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Abstract of the Dissertation

Measurement of
Fast Parton Interactions

with Hot Dense Nuclear Matter
via Two-Particle Correlations

at PHENIX

by

Michael Patrick McCumber

Doctor of Philosophy

in

Physics

Stony Brook University

2009

Deconfinement of color charge in nuclear matter at high energy
density is a topic of considerable theoretical interest and experi-
mental effort. Predicted in QCD, a new phase of deconfined mat-
ter, the quark gluon plasma, is thought to describe a transitional
period of the early universe following the Big Bang. The extremely
high energy density medium created in relativistic collisions of large
nuclei at RHIC afford an opportunity to study the properties of
quark gluon plasma in a laboratory setting.
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Fast partons (quarks and gluons) transiting the produced medium
have been observed to experience a large energy loss. Correlations
between pairs of final state particles at high transverse momenta
(pT ! 4 GeV/c) map the hadron jets resulting from these partons
and show that partons crossing the medium are nearly fully ab-
sorbed. The mechanism of energy loss on length scales comparable
to the nucleus is not fully understood, so more differential mea-
surements are needed to constrain theoretical models. Quenching
as a function of the path length through the medium adds a new
dimension of experimental discrimination on energy loss and initial
state geometry. The resulting away-side suppression patterns in-
dicate that surviving fast partons cross the nuclear overlap region
with little energy loss.

The transiting partons deposit energy locally in the medium. The
resulting medium excitations may lead to measurable signals re-
lated to the medium properties. Pair correlations at low pT (" 4
GeV/c) can reflect the medium response. Comparison of correla-
tions in heavy ion collisions with baseline measurements in proton-
proton collisions show modifications to the correlation shape and
yields. Two new structures are found, both extended in rapid-
ity, one centered at small azimuthal opening angle ∆φ (known as
the “ridge”) and the other occurring at ∆φ = π± 1.1 rad (“shoul-
der”). Comparisons between the two raise the possibility that both
phenomena may result from the same mechanism. The medium re-
sponse correlations are consistent with collective excitation theory,
but pose challenges to Cherenkov gluon radiation and deflected jet
models.
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Chapter 1

Introduction and Motivation

This dissertation details the measurements of two-particle correlations in rel-
ativistic heavy ion collisions with a focus at high momenta on parton energy
loss during the passage through a hot dense nuclear medium as well as lower
momenta where the lost energy may elicit collective behavior from the medium
itself. In both cases, new and interesting characteristics of deconfined nuclear
matter are explored. This chapter will lay the foundation for interpreting these
results by describing the color charge interaction and the creation and mea-
surement of deconfined matter in heavy ion collisions. Following in Chapter 2
is a detailed description of the design and function of the detector apparatus
as used in this study of hot dense nuclear matter. A full description of the
analysis procedure that is used to isolate and characterize jet pair correlations
is given in Chapter 3. Results targeted at the study of energy loss are shown
and discussed in Chapter 4 while those targeted for medium response studies
are contained in Chapter 5. A complete summary of the analyses and their
meaning within the wider scope of heavy ion physics is given in the final chap-
ter. Three appendixes follow the main body. The first contains supporting
mathematical derivations, the second supporting figures truncated from the
main body, and the third contains tables of data for selected figures.

1.1 Quantum Chromodynamics

Quantum chromodynamics (QCD) [1] is the fundamental quantum field theory
(QFT) that governs the strong force interactions between color charges. QCD
is an integral part of the SU(3)×SU(2)×U(1) Standard Model where QCD is
responsible for the third special unitary group, SU(3). The remaining Standard
Model groups are described by electroweak field theory which governs the weak
isospin interactions, SU(2), and the electroweak charge interactions, U(1).

1



QED QCD

γ e- + e+ g q + q g g + g g + g g + g

Figure 1.1: Feynman diagram vertices’s of quantum electrodynamics and quan-
tum chromodynamics.

Color charge in QCD appears in three forms and in corresponding anti-
matter charges. For representation, the charges are signified by the base colors:
red, green, and blue, or combinations thereof. Color charge is carried by both
the QCD fermions (quarks) and the QCD bosons (gluons). Hadronic matter
found in the natural environment is a set of bound color-neutral states. These
states are constructed of collections of three color charges (baryons) or by a
pairing of a color charges and its corresponding anti-particle (mesons). Other
bound neutral states, such as those involving five quarks (pentaquarks [2]) or
three gluons (glueballs [3]) remain hypothetical.

The behavior of color charge in QCD is dramatically different than of
electromagnetic charges in quantum electrodynamics (QED). The differences
begin with the addition of a third charge in the QCD framework. QCD is
further complicated by gluons that also carry a net color charge unlike the
photon in QED. The gluon color charge results in interactions, see Figure 1.1,
between the force particles that do not exist in QED. The interaction with
force particles leads to complex non-Abelian behavior that is not present in
QED.

Coupling parameters driving the strength of each interaction that run with
momentum transfer are a common feature of quantum field theories. In QED,
the coupling constant, α, increases only logarithmically with energy and so
remains small for energies accessible in the laboratory and in the natural en-
vironment. However, the coupling parameter in QCD, αs, varies much more
rapidly with momentum transfer and only falls to small values at large mo-
mentum transfer such as those produced in modern particle accelerators. The
value of αs has been measured in many experiments using a variety of tech-
niques. Figure 1.2 shows the results made from jet rate production at high
energies, deep inelastic scattering at intermediate energies, and decay processes
at lower energies. At the energy corresponding to the Z-boson mass of 91.2
GeV/c2, which is used for comparisons, the value of αs = 0.1176 ± 0.002 [4].

2
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Figure 1.2: Measurements of the QCD coupling parameter, αs, running by
interaction energy (left) and reported at the mass of the Z. [4]

The larger uncertainty in αs (order 1:103) than the α uncertainty (order 1:1010)
reflects the increased complexity of QCD and the difficulty this introduces into
laboratory settings.

The large coupling at environmental energies is responsible for the con-
finement of color charge into color neutral states. The coupling value leads
to the behavior that the binding force between color charges in a hadron con-
tinues to increase with increasing separation. Thus the eventual division of a
hadron into the constituent quarks would require an absurdly large amount
of energy. However, nature intervenes through energetically favorable vacuum
production of color-anticolor charges that result in the creation of new hadrons
instead of separated bare color charges. Since color charge can not freely exit
the hadron, the universe other than at a very early stage after the Big Bang is
dominated by colorless composite particles. This characteristic of QCD that
dominates most energies is referred to as the “confinement” of the quarks and
gluons into hadrons.

Despite this barrier, the effects of the strong nuclear force do reach beyond
distance scales typical of hadrons (proton diameter = 1 fm). The strong
nuclear force was first proposed to solve the problem of describing the binding
of baryons into large nuclei long before the constituent nature of nucleons was
known. The binding force of nucleons to other nucleons is now understood to
be a residual effect of QCD in which force is transmitted through the exchange
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of light mass composite particles, most importantly the exchange of neutral
pions. The transmission of finite mass particles limits the distance over which
this extension of the strong nuclear force operates to that characteristic of the
distance between neighboring nucleons (deuteron diameter ≈ 2 fm).

1.1.1 Deconfined Nuclear Matter

As the coupling strength falls at higher energy, the relationship of the strong
force with respect to charge separation weakens until the color charges are no
longer bound under the same conditions. Eventually, nuclear matter will no
longer be a set of bound states of baryons and mesons, but the relevant degrees
of freedom will be the hadron constituents, the quarks and gluons themselves.
A dense nuclear medium at energies above this threshold will consist of a color-
neutral fluid of independently moving color charges that are no longer confined
into hadronic states. This deconfined gas phase of freely moving quarks and
gluons is called the quark gluon plasma.

The deconfined phase can occur at high temperatures like those in the
relativistic collision of two heavy nuclei or at high baryon densities like those
that might be found at the center of some neutron stars. Thus the phase
diagram of the quark gluon plasma appears a round band in temperature and
density of the kind shown in Figure 1.3. Relativistic collisions like those at
RHIC begin at high energies resulting in temperatures well above the transition
temperature as predicted from lattice QCD. This transition at low baryon
density will be a crossover and quarkonia of different binding energies melt
sequentially. At higher baryon densities, the transition becomes first order
and a critical point lies in-between. The location of the critical point within
the QCD phase diagram has not be determined experimentally and is the focus
of a future beam energy scan proposed at RHIC.

During the expansion and cooling in the moments after the Big Bang, the
universe passed through a phase of quark gluon plasma. Thus the character-
ization of the QGP will be needed to fully describe these early stages of the
universe. However, direct evidence of the QGP phase is hidden behind the
last scattering surface of the cosmic microwave background which comes at a
much later stage of the universe’s early history. As such the direct study of
QGP from astronomical observations of the early universe is not possible. If
deconfined matter is responsible for radio-quiet neutron stars, a new type of
“quark” star might also allow for astronomical observations of a deconfined
phase of matter. Currently, in order to characterize the properties of the quark
gluon plasma, collisions of large nuclei at high energy in a laboratory setting
offer the only opportunity to make these studies.
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Figure 1.3: QCD Phase Diagram: Increasing temperature and increasing
baryon density shows a transition from hadrons to the quark gluon plasma.
The course of RHIC collisions follow a retreat from an initial point of high
energy.

1.2 Calculations in QCD

The quantitative description of QCD derives from the Lagrangian [4]:

LQCD = −1

4
F (a)

µν + i
∑

q

ψ
i
qγ

mu (Dµ)ij ψ
j
q −

∑

q

mqψ
i
qψqi (1.1)

F (a)
µν = δµA

a
ν − gsfabcA

b
µA

c
ν (1.2)

(Dµ)ij = δijδµ + igs

∑

a

λa
i,j

2
Aa

µ (1.3)

where the gluon field tensor is Aa
µ(x) and the quark spinors are ψi

q(x) of color
i and flavor q. The coupling parameter appears here as gs where αs = g2

s/4π.
The energy scale dependence shown previously in Figure 1.2 of the coupling
parameter is renormalized in QCD in terms of the β-function as [4]:

µ
δαs

δµ
= 2β (αs) (1.4)

= −β0

2π
α2

s −
β1

4π2
α3

s −
β2

64π3
α4

s − · · · , (1.5)

5



where

β0 = 11 − 2

3
nf , (1.6)

β1 = 51 − 19

3
nf , (1.7)

β2 = 2857 − 5033

9
nf +

325

27
n2

f . (1.8)

The value of nf encodes the number of energetically accessible quark masses.
Renormalization handles a series of ultraviolet divergences in QFT by incor-
porating the infinities into a redefinition of the fundamental “bare” parton
properties in terms of the experimentally measurable values. The redefinition
allows calculations in QFT to converge at high order at the cost of experi-
mentally determining a small handful of “screened” quantities such as mass
and charge. The solution of the differential equation introduces an integration
constant that must be measured experimentally, this constant being the afore-
mentioned value of αs(MZ). With the addition of empirically measured quark
masses (which determines nf at a given energy scale), QCD fully constrains
the dependence of the coupling on the energy scale. Under another common
formalism, the coupling dependence can also be usefully rewritten in orders of
1/ ln (µ2) with the dimensional parameter, ΛQCD, as:

αs (µ) =
4π

β0 ln
(
µ2/Λ2

QCD

)
[

1 − 2β1

β2
0

ln
[
ln

(
µ2/Λ2

QCD

)]

ln
(
µ2/Λ2

QCD

) +
4β2

1

β4
0 ln

(
µ2/Λ2

QCD

)

×
((

ln
[
ln

(
µ2/Λ2

QCD

)]
− 1

2

)2

+
β2β0

8β2
1

− 5

4

) ]
. (1.9)

Instead of fixing the vertical scale of the solution at a fixed mass as was done
for αs(MZ), this solution requires fixing the horizontal scale at the point where
αs approaches unity. The value of ΛQCD lies near 200 MeV [5]. Above ΛQCD,
the coupling parameter becomes small and QCD becomes perturbative. It is
at these scales that QCD is not expected to bind quarks into color-free states.

