the energy. For most quarks this effect is negligible as the quark mass is very small
relative to the energy; however, for heavier c and b quarks this is an effect that cannot
be ignored.

Figure 2.5: Average collisional and radiative energy loss as a function of energy for
light quarks from the AMY model (left) and light and heavy quarks from the DGLV
model (right). Both models assume Au+Au collisions at 200 GeV [14].

2.3 Previous Heavy Flavor Results at RHIC

Using heavy quarks as a probe of the QGP medium is not exactly a new idea.
Almost since the discovery of the QGP at RHIC physicists have been using heavy
quarks to better understand its properties. These results provide comparison for the
new results that are presented in this thesis and also inform some of the experimental
methods that will be outlined in chapter 4. Figure 2.6 shows some of the earliest
PHENIX results on using heavy quarks as hard probes of the QGP medium. In this
mid-rapidity (j�j < 0:35) analysis electrons from the semileptonic decays of D and
B mesons were measured to determine the elliptic flow (v2) and nuclear modification
factor (RAA) of heavy quarks and compared to the same measurements for lighter �0

mesons. These results show that there is a clear difference in how light and heavy
quarks interact with the QGP. The elliptic flow of �0 mesons is much larger than
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for open heavy flavor electrons. Additionally, at low pT where radiative energy loss
is not as significant the nuclear modification factor of open heavy flavor electrons is
near 1, suggesting that, in this range, heavy quarks are not losing any energy as they
traverse the medium.

Figure 2.6: PHENIX mid-rapidity results for v2 and RAA of open heavy flavor elec-
trons compared to �0 mesons [15].

What is clear from the above result is that there is a mass ordering to quark
interactions with the QGP (i.e. heavy quarks flow less with the medium than light
quarks). This is relatively easy to see when comparing u and d quarks to c and b
as the difference in mass is an order of magnitude, but it is also worth investigating
if this difference can be seen between c and b quarks. Figure 2.7 and Figure 2.8
show PHENIX measurements for the v2 of open heavy flavor electrons where the
contributions have been separated into electrons from B meson decays and those
from D meson decays, both compared to the v2 of lighter charged hadrons. These
results are slightly more difficult to interpret as the uncertainties on the measurements
are large, but it is clear than electrons form charm decays have a stronger flow signal
than those from bottom decays and both have a weaker signal than from charged
hadrons. This serves to further illustrate the mass ordering of quark interactions.
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Figure 2.7: Elliptic flow of electrons from open charm decays compared to charged
hadrons [16].

Figure 2.8: Elliptic flow of electrons from open beauty decays compared to charged
hadrons [16].

It is clear from these results that there is some mass ordering mechanism to quark
interactions, but these measurements also pose some interesting questions. We’ve
already explained in this chapter that QGP interactions occur at the quark level, not
the hadrons themselves, but we have no real experimental method to measure the
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quarks themselves. In the case of open heavy flavor mesons we have one light quark
and one heavy quark that are produced and both interact with the medium, then
hadronize into a D or B meson which then decays and we detect the leptonic decay
product of that meson. This tells us about the two quarks that make up the meson
interacted with the medium as a whole, but nothing about how each individual quark
interacted with the QGP. It is possible that the lighter of the two quarks is picking up
a strong flow correlation then combining with a heavier quark that has picked up little
to no flow correlation and the result is a heavy flavor meson that has non-zero flow
but not because the constituent heavy quark itself has a strong flow signal. Another
interesting point to consider from these results is that they are both from mid-rapidity.
We have already explained that particles produced at forward and backward rapidity
sample a different area of phase space and could be subject to different temperatures
and pressure gradients than those produced at forward rapidity, so do the relations
we see in these mid-rapidities hold true in different rapidity ranges? Results from
the PHOBOS experiment in figure 2.9 show that, at least for light charged hadrons,
the strength of v2 signal decreases with increasing rapidity. Does this trend extend
to heavy flavor mesons (i.e. is open heavy flavor v2 lower at forward rapidity than at
mid-rapidity) is one of the central questions that we will try to answer in this thesis.

Figure 2.9: PHOBOS results showing pT integrated v2 for charged hadrons as a
function of rapidity. These results illustrate that as rapidity increases the strength
of the flow signal decreases. It is a topic of active interest whether this same trend
applies to heavy flavor particles.
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3 Experimental Apparatus

This section provides an in-depth description of all of the components that go
into the general experimental apparatus. First we will give an overview of the RHIC
accelerator and its components. Then a general overview of the PHENIX detector
with special attention paid to the forward rapidity detector systems. Finally we
will provide a flow chart with detailed description of the PHENIX analysis software
framework.

3.1 RHIC

A general introduction to the Relativistic Heavy Ion Collider (RHIC) was provided
in chapter 1, but a more thorough description is worthwhile to understanding the
engineering marvel that allows us to recreate the conditions of the early universe
on Long Island. RHIC was constructed at Brookhaven National Laboratory as the
world’s first purpose built high-energy heavy ion collider. RHIC can accelerate nuclei
to a maximum energy of 100 GeV per nucleon (100 GeV per nucleon leads to a center
of mass energy

p
sNN = 200 GeV per nucleon-nucleon collision), but also uniquely

has the capability to collide nuclei at numerous lower energies which has been crucial
in ongoing searches for the critical point on the QCD phase diagram (RHIC Beam
Scan Studies). Figure 3.1 shows a schematic of all of the components of the RHIC
accelerator which will be explained step-by-step.