1.2.1 Perturbative QCD

In the limit of small coupling, αs % 1, perturbative QCD (pQCD) calculations
can be made using methods similar to those in QED to simplify the theory
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to Feynman diagrams that involve only a handful vertexes. Diagrams with
additional vertexes are suppressed by the smallness of αs. Since the QCD
coupling constant drops with interaction energy, pQCD only makes useful
predictions at large momentum transfer, i.e. hard scattering processes. The
experimental demands for producing comparisons to pQCD in hadron-hadron
collisions are two-fold. A high energy collider is required in order to allow
access to the perturbative energy scales of QCD. Since hadrons are composite
particles, a hadron collider also needs to produce many collisions as only a
small subset of the total will contain hard scattering processes.

Perturbative calculations amount to truncating Equation 1.5 at a given
power of αs. Schemes that incorporate more terms will give smaller uncertainty
and lie closer to a full description of QCD. The common point of truncation
is next-to-leading order (NLO) and less often next-to-next-to-leading order
(NNLO). The arrangement of terms is not important for the full exact theory,
but choices made during pQCD can leave renormalization scheme effects in
the truncated series. Various schemes for renormalization are available, and
are selected to minimize these effects when truncating the series.

The hard scattering itself will be described well under pQCD. The subse-
quent fragmentation into final state particles will be non-perturbative as these
occur through a branching of smaller energy interactions. Furthermore, the
initial partons are bound into hadrons and those that participate in the hard
scattering will contain only a fraction of the beam energy. In order to calcu-
late a cross section for final-state multiplicity (σ) in a simple hadronic collision
like p+p, these effects must be incorporated. A typical hadron-hadron cross
section calculation using perturbative QCD will appear as:

dσ =
∑

a,b,c

∫
dxadxbdzfa (xa) fb (xb) dσ̂ (pa, pb, pc) Dh

c (z) (1.10)

The calculation relies on the assumption that the cross section factorizes into
three basic parts. The first part is the parton distribution functions (PDF)
represented by fa(xa). These functions describe the momentum fraction (x)
contained by a participating parton (a) present within one of the incoming
hadrons. A similar term appears for the other participating parton (b) from
within the other colliding projectile. The composition of a PDF is not directly
calculable within theory. Under the assumption that the parton distribution
functions are a universal property of the hadron and not of the collision, empir-
ical measurements of PDFs from deep inelastic scattering (DIS) experiments
are used in the description of hadron-hadron collisions. An example of a pro-
ton PDF is shown in Figure 1.4. The valence quarks of the proton appear at
high momentum fraction, while sea quarks and gluons dominate low x regions.
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Figure 1.4: Cross-section calculation inputs: Parton distribution functions
from DIS (left) and fragmentation function from e++e− and DIS (right) as a
function of momentum fraction, x. [4]

The next component in the calculation is the partonic cross section1 (σ̂). This
cross section describes the binary collision of the two participating partons
and can be determined precisely in pQCD at large energy scales. The final
part to the calculation, the fragmentation function (FF) represented by Dh

c (z),
handles the fragmentation of an outgoing parton of flavor c into the final-state
particle (h) being measured. The long range behavior described by FFs also
can not be determined by direct theoretical calculation. But under the same
universality assumption, measurements from DIS and e++e− collisions fill the
role in the calculation. An example of these measurements is also shown in
Figure 1.4. Fragmentation favors the production of many low momentum
final-state particles sharing the initial parton momentum. As each final-state
particle contains only a fraction of the scattered parton’s momentum (z), the
momentum is shared among the produced particles. Since the details of which
parton flavors collide and exit to fragment into the detected species, h, are not
measured in a hadron-hadron collision, the calculation sums over all possible
internal combinations.

The results of NLO perturbative QCD calculations for the production of
neutral pions are shown in Figure 1.5 as compared to measurements of the
same. The calculations are shown to match the data within the scale and FF

1Hat variables such as σ̂ are reserved for partonic quantities.

8



)
3

c⋅
-2

G
e
V

⋅
 (

m
b

3
/d

p
σ

3
E

*d

10
-8

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

1
a)

PHENIX Data

KKP FF

Kretzer FF

 (
%

)
σ/

σ
Δ -40

-20

0

20

40 b)

0

2

4 c)

 (GeV/c)Tp

0 5 10 15

0

2

4

d)

(D
a

ta
-Q

C
D

)/
Q

C
D
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uncertainties. The agreement between data and theory holds to transverse
momentum at relatively low values (pT ∼ 1 − 2 GeV/c) which demonstrates
that the breaking of the pQCD small coupling assumption is not yet signifi-
cantly skewing the calculation away from reality. pQCD will break down at
lower pT where production is dominated by low momentum transfer events.

1.2.2 Lattice QCD

Another method which does not require perturbative values of αS for making
calculations in QCD is the technique of massive computational simulations
on a grid, or lattice. The lattice discretizes space-time with a set spacing
over a finite region. The computational resources available sets the limits
of the overall number of grid points and so compromises are made between
the smallness of the spacing between points and the overall largeness of the
simulated regions. In the calculations, quarks are restricted to the nodes of
the lattice, while gluons are restricted to the lines connecting the nodes. This
discretization is unnatural, but the divergence from reality diminishes as the
density of the nodes increases.

The spacing size (s) limits the lower momentum reach of the calculations
such that p ∼ 1/s. Conversely, quark masses are chosen such that the inter-
actions are limited to the overall span of the lattice simulation. Heavier than
natural quark masses are required in current simulations to limit the range
nuclear interactions. Computations are repeated with variations in these two
choices to estimate the uncertainty these compromises introduce into the re-
sults. A modern lattice QCD calculation such as that found in [7] implements
spacings that give a momentum cut2 of 1.596(30) GeV/c and describe a 2.5
fm region.

Lattice QCD is an important tool as it produces predictions for strongly
coupled systems that are the most unimpeachable. For instance, the transi-
tion between confined and deconfined matter in QCD can not be calculated
in pQCD and must be addressed by the lattice calculations. Results from
the energy density of hot dense nuclear matter as a function of matter tem-
perature calculated in lattice QCD is shown in Figure 1.6. The calculations
show a rapid increase in the number of degrees of freedom to values near the
Stephan-Boltzmann limit for matter above the transition temperature as the
former degrees of freedom, hadrons, are melted into their constituent partons.
Contemporary lattice QCD simulations place the transition temperature (Tc)
to deconfined matter at ∼ 170 MeV [9]. This temperature is not dramatically

2Momentum uncertainty results from setting the mass scale to experimental measure-
ments.
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different than the value of ΛQCD and thus there should be no expectation that
the deconfined phase will be perturbative at temperatures just above Tc.

1.3 Relativistic Nucleus-Nucleus Collisions

The features of relativistic heavy ion collisions are heavily dependent upon the
collision geometry of the two impacting nuclei. Figure 1.7 shows the geometry
of a typical collision. The two nuclei in a collision hit each other at some impact
parameter, and the collision depicted is mid-central. Centrality is reported as
a percentage of the inelastic cross-section such that 0% is most central and
100% is most peripheral. Nucleons within the nuclear overlap participate
directly in the collision while the remaining spectator nucleons continue down
the beam pipe. The reaction plane is defined by the reaction plane angle (ψ)
and the beam axis. The particles produced exit the collision zone and will
be subsequently measured by detectors. Experimental spatial coordinates are
given by the azimuthal angle (φ) and pseudo-rapidity (η), which is related to
the polar angle (theta) such that η = − ln[tan(θ/2)].
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Figure 1.7: The geometry of a heavy ion collision. Cartesian (x, y, z) and the
angular (φ, η) reference frame shown. The reaction-plane angle (ψ) defines a
plane intersecting projectile centers and the beam axis.

Heavy ion collisions like those produced at RHIC proceed along a sequence
of defining stages. This sequence, depicted in Figure 1.8, is as follows: initial
state, thermalization, quark gluon plasma, hadronization, hadron gas, and
finally freeze-out. The course of a heavy ion collision proceeds quickly at
time scales characteristic of the strong force. The collision itself is extremely
short, taking just the time for the two nuclei to pass through each other at
relativistic velocities. The subsequent thermalization, expansion, and freeze
out of the produced medium proceeds over the course of just ∼ 10−23 seconds
(∼ 10 fm/c). Descriptions of each stage will be the focus the next subsections.

1.3.1 Initial State

Prior to collision, the description of the heavy ion projectiles, the initial state,
plays an important role in the initial production of deposited energy that
later evolves and dissipates. The initial state description controls the way in
which the projectiles interact with each other during the collision. There are
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Figure 1.8: Characteristic stages of a heavy ion collision.

multiple descriptions of the initial state. Some are used as toy model inputs,
while others attempt full descriptions but disagree on the fundamentals of
describing nuclei. A brief discussion is given below for a set of initial state
models relevant to this dissertation. An illustration of the set as they influence
the initial production geometry appears in Figure 1.9.

The most crude starting point is a description of the nuclear overlap as the
intersection of two hard spheres. This description is trivially easy to model for
use in simple calculations, and thus is often the starting point in toy models.
This model should only be expected to capture the rudimentary features of a
localized large density and an anisotropic azimuthal geometry.

To add a level of sophistication, the average Wood-Saxon density profiles
of the projectiles as in:

ρ(r) =
ρ0

1 + e
r−R

a

(1.11)

are used. This allows a more realistic estimate of the initial particle production
geometry. The initial particle production is expected to follow the density of
the nucleons participating in the collision. The values for the parameters of
the Wood-Saxon distribution describe the size and diffuseness of the nuclear
projectiles. This should better model the initial density profile than the hard
sphere description.

A typical starting point for both energy loss and hydrodynamic calcula-
tions, is the Glauber model [10]. In this model, the nuclei view each other as
a collection of nucleons. The nucleons interact independently and all trajec-
tories are taken as parallel to the projectiles. The nuclear overlap is similar to
the previous description, using the Wood-Saxon density profiles. However, the
overlap is sampled on an event-to-event basis. In a real collision, the number of
participating nucleons is insufficient to smoothly sample the nuclear overlap.
The fluctuations event-to-event can play an important role, so a model such
as this one should be used. The event-to-event fluctuations will be largest in
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Figure 1.9: Survey of typical initial state descriptions role in initial production
geometry (beam axis view).

collisions of smaller nuclei and shrink as the number of nucleons is increased.
A Glauber Monte Carlo calculation can be expected to better model the re-
alistic event-to-event fluctuations of the initial particle production geometry,
but will otherwise follow the Wood-Saxon description.

The final initial state description of notable interest is the color glass con-
densate (CGC) [11]. The CGC model acknowledges that the length contrac-
tion of the target nucleus as viewed by the projectile nucleus will compress
the distances between the color charges within the target nucleus. At higher
beam energies, like those at RHIC, the length scales decrease. Consequently,
the wave function of soft gluons, which are poorly localized, begin to intrude
upon one another. The overlap leads to effective gluon fusion and thereby
reduces the number of soft gluons available to participate in the collision. The
remaining fused gluons also have larger momentum fractions than otherwise
expected. The initial scattering geometry will be altered in the CGC by these
saturation effects. Importantly, the initial production in CGC has more az-
imuthal anisotropy than is characteristic of the Glauber model [12]. Hard
scattering vertexes result from the scattering of large momentum fraction par-
tons. These partons are better localized than the soft gluons and will not
fuse when contracted. Thus the geometric distribution of the hard vertexes
will remain unchanged. This description can be expected to better model the
initial scattering geometry in the softer saturation regime and is important
to consider when describing the convolution of the initial hard scattering and
bulk medium geometries.

1.3.2 Thermalization

The collision ends quickly as the projectile nuclei move through each other on a
short time scale, ∼ 0.1 fm/c, in the center of mass reference frame. Scattering
between the projectile constituents during the collision produces a large energy
deposit between the two nuclei as they exit the collision zone. The energy left
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behind is dense and localized but not yet thermal. Thermalization can take
place through a “bottom-up” process [13]. The typical particle in the initial
deposit has momentum of the saturation scale, Qs, which at

√
sNN= 200 GeV

is ∼ 1 GeV/c. In this case Qs ' ΛQCD and the description is perturbative.
These “hard” gluons are the direct result of the energetic scatterings that take
place during the collision and have formed by times, τ ∼ Q−1

s . The hard
gluons scatter inelastically with each other and produce a population of soft
gluons. In the process, the hard gluons do not themselves lose much energy
and they remain at hard scales. The new population of soft gluons continues
to grow until the soft particles begin to dominate the multiplicity of the event.
This occurs at time scales of α−5/2

s Q−1
s . The soft gluons more easily thermalize

and form a soft bulk medium. Despite the large number of gluons in the bulk
medium, the hard gluons still carry a majority of the kinetic energy. The hard
gluons then begin to scatter with the bulk medium. Through these collisions
the hard gluons lose much more energy and the population at hard scales is
rapidly depleted. Meanwhile the remaining soft gluon distribution remains
thermalized via soft-soft collisions. By α2/5

s Q−1
s the system is nearly free of

hard gluons and has reached a high degree of thermalization. Extremely rare
very hard gluons or gluons that escape from the periphery of deposit may never
thermalize, but represent only a small minority of the particles produced in
the collision.

The perturbative thermalization process is capable of producing a thermal-
ized medium on the time scale of ∼ 2.5 fm/c. Full chemical equilibrium during
the deconfined phase is supported by final-state particle composition measure-
ments [9]. Furthermore, hydrodynamic descriptions well describe heavy ion
measurements. However, these must begin after only ∼ 0.6 fm/c, and suggest
a rapid thermalization of the partonic matter [14]. The rapid thermalization
has challenged the original “bottom-up” scenario and other solutions have
been sought. One method for shortening the thermalization time has been
to enhance the cross sections of the interactions. These enhanced partonic
cross-sections are a clue that additional physics beyond the perturbative 2-2
process in the “bottom-up” description may be at work in the thermalization
of the initial hard gluons.

One possibility for a mechanism that speeds the arrival of thermalization
is the formation during thermalization of plasma instabilities [15]. Plasma in-
stabilities are a well-known phenomena in electromagnetic plasmas. A plasma
instability results from the rapid growth of a particular spatial mode of charge
or current. The beginnings of this process are depicted in Figure 1.10. The
instabilities, which may be electric or magnetic, arise from small initial field
mode fluctuations. Other particles from within the plasma react to this field.
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Figure 1.10: Creation of electromagnetic plasma instabilities: A magnetic
mode fluctuation is suppressed by untrapped charges (left) while trapped
charges enhance the fluctuation (right). [16]

Particles on trajectories that align with the initial fluctuation may add con-
structively to the fluctuation, as in the depicted example, while other particles
on trajectories perpendicular will add destructively to the fluctuation. In an
isotropic plasma where the directions of the particles are random, there is
no net effect and the detailed balance keeps the fluctuation at small scales.
However, in an anisotropic plasma, there is a preferred direction for the parti-
cle trajectories. This allows some perturbations to be dampened while others
experience positive feedback. The strength of the fluctuation grows exponen-
tially as more and more particles join the plasma mode. Similar effects to these
should be the expectation of anisotropic QCD distributions such as those in
the initial longitudinal expansion stages after a collision of heavy ions. The
rapid exponential growth of the plasma instability is the key feature which
may explain the rapid thermalization of the initial energy deposit. The collec-
tive effect of color charge or current within the soft gluon plasma instability
allows hard gluons to begin scattering from these structures at earlier times
than was otherwise predicted in the “bottom up” scenario.

QCD offers two additional features that are not present in the electromag-
netic plasma instabilities. First, there is now an additional third charge that
complicates the description of plasma instabilities with color charges. Sec-
ond, unlike electromagnetism, the non-Abelian nature of gluon-gluon interac-
tions further distances the QCD plasma instabilities from its electromagnetic
cousins. Three dimensional simulations of QCD plasma instabilities have been
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Figure 1.11: Thermalization and the evolution of QCD plasma instabilities:
The hard gluons produce a soft bulk (left). Instabilities in the bulk grow
exponentially until turbulent effects enter (right). [15]

performed [17]. The development of a plasma instability in these simulations
is shown in Figure 1.11. It is found that early fluctuations do grow rapidly as is
the case in electromagnetism. However, the non-Abelian nature of QCD leads
to disruptive interactions between plasma modes that begin once the insta-
bilities reach a critical strength. The growth rate thereafter is much reduced
and no longer exponential. Given these results, it remains an open question
as to whether QCD plasma instabilities reach strengths relevant for scattering
hard gluons on the time scales given by hydrodynamic simulations before the
limiting disruptive effects become important.

The rate and method of thermalization of the initial hard partons is funda-
mentally related to the energy loss of fast partons. Thus the study of matter
that is incompletely thermalized will be key to fully understanding the pro-
cesses by which the bulk matter has achieved thermalization in the short time
scales indicated by the hydrodynamical models.

1.3.3 Quark Gluon Plasma

After thermalization of the deconfined matter, the QGP phase follows. At the
beam energies of RHIC, the medium is initially about thirteen times above the
transition temperature [9]. In this regime, the medium appears to behave as
a strongly coupled liquid and probably never exists as a weakly coupled gas.
Due to the complex nature of a heavy ion collision, many notable physical
signatures survive into the final state and can be measured with the proper
detectors. A discussion of those signatures relevant to the results put forward
in this dissertation follows, but these are only a subset of the menagerie of
signatures that are used to characterize the inner workings of the events at
RHIC.
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Figure 1.12: Illustration of a hard scattering center within a heavy ion collision.
In this case, one exiting parton transits little material before exiting into the
vacuum. The other penetrates deeply and losses energy in the process.

Nuclear Suppression

In a small fraction of the initial incoming parton collisions, the momentum
transfer between incoming partons is large. These hard scatterings are de-
scribed by pQCD due to the smallness of αs, here governed by the momentum
transfer scale3, µ = Q2. The typical result of a hard scattering is the produc-
tion of a pair of back-to-back fast partons in the center-of-mass rest frame.
Without the moderating effects of a dense medium, the partons move apart
and fragment into cones of color-neutral particles in the final state, called
“jets”. In a heavy ion collision, as illustrated in Figure 1.12, the fast parton
moves through the dense material and loses energy, as predicted in [18, 19].
The fast parton may then exit the medium and fragment into a jet of lower
total energy or it may be completely absorbed and thermalized into the bulk.
The energy loss of fast partons is measured experimentally through a quantity

3Not to be confused with baryon density
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collisions: Large suppression (×5) for large pT π0 mesons in 0-10% central
collisions (left) and rapid centrality onset for the same (right). [20]

called the nuclear modification factor, RAA, where:

RAA (pT ) ≡
(

dσAA

dpT

)/ (
TAB

dσpp

dpT

)
=

(
dnAA

dpT

)/ (
Ncoll

dnpp

dpT

)
. (1.12)

The inelastic cross-section, σ, gives the likelihood of an interaction between
projectiles to produce final-state particles. The final state multiplicity of par-
ticles per event is represented by n. TAB is the nuclear thickness function and
is proportional to the number of binary nucleon-nucleon collisions, Ncoll. Hard
scatterings are expected to scale with the number of nucleon-nucleon collisions
as preceding interactions are not important for the large x interaction prob-
ability. Since the fragmentation from partons that have lost energy results
in particles at lower momenta, energy loss pulls RAA down to values below
1. Measurements of the nuclear modification shown in Figure 1.13 find that
particles above ∼ 4 GeV/c in central Au+Au are suppressed by a factor of five
from the expectation of binary scaling. The onset of suppression is smooth
but rapid with the size of the collision zone and suppression factors of ∼ 2 are
already present in semi-peripheral collisions.

Fast parton energy loss descriptions for light quarks show that energy is lost
primarily through induced gluon radiation [21]. In this framework, multiple
scattering of the fast parton with color charges in the medium leads to the
gluon production which taxes the further progression of the parton. The in-
medium gluon production may be coherent if the formation time of the gluon
is comparable to the time spent between scatterings. The coherence, known as
the LPM effect [22], further enhances the significance of energy loss through
radiation. The LPM effect predicts for a static medium that energy will be lost
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as the path length squared, but weakens when including time evolution. Also
important is the consideration of elastic collisional energy loss [19] which might
be the dominant effect for heavy quarks [23]. Modern energy loss calculations
typically incorporate measures of both descriptions [24].

The rate of energy loss is commonly reported in the transport parameter, q̂,
which is the average squared transverse momentum transfer from a fast parton
per unit length in the medium [25]. Opacity formulations for the energy lost
by fast partons include GLV [26] & DGLV [27] which recursively sum opacity
terms and ASW [28] which implements a path integral. In each of these,
the relevant medium property probed by the fast parton is the number of
scattering centers per unit length. Another formulation, BDMPS [29], treats
the energy loss as a smooth process. Thus there is an ambiguity as to whether
partons interact with the medium as a small series of finite interactions or a
single continuous process and some models such as ASW can be calculated in
both limits. Other formulations such as HT [30] envelop the energy loss into
a medium modified fragmentation function and attempt to describe the result
without the factorization into parton energy loss and in-vacuum fragmentation.

Comparisons between the measured nuclear suppression factor and energy
loss models allow the extraction of q̂. For the PQM energy loss model [31],
the central collision suppression data restricts the model parametrization such
that q̂ = 13.2+2.1

−3.2 GeV2/fm [32]. The comparison gives corresponding values
that also show large partonic energy loss in other models [26, 33,34].

Since the production centers are distributed across the nuclear overlap and
the initial parton directions are random, some of the fast partons will have
short paths to the vacuum while others will have longer paths through the
medium. Large energy loss dictates that a sample of final-state partons at high
pT will predominately originate from scattering centers near the surface that
produced partons with short paths through the medium. Thus the collection
of measured jets is expected to be biased towards the surface.

The effects of the surface biasing of jets can be seen directly in azimuthal
angular correlations between two particles at large transverse momentum. An-
gular correlations statistically examine the relationship between particles clas-
sified as “triggers” (denoted as type A) and “partners” (denoted as type B).
Due to the back-to-back production of partons by the hard scattering process,
the distribution of relative azimuthal angles, ∆φ = φA − φB, is expected to
peak at ∆φ = 0 and π. Other effects such as initial and final state radia-
tion and importantly the fragmentation into final state particles smears the
correlations but leaves the same general features. Pairs from within the frag-
mentation of a single parton contribute at ∆φ ∼ 0 (near-side jet) while those
pairs drawn from the fragmentation of both back-to-back partons contribute
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Figure 1.14: Azimuthal angular definitions used in correlating two particles in
the transverse plane (left). Two particle correlation characteristic of energy
loss (right). Near-side pairs in 0-20% central heavy ion collisions are similar
to p+p while away-side pairs are largely absent. [35]

at ∆φ ∼ π (away-side jet). For simplicity, both will be referred to as jet peaks
despite the latter being technically a di-jet peak.

The result of surface bias and energy loss in the correlation of pairs of
particles where both trigger and partner are at large transverse momentum
is shown in Figure 1.14. The near-side jets are consistent with jet particle
production in the baseline p+p and d+Au collisions. However the away-side
pairs observed in the baselines are largely absent in heavy ion collisions due to
the large energy lost to the medium. In order to improve our understanding
of the parton-medium interactions and the mechanisms of energy loss, it is
important to study the fate of partons that are attenuated in the medium
as well as those that survive. These away-side fast partons that are well-
understood in the baseline collisions provide exactly the in situ calibrated
probes for this purpose.

Hydrodynamic Flow

No heavy ion collision is perfectly head-on, and the average impact parameter
of a collision is sizable with respect to the nuclear diameter. In this common
scenario, the initial energy deposit is not azimuthally symmetric. Thermal-
ization produces a temperature profile that creates large pressure gradients
according to the QGP equation of state. The rapid thermalization leading
to early onset of hydrodynamics does not provide for substantial diffusion of
particles that would weaken the spatial anisotropy. The result, illustrated in
Figure 1.15, of hydrodynamics with this initial starting point is dramatic. The
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timetime

Figure 1.15: Hydrodynamical expansion of an azimuthally anisotropic medium
turns an initial spatial anisotropy into a momentum anisotropy.

pressure gradient from the center of the medium to the edge falls more rapidly
along the reaction plane than in directions normal to the reaction plane. As
the system expands, the particles moving in-plane receive a boost due to col-
lective flow from the additional pressure in this direction. Thus, the initial
geometric anisotropy is mapped through hydrodynamical expansion into a fi-
nal state momentum anisotropy. The measured spectra of particles in-plane
are boosted to higher momenta than out-of-plane spectra. For the multiplicity
of particles at a particular momentum, the boosts made against falling spectra
lead to larger hadron multiplicities in-plane than out-of-plane.