Figure 3.1: Schematic of RHIC facility and attendant systems [11]
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Gold ions with a charge of -1 are produced in the pulsed sputter ion source. From
there they pass through the tandem Van de Graff stripper where the ions of stripped of
electrons to a charge of +32 and accelerated to 1 MeV per nucleon. The ions then pass
through a transfer line to the booster where they are further accelerated to 95 MeV
per nucleon (this is also the stage at which protons are injected in the case of proton-
proton collisions or proton-ion collisions, but this is not relevant for our purposes).
The ions then pass through another transfer line and electron stripper to achieve a
charge of +77 before being injected into the Alternating Gradient Synchrotron (AGS)
which was the predecessor accelerator to RHIC. In the AGS the ions are accelerated
to 10.8 GeV per nucleon before passing through a final stripper to achieve a charge
of +79 (no electrons left for gold at this point) and being injected into the two RHIC
rings. Each RHIC ring is 2.4 miles in circumference and accelerates the ions to their
final energy of 100 GeV per nucleon. There are six crossing points for the RHIC
beams at which detectors can be placed to record data from collisions. When RHIC
produced its first collisions in 2000 there were 4 experiments (BRAHMS, PHOBOS,
PHENIX, and STAR) that each occupied one of these crossing points. In the year
2024 the only one of these detectors that is still operational is STAR. BRAHMS and
PHOBOS have been removed and not replaced and PHENIX was removed from its
crossing point and recently replaced with the improved sPHENIX detector which is
currently in operation. RHIC itself will soon be decommissioned in order to facilitate
construction of the Electron Ion Collider (EIC) which will see one of the RHIC rings
replaced with an electron accelerator ring in order to collide electrons with ions to
probe the fundamental structure of the nucleus. The specific research in this thesis was
performed using data collected by PHENIX from Au+Au collisions at

p
sNN = 200

GeV from RHIC Run14 (2014) and Run16 (2016).

3.2 PHENIX

In figure 3.1 the PHENIX detector beam crossing sits at approximately 8 o’clock,
meaning that the beamline orientation is roughly south to north (this will be signif-
icant later). The coordinate system for PHENIX is set up so that the origin point
(0,0,0) is the exact crossing point of the two beams. Figure 3.2 shows two different
schematic views of the PHENIX detector while figure 3.3 shows the kinematic accep-
tance range of the PHENIX detector. The PHENIX detector can be broadly broken
down into three main components: the Beam-Beam Counters (BBC) situated near
the beamline, the central arm detectors, and the muon arm detectors. The BBCs pro-
vide measurements of event level variables such as the Z vertex of the collision (in the
PHENIX coordinate system Z lies along the beamline) and the event centrality. The
PHENIX central arms, which are separated into east and west, cover the pseudorapid-
ity range j�j < 0:35 and � in azimuth and comprise the various subdectectors used for
electron, photon, and charged hadron detection in this rapidity range. The subdetec-
tor systems are comprised of the silicon vertex detector (VTX), drift chambers (DC),
pad chambers (PC1-PC3), ring-imaging Cherenkov detectors (RICH), time expansion
chambers (TEC), electromagnetic calorimeters (EMCal), and time of flight detectors
(TOF). Each of these subdetectors could take up several pages of description in their
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own right, but we are primarily interested in the muon arm subdetectors so a full
description will not be provided here.

Figure 3.2: Schematics of the PHENIX detector. (Top) view of the east and west
central arms as seen down the beam line in the XY plane. (Bottom) view of the
north and south muon arms as seen in the Y Z plane [18].
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Figure 3.3: PHENIX detector acceptance as a function of rapidity and � angle for
electrons, photons, muons, and charged hadrons [19].

The PHENIX systems that are of particular interest for this analysis are the muon
arm. The two muon arms cover pseudorapidity 1:2 < j�j < 2:2 and full 2� in azimuth
and allow for the precise tracking and detection of muons and charged hadrons. The
muon arms can be divided into two main components: the forward silicon vertex
detector (FVTX) which provides precise vertexing measurements allowing for the
separation of muons from heavy flavor decays and those from other sources, and
the muon arm spectrometers which provide tracking and, indirectly, identification of
hadrons and muons. Each of these subsections will be described in detail here:

1.) FVTX: The FVTX as seen in figure 3.4 is composed of two annular endcaps
(one for the south arm and one for the north arm), each with four stations of mini-
strip sensors. The precision tracking provided by the FVTX makes the identification
of muons from secondary vertices away from the primary event vertex possible. Es-
sentially what this means is the FVTX can give a measure of how far away from the
primary collision vertex a particle decayed, which is very useful given that heavy fla-
vor hadrons have short decay lengths and light hadrons, on average, have much longer
decay lengths. The FVTX makes this determination by measuring a variable called
radial distance of closest approach (DCAR). DCAR is determined by projecting the
particle track from the FVTX onto a plane in the z axis located at the initial collision
point (figure 3.5).
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Figure 3.4: Schematic showing a muon traversing the four layers of the FVTX. Using
the FVTX we can determine the distance from the primary collision vertex at which
the semileptonic decay that produced the muon occurred [20].