The multiplicity distribution with respect to the reaction plane is subject
to Fourier analysis. The multiplicity anisotropy in the final state is reported
as a series of Fourier coefficients such that:

dn

dφ
=

n (pT )

2π
(1 + 2v2 (pT ) cos(2φ) + 2v4 (pT ) cos(4φ) + . . .) (1.13)

where the dependence transverse flow has with pseudo-rapidity is ignored.
The coefficients, v2 and v4, give the quadrupole and octupole moments of the
multiplicity distribution.

Comparisons of v2 measurements to hydrodynamical models, shown in Fig-
ure 1.16, exhibit good agreement at low momentum where hydrodynamics is
expected to dominate the anisotropy coefficients. At high pT the anisotropy is
more likely to contain contributions of jets rather than hydrodynamics. Sur-
face biased production of jets results in more jets in-plane than out-of-plane
and so will also give at high pT v2 a positive value. The results of both hydrody-
namic expansion at small pT and energy loss at large pT typically generate an
ordering of the Fourier coefficients where v2 > v4 > · · · [38]. The quadrupole
anisotropy, v2, is the dominant feature of the momentum anisotropy. Terms
higher than the octupole term, v4, are generally negligible relative to uncer-
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Good agreement is exhibited below ∼ 1.75 GeV/c [36] (left) and by viscous
hydrodynamics [37] (right).

tainties in most measurements and so inaccessible experimentally.
Interestingly, the hydrodynamical evolution models, two of which shown

in Figure 1.16, can achieve good agreement with the measured data at lower
momentum without implementations of viscosity. If viscous hydrodynamics
(also shown) is used instead, only a very small viscosity to entropy ratio is
allowable (when modeling a pure-gluon plasma) [37]. The rapid expansion of
the fireball, which can pull the system out of thermal equilibrium, will also
result in non-equilibrium viscous corrections to the hydrodynamical expansion
description, further degrading the flow signal.

The values of elliptic flow from the hydro models depend in detail on which
the initial state description is implemented as the expansion is sensitive the
initial energy density geometry. The typical Glauber model starting point
extracts viscosities that are shockingly small. In fact the values extracted
lie very close to the conjectured lower limit of viscosity for quantum fluid in
the AdS/CFT formulation, the “perfect fluid” limit [39]. A CGC initial state
allows larger values for the viscosity as the initial medium distribution is more
anisotropic than in the Glauber description. This leads to larger elliptic flow
and thereby gives more room for degradation of the elliptic flow signal by
viscous effects.

Another startling feature of the modulations of transverse flow is the con-
stituent quark scaling of v2 by transverse kinetic energy for momenta within
the hydro regime. The constituent quark scaling is a signature of a collec-
tively flowing deconfined fluid. The scaling, shown in Figure 1.17, is also a
strong indication that recombination between constituent quarks enhances the
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anisotropy of the transverse flow of baryons relative to that of mesons due to
their larger quark content.

Medium Excitation

The collective flow of the bulk medium and the large energy loss of fast partons
transiting the medium opens the intriguing possibility of another collective
behavior, the response of the bulk medium to the energy deposited by fast
partons. Measurements made between the bulk regime at the low momentum
and the energy loss regime at high momentum would be the natural location
for signatures of excited bulk phenomena to be found within the data.

In fact, pair correlation measurements at these intermediate momenta show
new patterns that indicate strong modifications of the near- and the away-side
∆φ and ∆η distributions. The characterization of these phenomena will be
the primary topic of Chapter 5 and a brief introduction to both is given below
with more in depth discussion reserved for the later chapter.

Away-side Shoulder

Early measurements of away-side correlations of intermediate momentum par-
ticles by the PHENIX experiment found jet profiles very different than those
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Figure 1.18: The away-side shoulder modification in heavy ion jet correlations
as measured by the PHENIX experiment between charged hadron triggers at
2.5 − 4.0 GeV/c and partners at 1.0 − 2.5 GeV/c from central to peripheral
collisions. [41]

with higher momentum particles. Examples of the modification as a function
of centrality are shown in Figure 1.18. The enhancement near∆φ = π±1.1 rad
is called the “shoulder” to indicate its location away from the “head”, i.e. the
normal opposing jet measured at ∆φ = π in p+p collisions. In these mea-
surements, the extent of the away-side modification was not entirely clear due
to the measurement uncertainties in the early RHIC data sets. Also unclear
was the extent to which the shape was affected by assumptions made in the
process of background removal. Clarification of these questions is a subject of
this dissertation.

Attempts to explain the away-side shoulder modification employ a variety
of mechanisms. These include the deflection of the away-side parton by scat-
tering from the medium [42–44]. The away-side parton may instead produce
gluons via Cherenkov radiation as in [45]. However, the parton may also in-
duce radiation at large angles through other means [46,47]. Away-side partons
could excite a “wake”, the collective motion of co-moving gluons, as in [48–50].
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The collective excitation of medium may also take the form of a conical sonic
shock wave, or Mach cone [48,51,52].

Near-side Ridge

Early measurements of near-side correlations at intermediate momentum by
the STAR experiment demonstrated that the near-side jet was not only en-
hanced, but dramatically broadening in the longitudinal direction. An exam-
ples of the modification measured with PHENIX is shown in Figure 1.19 for
central Au+Au collisions. This new feature, called the “ridge”, is centered
at ∆φ = 0 and extremely broad in ∆η, extending to the edge of the ∆η-
acceptance. Recent results from the PHOBOS experiment, also shown, have
found the ridge extends to even larger pseudo-rapidity pair separations of least
±4 units [54].

There is also a diverse set of theoretical explanations for the near-side ridge.
A partial list of these proposed mechanisms include medium-induced radia-
tion coupled to collective expansion [50, 55], jet survival and hydrodynamical
flow [56], away-side parton back-splash [57], event fluctuations [58], recom-
bination of in-medium shower partons [59], momentum kick to the nuclear
fluid [60], and color glass condensate flux tubes [61, 62]. Tantalizing evidence
showing shared characteristics in the ridge and the shoulder correlations will
be presented in this work.
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1.3.4 Hadronization

As the QGP cools via physical expansion and photon radiation, it eventu-
ally reaches energy densities not capable of sustaining deconfinement and
hadronization begins. The processes of hadronization take the deconfined
matter in the quark gluon plasma and repackage it into color neutral particles.
Hadronization of material takes place through two methods of repackaging:
recombination and fragmentation.

Recombination collects color charge from within the deconfined phase into
color-neutral states [63]. By joining co-moving partons from the bulk, recom-
bination produces mesons and baryons. The first particles to appear are the
more tightly bound color neutral states which may have pre-existing correla-
tions even above Tc. These are followed by the more loosely bound states at
Tc. Recombination works best when the color charges are densely packed and
the relative motion between particles is appropriate for capture into a bound
neutral state. These requirements correspond best to the lower momentum
bulk matter in the medium. Recombination at low momentum is supported
by partonic scaling of elliptic flow where the pairing of constituents in a flow-
ing medium enhances the anisotropy of the measured final-state particles was
shown in Figure 1.17. These effects in particular may also play a role in altering
intermediate pT jet-induced signatures at the hadronization boundary.

The other way in which particles reach color-neutral states is via fragmen-
tation of high pT partons into jets of hadrons. Fragmentation is a familiar
effect from p-p collisions where little source material exists to drive recombi-
nation. Fragmentation appears at high pT where partons have not been fully
thermalized and the relative motion and particle densities disfavor recombina-
tion. Instead of combining with pre-existing color charge, vacuum production
creates color charges to neutralize the parton. The result of fragmentation of
a high momentum parton is a cone of co-moving color-neutral particles in the
final state called a “jet”. The momentum profile of the particles within the jet
falls smoothly but rapidly as one moves away from the center axis [64]. As fast
partons fragment most of their energy in this way, a detailed and correct re-
construction of the jet would allow also the measurement of the parton energy
prior to fragmentation. However, a single jet contains few particles relative to
production from other sources in a heavy ion collision at RHIC energies for
all but the highest momentum partons. Thus, extracting the parton energy
in the presence of this background is an unsolved problem for both jet finding
and jet energy calibration below p̂T ∼ 30 GeV/c.
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1.3.5 Hadron Gas

If the hadrons are produced at a sufficient density, these, too, collide at high
rates and will behave in a collective manner. However, if the density at
hadronization is too small or the radial expansion too rapid, this phase may
exist only briefly (or not at all), and its effects on final state measurements
may be small or negligible. The preservation of partonic scaling, as was shown
in Figure 1.17, through this phase may point to the latter case. The hadron
gas phase will have higher viscosity than the plasma phase [65]. The agree-
ment of anisotropy measurements with low viscosity hydrodynamics, shown
in Figure 1.16, also indicates a time average involving very little hadron gas
phase. Furthermore, the hadronic cross-section for the φ meson varies sig-
nificantly from other mesons due to its strange quark content and is another
experimental handle employed to gauge the importance of the phase. Partonic
scaling of the φ meson elliptic flow, as shown in Figure 1.20, further indicates
a short or non-existent hadron gas phase.

1.3.6 Freeze out

As expansion draws the hadrons farther apart, both the severity and rate of
the hadron collisions drops until the gas begins to freeze out. Freeze out is
the final stage of the collision. There are two varieties of freeze out: chemical
and kinetic. Chemical freeze out is the time at which the collisions in the
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hadron gas no longer alter the hadronic composition and only elastic collisions
remain. Kinetic freeze out ends even the elastic collisions, and free flight of
the final-state particles to the detector begins.

1.4 Purpose

The purpose of this dissertation is to explore the momentum dependence of
jet pair correlations. Jet tomography measurements at high pair momentum
will be used to study the nature of the energy loss process and to study the
early time history and geometry of heavy ion collisions. How and when the
deconfined medium produced in a heavy ion collision thermalizes is intercon-
nected with issues concerning the onset of energy loss and the initial system
geometry. Jet tomography results like those presented in this dissertation will
be an important tool in improving the understanding of heavy ion collisions.
The discovery and characterization of new and interesting phenomena at lower
pair momentum in jet pair correlations will also be explored. The surveyed
measurements are compared with models of medium excitation by energy loss
and models of jet survival. The fate of the energy lost by fast partons tran-
siting the medium is deeply related to the issues of thermalization, but also
introduces the possibility of measuring bulk medium properties by fast parton
probes.
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Chapter 2

Experimental Apparatus

This chapter describes the features of the accelerator facility and detector
systems which were used for the analysis presented in this dissertation.

2.1 RHIC Complex

The Relativistic Heavy Ion Collider (RHIC), shown in Figure 2.1, is located
on the grounds of Brookhaven National Laboratory (BNL) in Upton, New
York, USA. The collider was constructed in the years 1991-2000 as an addition
onto existing beam acceleration facilities, namely the Alternating Gradient
Synchrotron (AGS). RHIC began physics operations in the year 2000 and has
taken data in every year since. RHIC itself consists of two beam lines, blue and
yellow, which counter-circumnavigate a 3.8 kilometer path around the ring.

RHIC is a diverse and capable facility designed for the study of QCD.
Collisions of heavy nuclei have been provided in a variety of beam species
ranging in mass from p+p to Au+Au and across a wide span of beam energies
ranging from center of mass energies per nucleon,

√
sNN , between 9 and 500

GeV. The independent blue and yellow rings allow RHIC to provide to the
experiments collisions of asymmetric mass such as d+Au. Furthermore, the
facility also studies proton spin physics via polarization of proton beams.

The primary experiments, BRAHMS, PHENIX, PHOBOS, and STAR,
have been operated at four of the six ring intersection points of RHIC. Cur-
rently, only the two large experiments, PHENIX and STAR, are continuing
to collect data as the physics programs of the smaller experiments, BRAHMS
and PHOBOS, are now complete.

The complex at RHIC is in the process of upgrading to extend the physics
reach of the facility. Planned upgrades include a new ion source capable of
additional beam species, including very large nuclei such as uranium [67]. Ad-
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Figure 2.1: An Aerial photograph of the RHIC Complex with beam lines
indicated.

ditional beam lines and acceleration facilities under the eRHIC proposal are
planned to allow e−+p and e−+A collisions for the purpose of studying nuclear
structure and cold nuclear matter effects. Two upgrade paths to higher beam
luminosity, stochastic cooling and RF cavity upgrades, are being explored.
Extremely high luminosities like those in the RHICII proposal combined with
long yearly running periods will keep the heavy ion program at RHIC com-
petitive with future operations at the Large Hadron Collider (LHC) [68].

2.2 PHENIX Detector

The Pioneering High Energy Nuclear Interaction eXperiment (PHENIX) de-
tector, shown in Fig 2.2, is a large multi-purpose device dedicated to the dual
purposes of characterizing hot dense deconfined matter and measurements of
proton spin asymmetries.

The PHENIX detector, as shown in cross section in Figure 2.3, consists
of 4 separate spectrometer arms [69]. Two of the spectrometer arms are
located along the beam pipe at forward pseudo-rapidity (η ∈ [1.15, 2.44] ∪
[−1.15,−2.25]) with full azimuthal coverage. This pair of north-south arms
is designed primarily for muon track reconstruction and identification. The
second pair of arms, these aligned perpendicular to the beam pipe, are lo-
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Figure 2.2: A cutaway diagram of PHENIX as positioned within the Interac-
tion Region (IR).

cated at central pseudo-rapidity (η ≈ 0) with only partial azimuthal coverage
(2 × π/2 rad). The east-west arms have multiple objectives that include, but
are not limited to, charged particle tracking, particle identification, photon
reconstruction, and event triggering.

The PHENIX central arm spectrometers are approximately 9 meters tall,
and extend about 3 meters north-south along the beam pipe. Cartesian co-
ordinates (x, y, z) to describe locations with respect to the center of PHENIX
are designated such that the x − y plane lies transverse the beam pipe with
positive z-values extend north along the beam pipe from the center of the
detector. Positive y-values are measures as vertical height above center, and
positive x-values are units of horizontal displacement to the west of center.

Angular detector coordinates are also defined from the detector center. The
azimuthal angle, φ, is constructed such that φ = 0 lies along the positive x-
axis. This φ-acceptance consists of the two aforementioned π/2 sections. These
acceptance wedges are positioned facing slightly off-center of each other. This
design grants full but uneven coverage in relative azimuthal angle, ∆φ, which
is important in the acceptance of particle pairs.

The polar angle, θ, is defined with zero to the north along the beam pipe.
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Figure 2.3: Cross section of the PHENIX in the transverse direction (left) and
in the longitudinal direction (right).

Polar angular displacement is usually reported as pseudo-rapidity, η, where
η = − ln [tan (θ/2)]. The central arm pseudo-rapidity acceptance is narrow by
the standards of some other detectors, extending for only η ∈ [−0.35, 0.35].
The two dimensional coverage of PHENIX in φ and η is shown in Figure 2.4.

The central arm magnet is composed of four electromagnetic coils; inner
and outer loop pairs located in the north and south. In standard operating
mode the concentric pairs create a coaxial magnetic field between the beam
pipe and the inner layers of the central arm at 2 meters radius [70]. The
magnetic field is used to bend the paths of charged tracks for the purpose of
charge and momentum measurements. The produced field integral can be as
large as 1.15 Tesla-meters. The loops may also operate in different settings.
Typically the “++” and “−−” current arrangements are used where the fields
of each coil add constructively. The reversal of magnetic field is used as a
systematic check in some analyses. The remaining “bucking” configurations
“+−” and “−+” are used to reduce the magnetic field strength surrounding
the beam pipe to a radius of a half meter and is an important capability when
placing detector subsystems into this region. The complete field geometry
has been fully mapped and the strength is measured at specific points during
data taking using sets of fixed Hall probes. The region inside the magnetic
field between detector subsystems is often filled during operations with helium
bags to displace air and thereby reduce the total amount of conversion material
between the collision and the inner layers of the central arms.

The physics goals of PHENIX are broad and analyses, including the two-
particle correlations described within this document, make use of many parts
of the PHENIX detector. For the purpose of brevity, only the subsystems used
in PHENIX for this particular dissertation are described in detail below.
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2.2.1 Event Characterization

Event characterization is performed with inner detectors that sample a dif-
ferent subset of final-state particles than the central arm detectors. Use of a
different subset of particles is important in determining properties of the event
so that a high degree of independence is preserved between the physics signals
measured within the central arm and the characterization of the event class.

The first goal is the detection of a collision event in the interaction region.
RHIC provides a beam clock that is timed to each crossing of the blue and
yellow beams. Some events, called simply “clock triggered” events, are col-
lected only with the beam clock. The data acquisition (DAQ) systems have
limited bandwidth and a stream of only clock triggered data would represent
a poor use of PHENIX resources. To better prioritize the collection of events
through a finite bandwidth, PHENIX has constructed a complex series of trig-
ger conditions to allow quick decisions to be made. Of these Level 1 (LVL1)
triggers, the min-bias trigger (MB) is most relevant to the analyses made here.
The purpose of this trigger is to gather a substantial portion of the total cross
section, but remove the beam crossings that do not contain a significant inter-
action between the beams. The PHENIX MB trigger requirement for heavy ion
collisions at full energy is a coincidence signal in at least one photomultiplier
tube (PMT) for both Beam-Beam Counters (BBCs) in PHENIX. Rare and
interesting triggered events, such as those known to have a large momentum
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Figure 2.5: Beam-beam counter detector construction: An individual BBC
PMT and quartz radiator (left). A BBC bundle as constructed from 64 PMT
and radiators (center). A BBC as installed around the beam pipe behind the
central magnet (right). [71]

photon within the PHENIX acceptance, are much more valuable than a simple
clock triggered or min-bias event and are recorded much more frequently.

The BBCs [71], shown in Figure 2.5, are a pair of north-south detector
subsystems that are located at 1.44 meters along the beam pipe in a pseudo-
rapidity range of 3.0 to 3.9. The detectors consist of a set of 64 photomulti-
plier tubes (PMT) arranged with 2π azimuthal coverage. The BBCs measure
Cherenkov light produced by charged particles from the collision vertex pass-
ing through 3 cm of quartz radiator at the front of each PMT. The individual
elements of the BBC have excellent timing resolution, 54 ± 4 ps, have a fast
signal response, and have fine 3 cm segmentation for use in the high multi-
plicity environment of a central heavy ion collision. PHENIX establishes the
collision time of an event, T0, for the entire detector from the average arrival
times of leading charged particles into the north and south BBCs.

The BBCs are also used to to determine the location of the colliding pro-
jectiles within the PHENIX detector. The difference in the arrival times of
the leading particles between north and south is dependent upon the collision
location along the beam pipe axis in z. The position of the collision, called
the z-vertex, is important for determining the transverse plane for the event
and is the origin point for all particle tracking within PHENIX. The excellent
timing resolution allows the pair of detectors to locate the collision along the
beam pipe to a resolution of a few centimeters in a central Au + Au collisions
at full energy. The resolution will vary to somewhat poorer values for other
centralities, smaller beam species, and lower beam energies.

The z-vertex distribution produced by the crossing beams is not narrow.
For collisions taking place down the beam pipe from the center of the PHENIX
detector, the detector samples somewhat different pseudo-rapidity values than
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Figure 2.6: Placement of the ZDC beyond the forward dipole magnets (left).
A ZDC as installed between the RHIC blue and yellow beam pipes (right).

for collisions more closely centered within the detector. Detector components
are aligned to characterize events centered in the detector and can suffer back-
grounds as events are sampled near forward detector material. For these rea-
sons, only events within a ±30 cm on z-vertex are used for the LVL1 MB
trigger and the subsequent analysis of the collected data presented here.

In collisions of nuclei, comparing events requires determination of the col-
lision impact parameter. PHENIX uses the percentage of the total inelastic
cross-section, centrality, to differentiate between central small impact param-
eter events and peripheral large impact parameter events. Centrality can be
determined using the aforementioned BBCs in conjunction with the Zero De-
gree Calorimeters (ZDC) [71]. The ZDCs, shown in Figure 2.6, are a pair of
hadronic calorimeters located farther down the beam-pipe at a distance of 18
meters from the center of PHENIX, and measure neutrons in extremely for-
ward directions (|η| ∼ 6). The detectors are placed after the forward dipole
magnets, which have separate the ions back into the blue and yellow beam
lines. The positioning clears the detectors of charged beam remnants, which
are swept aside by the dipoles, and allow the measurement of only spectator
neutrons. Spectator nucleons are those nucleons not within the nuclear over-
lap region and do not participate in the collision. The ZDCs are composed of
tungsten inter-laid with optical fibers which are read out by PMTs. The detec-
tors are optimized to completely contain the hadronic showers of the spectator
neutrons and so minimize the energy lost to leakage.

The integrated charge collected by the BBCs is related to the number
of nucleons participating in each collision. The response of the ZDC to the
centrality of an event is more complex in that the ZDC measures only neutrons
“freed” from the nuclei in the collisions. In peripheral events, very few neutrons
are freed as they remain bound to protons also exiting the collision. This gives
little response in the ZDC as the bound neutrons are swept away from the ZDC
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Figure 2.7: Division of collected events into centrality classes by normalized
BBC and ZDC response. Two methods are depicted, the clock method (left)
and the BBC-only method (right). [72]

with the protons by the magnets. In mid-central collisions, many neutrons
are freed during the breakup of the spectators, and the detector response is
correspondingly higher. In central collisions, there are fewer spectator neutrons
as nearly all nucleons participate in the collision and the signal collected in the
ZDC is again lower. PHENIX determines centrality by the “clock” method
under which the BBC-to-ZDC response is divided radially around some point
as on the face of a clock. The clock designation is a reference to the geometry of
this division and has no connection to the aforementioned clock trigger. In the
Run 7 data, a “BBC-only” method for centrality was used where the divisions
are made in percentiles of the BBC response. A plot of the response of the two
detectors and the division into centrality classes under both methods is shown
in Figure 2.7. The min-bias trigger requirement does not allow the collection
of the most peripheral collisions. The loss of efficiency in the most peripheral
collisions is approximated as a sharp threshold between 85-95% dependent
upon the colliding species and beam energies being considered. The value for
Au + Au at full energy is 92.2+2.5

−3.0% of the total inelastic cross-section of 6.9
barns. This upper limit of the min-bias trigger in the collection of the total
inelastic cross-section is characterized from HIJING simulations. HIJING is a
heavy ion Monte Carlo event generator that implements for low pT processes
a simple string phenomenology and for high pT processes uses pQCD [73].

For nuclear collisions, it is also necessary to determine the azimuthal orien-
tation of the two colliding projectiles. The plane defined by the impact param-
eter and the beam pipe is referred to as the “reaction-plane”. The azimuthal
orientation of the reaction plane, ψ, is determined by the anisotropy of parti-

37



Figure 2.8: RXPN construction. PbSc paddle (left), a partial ring of paddles
(left-center), paddles with PMTs attached (right-center), and the RXPN as
installed in PHENIX (right). [74]

cles exiting the event in the forward direction. Thus, the angular distribution
of charge in the BBC may be used to determine ψ. The resolution improves
with particle multiplicity and event anisotropy and is best in mid-central colli-
sions. Installed in August 2006, the Reaction Plane Detector (RXPN), shown
in Figure 2.8, is used to determine the reaction plane orientation due to its
more precise angular resolution [74]. The RXPN is mounted onto the face
of the central arm magnets, between η of 1.0 and 2.8. This choice balances
the improvement of large angular coverage against the contamination from jet
correlations as the inner edge becomes more central. The RXPN consists of an
inner wheel, η ∈ [1.5, 2.8], and an outer wheel, η ∈ [1.0, 1.5], of lead scintillator
paddles read out by attached PMTs.

The reaction plane angle for both the BBC and RXPN is reconstructed us-
ing the quadrupole component of the charge distribution on an event-to-event
basis. The measured orientation distributions which contain small variation
due detector bias are corrected under the assumption that the physical distri-
bution of reaction plane orientations is isotropic. The reaction plane orienta-
tion as determined in this way is fundamentally two-sided. The reaction plane
angle reconstructed for an event as ψ could also be designated as ψ + π with
equal validity. To fold over this trivial symmetry, reaction plane angles are
given only in the angular range ψ ∈ [0, π).