Figure 3.5: (a.) Three dimensional representation of DCAR and how it is measured
for a leptonic decay of a B meson. (b.) Visualization of DCAR measurement in the
rz plane.
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2.) Muon Spectrometers: The primary collection of detectors for PHENIX forward
and backward rapidity measurements are called the muon arm spectrometers (one
spectrometer covering ”south” negative � and one covering ”north” positive �). The
muon spectrometers cover 1:2 < j�j < 2:2 in pseudorapidity and full 2� in azimuth.
Each spectrometer is composed of hadron absorbing material, the muon tracking
detectors (MuTr) inside a conical-shaped magnet, and the muon identifier detectors
(MuID). The first layer of hadron absorber material is placed between the FVTX
and the MuTr and is comprised of 19 cm of copper, 60 cm of iron from the central
magnet, and 36.2 of steel, corresponding to approximately 5.2 nuclear interaction
lengths. This material is meant to absorb the majority of pions and kaons emitted
in the acceptance range of the muon spectrometers, leaving muons to penetrate into
the MuTr. Tracking and momentum measurements are made by the MuTr which
is composed of eight octants of cathode strip chambers in three different stations as
seen in figure 3.6.

Figure 3.6: Technical drawing of the south arm muon tracking detector [21]

Charged particle momentum is determined in the MuTr by measuring the de-
flection of the particle trajectory due to the magnetic field present and momentum
resolution of �p=p = 0:05 is achieved for muons. The MuID system is located di-
rectly downstream from the MuTr and contains five absorber plates in addition to
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the absorber material situated between the FVTX and MuTr. Two Iarocci tubes with
vertical and horizontal orientations are placed after each of the five absorbing layers
for charged particle detection. The main operating principle of the MuID is that the
five absorbing layers will reduce or negate any remaining hadronic background that
managed to make it through the first absorbing layer before the MuTr (figure 3.7
shows nuclear interaction length of the muon spectrometers as a function of distance
from the primary collision vertex).

Figure 3.7: Interaction length as a function of distance from the collision vertex for
all components of the PHENIX muon arm spectrometers [14].

Figure 3.8 shows a diagram of hadrons and muons traversing all of the PHENIX
muon arm detectors. From the initial collision point hadrons (predominantly kaons
and pions as heavy flavor hadrons will decay well before reaching the FVTX) and
muons will pass through the FVTX which will measure momentum and provide track-
ing. Particles will then traverse the first set of absorber material where many hadrons
will scatter and absorb but muons will be unaffected, before the remaining particles
make it to the MuTr. In the MuTr the remaining particles will be tracked and the
corresponding momentum measured like in the FVTX (matching tracks between the
FVTX and MuTr is actually very complicated and will be explained in detail in chap-
ter 4) before heading to the MuID. Each successive layer of the MuID will absorb more
hadrons until we are left with a pure muon sample in the final Iarocci tube gap in
theory. In practice some high energy hadrons can make it through all absorber layers
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and be detected in the final gap, but all of these absorber layers greatly increase muon
purity. Having a pure muon sample from the detector is an achievement, but what
we really want, i.e. a pure sample of heavy flavor muons, cannot be provided by the
detectors directly. The method for subtracting out muonic and hadronic background
contributions will be explained in chapter 4.

Figure 3.8: Schematic of hadron and muon propagation through the PHENIX FVTX
and muon spectrometers. Muons will penetrate all absorber layers leaving hits in the
FVTX, MuTr, and final layer of the MuID, whereas hadrons will be stopped by one
of the absorber layers

3.3 Triggering and Software

If we were to save and process all of the data produced in PHENIX heavy ion
collisions we would have on the order of petabytes of data produced every minute
that the RHIC accelerator is running. Obviously, this is a somewhat unreasonable
amount of data to store and work with so PHENIX has systems in place, called
triggers, to select and save relevant data needed for experiments. For the Au+Au
collisions analyzed in this thesis we used two sets of triggers. The first is the MinBias
trigger, which is the most general trigger that can be applied to PHENIX data. In
order to satisfy the conditions for the MinBias trigger an event must have at least one
hit in each of the BBC subdetectors and the initial collision vertex must be within
37.5 cm of PHENIX interaction point. The second, stricter, trigger is the SingleMuon
trigger. In order to satisfy the SingleMuon trigger the event must be within 10.0 cm of
the interaction point (this supersedes the MinBias trigger) and the event must leave
tracks in each layer of the FVTX, MuTr, and MuID. By requiring these triggers to be
met we cut the size of the entire Run14 and Run16 datasets to just a few terabytes
which is much easier to work with than the petabytes we would have without the
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