2.2.2 Charged Particle Tracking

The starting point for charged particle tracking begins with the inner layer of
the central arms. In each arm, the Drift Chamber (DC) collects the ionization
charge produced by passing charged particles onto readout wires [75]. The DCs
were required to have extremely fine spatial resolution in order to operate well
under the high occupancies originally expected in central heavy ion events at
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Figure 2.9: Drift Chamber construction (left) and wire arrangements. UV
wires cross straight X wires giving track location in z (left-center). Wire types
appear in six layers progressively further from the beam pipe (right-center).
Individual wires are arranged to create drift regions under which deposited
charge moves to the sense wires (right). [75]

RHIC energies. The construction and wire layouts of the DCs are described
in Figure 2.9. Each drift chamber is constructed from a titanium frame and is
enclosed with Mylar windows. The front face of the DC sits at 2 meters from
the beam pipe and each chamber is a half meter thick. Inside the DC are 6 sets
of wires: X1, U1, V1, X2, U2, V2. The X-layer wires run horizontally north-
south while the UV-layer wires run north-south with a small ±6◦ tilt from
horizontal. The X-layer wires give azimuthal location information whereas the
UV layer also gives a location in z. The wires are divided into north and south
sides by insulating kapton connections at z = 0 cm. A single layer of wires
is constructed of many parallel sets of wires running the azimuthal span of
the DC acceptance. The purpose of each of the wire sets is to create several
drift regions facing to one side of the wires and a separate set of opposing drift
regions on the opposite side. The X-layers are thicker than the U and V and
contain more drift regions. There are four types of wires in the DC: cathode,
anode, gate, and back wires. The gate and back wires are used to differentiate
the drift regions. The cathode and anode wires are used to drift the electrons
into anode and thereby into the read-out electronics. The arrival time of the
charge in conjunction with a measurement of the drift velocity of the working
gas (50% argon, 50% ethane, and trace alcohol at 1 atm) is used to determine
the distance from the anode wire to the initial deposit of charge by the passing
particle.
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Figure 2.10: Charged particle momentum vector reconstruction using DC hit
information. [75]

Paths of charged particles are bent by the central magnets prior to pas-
sage through the DC. The amount of bending and direction is related to the
momentum and charge of the particles. Assuming a particle originated within
the collision vertex, the incident angle of the incoming track at a reference
radius within the DC, α, is a measure of the momentum vector and charge of
the particle, as shown in Figure 2.10. Multiple hits within each X-layer and
confirmation between X1 and X2 is required for the construction of a charged
track. UV hits may be used to locate the charged track along z. Single track
spatial resolution is better than 150 µm and the efficiency for locating a single
wire hit at low occupancy is extremely good, above 99%.

After exiting the DC, a charged particle enters the first in a set of multi-
wire proportional chambers or Pad Chambers (PC) [75]. A PC consists of a
set of segmented cathode planes surrounding a single layer of anode wires, as
shown in Figure 2.11. The segments, or pads, localize the avalanche signal
from a passing particle to a particular pad. Avalanche association between
pixels within a pad, allows placement of a track to a resolution of 1.7 mm.
The PC1 and PC3 lie at 2.45 meters and 4.9 meters from the interaction
vertex, respectively. The relative proximity of the PC1 to the beam pipe
requires smaller pads, 0.84 × 0.845 cm, to obtain similar angular resolution
and occupancy as the PC3 which has cells four times larger. The first layer is
constructed with a stiff honeycomb material which acts as structural support,
eliminating the need for an external frame, and thereby reducing the amount
of conversion material in the inner layers of the central arms. The first layer
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Figure 2.11: Pad chamber construction: Cross-section of a pad chamber (PC1)
showing drift wires, structural support honeycomb, and attached read-out
chips. [75]

is also used to locate and confirm tracks along z with hits in the DC UV wires
as needed. The PCs also have extremely high single hit efficiency, above 99%.

A track constructed with a combinatorial Hough transform in the bend
plane out of hits in the DC and PC1 with initial vertex information from the
BBCs will have a momentum resolution of δp/p ≈ 0.7% ⊕ 0.1%p. The two
resolution terms are the result of multiple scattering which plays an important
role at low pT and a term due to the intrinsic angular resolution which plays
an important role at high pT where tracks become very straight. The final
layer, PC3, is used to further confirm the track at larger pT where background
contamination would otherwise contribute. The intervening PC2 is located
only in the west arm and is rarely used.

2.2.3 Electron Identification

The Ring Imaging Cherenkov (RICH) [76] detector lies between a radius of
2.6 and 4.1 meters from the beam pipe and is a principal detector used in
identifying electrons. The RICH measures the Cherenkov light produced by
fast moving electrons above 18 MeV passing through a radiator gas, here CO2

at 1 atm. An average electron of β = 1 will radiate 12 Cherenkov photons
into a ring of 5.9 cm radius during a 1.2 meter transit of the radiator gas.
To reduce the radiation length of the subsystem, the light produces a ring
that is reflected off of a set of very thin mirrors onto a PMT array, shown in
Figure 2.12, which are placed just outside the central arm η-acceptance. Below
the Cherenkov threshold for the heavier charged pions, pT = 4.7 GeV, these
signals are unique to electrons. In addition to positively identifying electrons,
the RICH may be used to veto electrons from charged hadron tracks. The
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Figure 2.12: Electron signal depositions are shown in the RICH. Cherenkov
radiation is reflected onto PMT array (left). Ring sizes are shown relative to
PMT lattice (right). [76]

turn-on curve for charged pions is not sharp and some discrimination based on
ring sampling remains for momenta just above the threshold. Separation of
electrons from the copious production of charged pions is important in many
analyses and is useful in the study of hadronic jets in two-particle correlations
as a veto and to limit the effects of decay contamination.

2.2.4 Photon Detection

Photons, whether arising from direct or decay processes, are detected via show-
ers in the Electromagnetic Calorimeter (EMCal) [77]. The EMCal occupies
the outermost layers of the PHENIX central arms, beginning 5 meters from
the beam pipe. The EMCal is designed to measure the energy, position, and
identity of photons and electrons. Furthermore, the response to hadrons is
useful in particle identification and the quick response to deposited energy is
useful for triggering on events with high momentum photons or electrons.

The EMCal is composed of 24768 individual towers. These towers, whose
construction is depicted in Figure 2.13, use two different designs of energy de-
tection. The largest portion of the EMCal, representing 6 sectors, is composed
of lead scintillator (PbSc) modules. The remaining 2 sectors are made of lead
glass (PbGl) modules repurposed into PHENIX after serving in the WA98 ex-
periment. The PbSc modules are sampling calorimeters composed of layers of
lead absorber and plastic scintillator. Optical fibers penetrating through the
stack of lead scintillator layers also act as scintillator material and collect light
into PMTs. A module in the PbSc is composed of four individual PbSc towers.
The PbSc sectors have excellent signal linearity and timing response. The en-
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ergy resolution for cluster reconstruction is δE/E = 8.1%/
√

(E(GeV ))⊕2.1%
in this region and was measured using a test beam. The PbGl modules are
Cherenkov calorimeters that are single blocks of lead oxide glass that play
both roles of absorber and light collector. The PbGl sectors have excellent
granularity and energy resolution. Super-modules in the PbGl are composed
of two dozen individual towers. The energy resolution of the EMCal in these
sectors is δE/E = 5.9%/

√
(E) ⊕ 0.8%. The heterogenous composition of the

EMCal allows for measurements of photon and electron properties in each of
the module designs and is an important systematic check in the understanding
of the detector response.

Clusters are not only created by the deposit of energy from photons. Elec-
trons also deposit localized energy in the EMCal. Hadrons are less likely to
shower in the EMCal and typically leave only a minimum ionization peak
(MIP). Some hadrons do shower, but the large shower created by the hadron
typically occurs deeper into the EMCal and the energy is not well contained.
The location, timing, and shape of the deposit into the EMCal can be used to
categorize the particle showers.

EMCal showers are constructed by clustering contiguous towers in the
calorimeter that contain more than 10 MeV with at least one tower peak-
ing above 50 MeV. The geometric center of the cluster is determined using the
dispersion of the profile weighted by the logarithm of the tower energy. Over-
lapping clusters, which occur increasingly in more central heavy ion events
with large multiplicities, could contaminate the extracted cluster energies. To
reduce this bias, the cluster energy is calculated from the core of the shower
profile using an extrapolation under the assumption that the shower shape is
electromagnetic. The extracted cluster energy is corrected for incoming inci-
dence angle of the particle impinging onto the face of the detector and for the
detector response, based upon test beam data.
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Figure 2.13: Construction diagram of a four tower PbSc module (top) and an
individual PbGl tower (bottom). [77]

44



Chapter 3

Analysis Procedures

This chapter describes the steps taken to extract jet pair correlation quantities
from the data collected by PHENIX. The analysis proceeds in the following
steps. First the inclusive correlation function (C) is measured from pairs of
single particles. Several properties must be determined. These include the
reconstruction efficiency (ε) and the transverse anisotropy coefficients (v2k).
The measurement of transverse anisotropy also requires corrections for the
reaction-plane reconstruction resolution (∆2k), which must be measured sep-
arately. The correlation function is decomposed into jet pair correlations (J)
and background contributions. The background level (b0) is determined with a
variety of methodologies to judge the sensitivity of the extraction to the input
assumptions of each. Subsequently, the per-trigger jet pair yield (PTY ) is cal-
culated from the jet pair correlations and the jet characteristics are compared
to other baseline measurements.

3.1 Data Sets

Results that appear in this dissertation were constructed from five years of
RHIC data collected from 2003 to 2007. The large data sets provided by RHIC
luminosities and PHENIX DAQ rates are crucial to the statistical extraction
of small pair signals from rare phenomena like hadronic jets arising from hard
scattered partons. Furthermore, the variation of beam species and energies
allows for greater control in studying new and poorly-understood phenomena,
like the intermediate pT ridge and shoulder structures. A summary of the full
range of PHENIX data sets is provided in Table 3.1 and demonstrates the
diversity of the RHIC program. In all the heavy ion results and most of the
p+p results shown within this document, only minimum bias triggered events
are used. In a few cases, p+p results have been extended to large momentum
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Table 3.1: A summary of PHENIX data sets through 2008.
RHIC Run beam beam energy sampled

∫
Ldt

(Year) species (GeV) events

1 (2000) Au+Au 130 10 M 1 µb−1

2 (2001/2) Au+Au 200 170 M 24 µb−1

p+p 200 3.7 B 0.15 pb−1

3 (2002/3) d+Au 200 5.5 B 2.74 nb−1

p+p 200 6.6 B 0.35 pb−1

4 (2003/4) Au+Au 200 1.5 B 241 µb−1

Au+Au 62.4 58 M 9 µb−1

5 (2005) Cu+Cu 200 8.6 B 3 nb−1

Cu+Cu 62.4 400 M 0.19 nb−1

Cu+Cu 22.4 9 M 2.7 µb−1

p+p 200 85 B 3.8 pb−1

6 (2006) p+p 200 233 B 10.7 pb−1

p+p 62.4 28 B 0.1 pb−1

7 (2007) Au+Au 200 5.1 B 813 µb−1

8 (2008) d+Au 200 160 B 80 nb−1

p+p 200 115 B 5.2 pb−1

through use of a LVL1 trigger requirement as not all MB events were recorded
during data taking for this beam species.

3.2 Run Characterization

Detector stability requirements for jet pair analyses are strict as time variation
of the detector performance can produce undesirable effects. The acceptance
correction for pair correlations can not be estimated on an event-to-event basis
and an average correction for many events must be used. It is important that
the detector acceptance closely follow the average detector acceptance and
that the variations be slow and of minimal impact. During each run of the
detector, typically an hour of beam time, sections of the detector may suddenly
trip due to electrical shorts. Stability thresholds on the detector acceptance
are maintained during the operation of the detector or data taking is paused
to recover the missing acceptance.

Furthermore, good practice requires the stability of the detector to be
tested from the data after collection and prior to analysis. The raw multiplicity
rates of single particle production over the course of a run can reveal variations
in the live area of the detector subsystems due to high voltage trips. Mean
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charged track momentum is useful for determining runs that had trips in the
magnetic field coils. In general, PHENIX is stable for long periods during
operation and these requirements are well met. However, more long lasting
acceptance changes during the course of a year do occur at times and the
acceptance before and after should be calculated separately for each run group.

More commonly, as a cross-check, the magnetic field is reversed for a signif-
icant period of the year and the charge track acceptance is flipped for positive
and negative particles. Since the dead areas are not symmetric, the acceptance
effects for these periods are examined separately.

3.3 Centrality Metrics

Particle production in collisions of nuclei in the absence of nuclear effects,
could follow one of two scaling laws. The rate of soft particle multiplicity
increases with the total number of participating nucleons (Npart). Hard par-
ticle multiplicity, however, should instead increase with the number of binary
nucleon-nucleon collisions (Ncoll) produced by the colliding nuclei. These event
characteristics are connected to the centrality values measured with the BBC
and ZDC. The connection between the measured centrality and Npart or Ncoll

is made via a Glauber Monte Carlo calculation [10]. The Glauber model
simulation models heavy ion collisions as a collection of independent nucleon-
nucleon collisions. The participation of a nucleon in the collision is determined
by the nuclear thickness function, TAB, (a straight-line trajectory is assumed)
and the individual nucleon-nucleon inelastic cross sections. The simulation in-
cludes the detector responses of the BBC and ZDC. The simulation is run with
a variety of theoretical input settings, as shown in Figure 3.1, for the purpose
of extracting realistic distributions of Npart and Ncoll for each of the centrality
divisions made with the PHENIX detector. For each centrality class, 〈Npart〉
and 〈Ncoll〉 are used to investigate the measured phenomena, and to scale base-
line measurements for comparison. The results of a PHENIX Glauber Monte
Carlo simulation for full energy Au+Au collisions is listed in Table 3.2.

3.3.1 Path-Length Metric

The variation of surface biased away-side jets may scale with the length through
the nuclear overlap as probed by the away-side parton. Estimates can be cal-
culated for the initial overlap thickness as perceived by an observer in each
reaction-plane trigger bins. The nuclear overlap in these estimates is defined
as the multiplication of two Wood-Saxon distributions. An example of this
distribution is shown in Figure 3.2. The radii, diffuseness, and impact param-
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Figure 3.1: An example of the Glauber Monte Carlo run under different set-
tings. [10]

Table 3.2: Average number of nucleon-nucleon collisions 〈Ncoll〉 and participant
nucleons 〈Npart〉 for several representative centrality classes of Au + Au at√

sNN = 200 GeV. [10]

Centrality (%) 〈Ncoll〉 〈Npart〉
0 - 5 1065 ± 105.5 351.4 ± 2.9
5 - 10 854.4 ± 82.1 299.0 ± 3.8
10 - 20 602.6 ± 59.3 234.6 ± 4.7
20 - 30 373.8 ± 39.6 166.6 ± 5.4
30 - 40 219.8 ± 22.6 114.2 ± 4.4
40 - 50 120.3 ± 13.7 74.4 ± 3.8
50 - 60 61.0 ± 9.9 45.5 ± 3.3
60 - 70 28.5 ± 7.6 25.7 ± 3.8
70 - 92 8.3 ± 2.4 9.5 ± 1.9

min. bias 257.8 ± 25.4 109.1 ± 4.1
0 - 20 779.0 ± 75.2 279.9 ± 4.0
20 - 40 297.0 ± 30.8 140.4 ± 4.9
40 - 60 90.6 ± 11.8 60.0 ± 3.5
60 - 92 14.5 ± 4.0 14.5 ± 2.5
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Figure 3.2: Nuclear overlap geometry and thickness: Two overlapping Wood-
Saxon profiles are depicted for Cu+Cu 20-40% mid-central collisions. A distri-
bution of distances are calculated between scatterings and distant observers,
the spread of which is used to calculate the thickness through the nuclear
overlap region, tRMS.

eters are taken from the Glauber inputs used in [10]. To estimate a thickness
scale from these distributions, a random position value is called off of this
distribution and the distance to a distant observer in a random direction is
calculated. Reaction-plane resolution is then added before binning observers
into reaction-plane bins. By repeating the calculation many times, a distri-
bution of distances is constructed for observers in each of the reaction-plane
bins. The thickness through the overlap, tRMS, is quantified as twice the RMS
spread of the distance distribution. The thickness is larger for the out-of-
plane bins as the overlap thickens when view from this direction. In the case
of poor reaction-plane resolution or quantities uncorrected for the resolution,
binning by reaction-plane will create only very small changes in average thick-
ness relative to the variation created by binning in centrality. In other cases,
binning in reaction-plane gives variations in the path length more comparable
to variations from centrality selection.

3.4 Single Particle Reconstruction

Particles reconstructed by the PHENIX central arm spectrometers will be the
basis for the pair analyses described here. These particles are drawn from
the sample of reconstructed single particles and may be selected by particle
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identification, transverse momentum, charge-sign, or other properties.
It is important for the purposes of later constructing pair distributions

that the reconstruction of a single particle be kept independent of other recon-
structed particles whenever possible. For instance, aggressive single particle
cuts made in identifying triggers or partners that rely on extensive additional
event information, e.g. isolation cuts, and not made as pair cuts can be dif-
ficult to reproduce at all levels of the analysis, e.g. mixing, and should be
avoided where possible.

Single particle production rates per event as measured1 in PHENIX ( )
are related to the true particle production rate (n) within the central arm
pseudo-rapidity coverage by the reconstruction efficiency (ε):

〈n〉 =
〈 〉
ε

. (3.1)

where 〈 〉 indicate averaging over many events within a centrality class. The
efficiency of single particle reconstruction is less than one due to the incomplete
φ-coverage of the central arms, dead or inefficient areas, or occupancy loss
due to tracking interference with other particles. The value of the efficiency
will typically depend on the particle momentum, the event multiplicity, and
the analysis cuts. The single particle efficiency is estimated in Monte Carlo
simulation studies which reproduce the detector response, dead areas, and
particle identification cuts. The simulated single track events are reconstructed
as if in the actual PHENIX detector by passing the events through the same
analysis chain employed for real data. The occupancy loss due the event
multiplicity is estimated separately by reconstructing simulated single tracks
that have been embedded into real events of measured detector hits. Charged
track reconstruction efficiency in peripheral events better than 98%, while
detector occupancy in central Au+Au collisions lowers the efficiency to around
70%. Acceptance effects, such as dead areas and incomplete φ coverage, further
reduce the collection of particles by more than a factor of two.

3.4.1 Charged Hadrons

Charged hadron tracks for pair correlations are subject to the following cuts:

• Track quality

• Drift chamber z-edge cut

• Outer subsystem (PC3 & EMCal) matching

1Double-struck symbols such as will be reserved to represent only measured quantities.
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• RICH electron veto

• EMCal energy cut

Charged hadron tracks are composed of hits in the DC (X & UV) and the
PC1. Acceptable track quality is determined by the existence and uniqueness
of hits in the z direction. Charged hadrons are required to have either a unique
hit association in the PC1 (quality bit-pattern 63) or a PC1 association that
is preferred by UV hits over other PC1 associations (quality bit-pattern 31).
Small numbers of particles that have either no z information or ambiguous
associations between the UV layers and PC1 are not used. These particles can
be used for studies made on the transverse plane where z information is not
needed. However only a small number of tracks lack z position information
and including these tracks is not beneficial.

At sufficiently high momentum, the falling spectrum of true charged hadron
tracks cross a low level, but hard spectrum, of background contamination. The
background contamination is produced from particles that do not directly orig-
inate from the event vertex as assumed by the track reconstruction algorithm.
These particles may be the result of the weak decay of particles near the end of
the magnetic field, albedo from the magnet pole faces, or from photon conver-
sion into electrons at the face of the DC aperture. If the resulting detector hits
happen to align closely with the collision vertex, the hits will be reconstructed
as a very straight and very high momentum track. Though the probability of
this occurrence is low, the multiplicity of low momentum particles is large, so
the rate can exceed that of true high momentum particles. When operating
the detector with a bucking magnetic field configuration, the magnetic field
strength is weaker and these backgrounds must be more carefully considered
as there is less residual field to bend photon conversion and decay products.

Two requirements are made to reduce the background spectrum to lower
levels. First, the outer 5 cm of the drift chamber window along the z-edge is
removed by a fiducial cut. The edge, which is also difficult to model for single
particle efficiency, is the region most contaminated by albedo and conversion
tracks. Second, the background has typically worse resolution when projected
into the outer layers of PHENIX due to increased multiple scattering. The
broad distribution of background in these layers allows track matching in PC3
to bias against the background particles. Comparisons of particle rates within
±1σ, ±2σ, and ±3σ radial matches in the PC3 can be used to judge the rates
of contamination. These rates will increase rapidly when passing into the
background dominant region. As shown in Figure 3.3, this transition occurs
near 4 GeV/c in the bucking field configuration of the Run 7 data set.

High pT photons or neutral pions are used to enhance the signal tracks by
requiring a hard scattering within the event. This requirement shows that the
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Figure 3.3: Single particle charged track background crosscheck: Ratios of
charged tracks by PC3 matching windows by track momentum.

Figure 3.4: Correlated charged track background crosscheck: Ratios of corre-
lated charged tracks by PC3 matching windows by partner momentum.
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rate of background to signal in events with a high momentum track is much
lower. To combat such contamination, charged tracks are required to have
a ±2σ match along both φ and z to a hit in the PC3. An additional study
examining the possibility of correlated background contamination remaining
in the extracted jet pair correlation signal using the same principle of matching
ratios has shown that the extracted signals are free of contamination up to 7
GeV/c in the same data set, see Figure 3.4. This result was expected as only
soft hadron production correlated with the hard scattering can contribute to
the contamination of the jet pair correlations.

In principle, the track matching can be extended into the EMCal to further
reduce the effects of background. However the short distance between the
PC3 and EMCal limits the effectiveness of further cuts and adds additional
efficiency loss from EMCal dead areas. In dead areas of the PC3, the EMCal
can be used in place of the PC3 to extend coverage in the outer layers of
PHENIX.

Electrons from the vertex are removed from the sample of charged tracks
by rejecting any candidate tracks that match to a Cherenkov ring produced
in the RICH. The RICH variable, n0, characterizes a matching track by the
number of photomultiplier tubes within the Cherenkov ring. For tracks below
∼ 4.7 GeV/c, a RICH veto (n0 ≤ 0) cuts only electrons. Above this threshold,
charged pions begin to radiate light into the RICH as well. To avoid signif-
icantly biasing the collection of charged hadrons above 5 GeV/c, the RICH
veto is raised to require more radiated photons in the ring (n0 ≤ 2) or elimi-
nated all together and the small amount of electron contamination considered
as an additional systematic uncertainty.

3.4.2 Photons

Photon showers in the EMCal are identified through cuts in the following:

• Shower shape

• Charge tracking veto

• EMCal dead and warn map

Electromagnetic showers produced from energy deposited by photons and
electrons have distinctively different shapes than hadronic showers. A model
for the electromagnetic shower shape is constructed from previously identified
electron tracks and used to discriminate the electromagnetic showers from the
hadronic showers using a goodness of fit approach. The goodness of fit, χ2, is
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Figure 3.5: Measured EMCal shower shape, χ2, distributions from 2 GeV/c
e− and π± tracks in the PbSc. [77]

calculated via:

χ2 =
∑

i

(Epred
i − Emeas

i )2

σ2
i

(3.2)

where i indexes over the EMCal modules within the shower. In this way
both the predicted shower shape, Epred, and the predicted fluctuations, σ, are
accounted for in the discrimination. An example of a χ2 distribution from
a sample of 2 GeV/c electrons and charged pions in the PbSc is shown in
Figure 3.5. For the analyses shown here, a χ2 value of less than 3.0 is required
for a cluster to be considered a electromagnetic shower.

Charged particle response can be further suppressed by using tracking in-
formation and vetoing on locations where charged particles are known to pass
through the EMCal. If PC3 hits fall within 0.01 rad in φ and 5 cm in z of the
cluster, the cluster is vetoed and not considered in the sample of photons.

Maps of the EMCal are used to cut problematic modules from the analysis.
These come in the form of unresponsive (dead) modules, and continually sig-
nalling (hot) modules, and are the basis for “dead” and “warn” maps. Clusters
in modules that neighbor the masked dead and hot modules or the acceptance
edge are also not considered as the reconstructed energy may be biased when
calculating the shower distribution.
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Figure 3.6: Neutral pion mass distributions for central (left) and mid-central
collisions (right) made from reconstructed photons in the EMCal. Analysis
windows depicted by gray bands.

3.4.3 Neutral Pions

A substantial number, nearly 99% [4], of neutral pions decay into photons via
π0 → γ + γ. This two-body decay provides a clean reconstruction channel
for the parent particles by pairing identified photon clusters. As a hadronic
collision will produce many decay photons and since many of these decay
photons will fall outside of the detector acceptance, iterative identification and
removal of decay pairs is not a practical endeavour as unique identification is
often not possible. Instead all photons are paired with all other photons in each
event. This statistical method allows the extraction of π0 signals, but suffers
the effects of combinatorial pairing between photons not originating from the
same parent particle. To mitigate the effects of these incorrect pairings, the
following two properties are examined:

• Invariant mass

• Decay asymmetry

The first cut is made against the invariant mass distribution of all photon
pairs and isolates a mass window corresponding to the π0. The invariant mass
of a photon pair, mγγ, is calculated as in:

mγγ =
√

2E1E2 − 2 (−→p1 ·−→p2). (3.3)

Two examples of invariant mass distributions with a neutral pion peak for
a central and a mid-central bin are shown in Figure 3.6. The width of the
neutral pion peak is a result of natural broadening and the finite energy res-
olution of the EMCal. The π0 mass peak as reconstructed is not typically
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symmetric about its peak and shows an enhanced high mass tail. This tail is
due the photon energy resolution smearing a falling photon energy spectrum,
and results in lower momentum photons being reconstructed at slightly larger
momentum.

At extremely high energy, clusters from π0 decays can begin to overlap
within the detector due to decreasing opening angle with increasing boost of
the parent π0. This effect, called cluster merging, is minimal in PHENIX due
to the high degree of segmentation in the EMCal; it is not an important effect
for any of the π0 results herein. Cluster merging issues become important for
the PbSc above 10 GeV and later in the PbGl, due to the better segmentation
of these towers, above 15 GeV.

The distribution of randomly formed photon pairs, which appears in Fig-
ure 3.6 as the broad structure underneath the π0 peak, is governed by the
PHENIX acceptance, the photon pT spectrum, and the π0 momentum being
considered. Incorrect pairings at low pT (or in more central collisions) will
be numerous due to the large photon multiplicity. However π0 mass windows
at higher pT like those to be shown above 4 GeV/c in Figure 3.6 (or in less
central collisions) are largely free of background from incorrect pairings. The
background is most commonly composed of π0 decay photons from parents of
similar momenta and modest contamination of the window is usually accept-
able without significant bias. In the cases of large backgrounds, invariant mass
sideband subtractions must be performed using samples of the background
just above and below the mass peak. An assumption of smooth variation in
background sources as a function of mass and an estimate of the background
contamination may be used to remove the background contribution to the
π0 signal. For the two particle correlations shown here, small mass windows
of 0.125-0.160 and 0.120-0.165 MeV/c2 were used for central and mid-central
collisions, respectively. These narrow bins, in conjunction with the other back-
ground reducing cuts, give signal-to-background ratios of a value of 4 and 10
respectively in identifying neutral pions between 4-7 GeV/c.

The second cut relies on the soft nature of the background. Incorrect pairs
are more likely to be made with a low momentum photon than with a high
momentum photon. The decay process has no preference for the energy and
only requires that the decay angle and energy follow the dictates of the decay
process. Therefore pairs with a high degree of asymmetry between the photon
energies are more likely to contribute to an incorrect pairing as these pairs are
more likely to contain a low energy photon. The energy decay asymmetry is
calculated as in:

Easym =
|E1 − E2|
E1 + E2

. (3.4)
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Figure 3.7: Neutral pion decay asymmetry distributions for central (left) and
mid-central collisions (right) made from reconstructed photons in the EMCal.

Table 3.3: Threshold asymmetries used in neutral pion reconstruction.
Centrality (%) Easym

0 - 5 0.50
5 - 10 0.52
10 - 20 0.54
20 - 40 0.56
40 - 60 0.70
+60 0.80

Therefore pairs made above some energy asymmetry can be removed to im-
prove the signal to background of the remaining pairs. An example of the
asymmetry between pairs falling inside the π0 mass window is shown in Fig-
ure 3.7. To be considered a valid pair, two photons must have an asymmetry
according to a running step-wise cut with values shown in Table 3.3. The
drop in multiplicity at the very highest asymmetry occurs only due to a low
momentum cut placed on the photon sample being considered for π0 recon-
struction.

3.5 Two Particle Correlations

The defining characteristic of a jet is the columnated production of hadrons in
the direction of a fragmenting parton. Traditionally, such energetic jets have
been identified using standard jet reconstruction algorithms. As discussed
previously, the identification of jets through hadronic calorimetry and cluster
algorithms is problematic in Au+Au collisions at RHIC, since low-energy jets
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Figure 3.8: Idealization of a two particle distribution from back-to-back jets
including a uniform background pair pedestal.

(< 10−20 GeV) are overwhelmed by other copiously produced particles in the
event and higher energy jets which can stand out against this background are
relatively rare at

√
sNN=200 GeV. Furthermore, measurements in a relatively

limited acceptance pose additional challenges because of leakage of the jet
fragments outside of the detector acceptance. How these issues may be best
dealt with is a current topic of study within both the heavy ion and high
energy communities.

Instead, jets from hard scattered partons can be studied through angular
correlations of final state particle pairs. The angular correlation technique can
be used to deduce jet properties in both hadronic and nuclear collisions and
allows comparisons to be drawn across systems. When studying jets, trigger
particles are typically selected to have larger pT values than partners and both
categories usually have pT ! 1 GeV/c, though this is not true in all cases.

The back-to-back production of partons by the hard scattering process
results in the characteristic ∆φ profile is shown schematically in Figure 3.8.
Pairs from within the fragmentation of a single parton contribute at ∆φ ∼ 0
(near-side jet) while those pairs drawn from the fragmentation of both back-
to-back partons contribute at ∆φ ∼ π (away-side jet). The background pairs,
these forming a uniform pedestal below the peaks, can arise through other
production within the event even other hard scatterings and will be discussed
at length in later sections. In this manner, jet properties are extracted on a
statistical basis from the angular distributions built by summing the results
of many events. This approach can overcome problems due to the substantial
event multiplicity and limited detector acceptance, allowing the study of jets
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to be extended to much lower momenta.
In PHENIX, the narrow η acceptance allows a projection onto the trans-

verse plane with only minor influence on the measured jet distributions. For
simplicity, the discussion herein is limited to projections made on the trans-
verse plane and angular correlations in ∆φ. However, studies targeted at
η-dependent physics will also be shown and the discussion here is trivially
extended into ∆η.

In a single event, the distribution of particles clockwise with respect to the
trigger and anti-clockwise may be asymmetric. However, the next event has
the opportunity to reverse the direction of this asymmetry. The accumulation
of many events in a two particle analysis averages the signal appearing at∆φ =
+π/2 with the signals appearing at ∆φ = −π/2. The measured correlations
are thus only unique in the range 0 − π and not over the range 0− 2π. Thus,
features that appear to one side of the trigger axis should be expected to
reappear at the same distance to the other side of the trigger axis. This
reflection symmetry can only be broken if more information is gathered from
each event with examples being the use of a third particle or the reaction-plane
orientation.

The ∆φ distribution of pairs can be significantly distorted when measured
in a real detector due to incomplete angular coverage and dead or inefficient
areas. The PHENIX acceptance at central rapidity is extremely non-uniform
in azimuth due to the incomplete φ-coverage of the two spectrometers. Due
to this arrangement, PHENIX will collect pairs produced at ∆φ = 0 and π
with greater efficiency than pairs separated by ∆φ = π/2. An example of
a measured pair distribution within PHENIX is given in Figure 3.9. Note
that despite the large variation in collected pair yields, the coverage in ∆φ
is complete. The shape of the detector acceptance in ∆φ can be determined
through a procedure called event mixing. A mixed event is constructed of pairs
made between triggers and partners of different events and will be described
in detail below. The ratio of the same-event pair distribution to that produced
in mixed events cancels the detector acceptance effects, leaving a distribution
reflecting only physical correlations within the event itself.

Correlation functions, C(∆φ), reflecting only these physical correlations
are constructed from the same- to mixed-event ratio. Minor yet bothersome
differences exist within the mathematical conventions used in the community
in defining the correlation function. In all cases, the correlation function is
proportional to the ratio, but there is no agreed upon standard for the nor-
malization. Descriptions of the two most common choices in the literature
follow. The first choice is to normalize by pairs, such that the same- and
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Figure 3.9: Representative uncorrected two particle distribution as measured
in PHENIX.

mixed-event pair distributions have equal integrals [41]:

C(∆φ) =

d〈 AB
same〉

d∆φ

d〈 AB
mix〉

d∆φ

∫ d〈 AB
mix〉

d∆φ d∆φ
∫ d〈 AB

same〉
d∆φ d∆φ

(3.5)

Here 〈 AB〉 is the number of measured pairs per event for either the same- or
mixed-events as indicated. In the other approach, there is no explicit normal-
ization term which leaves the weighting by event [53].

C ′(∆φ) =

d〈 AB
same〉

d∆φ

d〈 AB
mix〉

d∆φ

(3.6)

The choice between “pair-normalization” and “event-normalization” differ
only by the factor of 〈 AB

mix〉/〈 AB
same〉 which must not be forgotten when translat-

ing between the two systems or when constructing per-trigger yields. The pair-
normalization has a good measure of practical preference experimentally in
that within this definition the fully-corrected distributions, d〈nAB〉/d∆φ, can
be interchanged with the uncorrected measured distributions, d〈 AB〉/d∆φ.
The efficiency of pair reconstruction (εAB) will differ in same- and mixed events
due to the convolution of the pair distributions (the former containing signal
correlations and the latter not) with the non-uniform detector acceptance. The
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overall pair efficiency is defined similarly to the singles efficiency in that:

〈nAB
same〉 =

〈 AB
same〉

εAB
same

(3.7)

and

〈nAB
mix〉 =

〈 AB
mix〉

εAB
mix

. (3.8)

Since these pair efficiency factors do not cancel, event-normalized correlation
functions, if defined against uncorrected measurements as in Equation 3.6, will
differ by some scale factor experiment to experiment or even between periods of
different acceptance coverage within an experiment. Partly for this reason but
mostly for simplicity, the discussion herein uses the pair-normalized definition
of the correlation function given in Equation 3.5.

3.6 Pair Cuts

Pair cuts are necessary in correlation analyses where both trigger and partner
particles are measured in the same detector subsystem. If the trajectories
of the trigger and partner lie sufficiently close together within the detector,
the deposited signals may interfere constructively or destructively in their
reconstruction depending upon the nature of the reconstruction algorithms
used. The pair efficiency of these effects is extremely difficult to model to the
precision required in most analyses. Therefore pair efficiency is simplified by
cutting all pairs that fail proximity cuts in the detector subsystems.

For the charged track analyses presented here, pairs that fail the following
proximity requirements are cut:

• Drift Chamber - azimuth: 0.008 rad

• Pad Chamber 1 - radial: 6.0 cm

• Pad Chamber 3 - radial: 9.0 cm

Values for specific subsystems can be determined by examining the ratio of the
same-event distributions and the mixed-event distributions along the proxim-
ity variables. Where the ratio diverges from flat, the mixed event is no longer
reproducing the characteristics of the same event and the cut is placed accord-
ingly.
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3.7 Event Mixing

A mixed event is generated by pairing the triggers of one event to the partners
of another event, shown in Figure 3.10. Because no physical process creates
angular or multiplicity correlations across the independent events, the mixed
event carries only one set of correlations, those from being measured within
the same detector acceptance. For the case of an ideal detector, the particles
within a mixed event are produced uniformly in azimuth. Dead or inefficient
areas within a real detector will create an angular dependence within the mixed
event as the detected particles are drawn randomly only from the live areas.

Though not containing a physical signal, the practical use of mixed events
requires that the mixed event acceptance should as closely as possible follow
the same event acceptance. For this reason, treatment of mixed events in
the analysis chain should be identical to real events. Mixed events can run
afoul of this requirement in cases where they convolve two properties in which
the same event has only one and additional effort is required to minimize the
impact of these differences. For example, a real event will occur at an exact
z-vertex and the detector acceptance is observed from only this one location.
A mixed event will have two z-vertex values. Minimizing the relative distance
between events by mixing only within small z-vertex bins limits the impact
of convolving the two different views of the detector live area. Another effect
stems from mixed events having two centrality designations. The multiplicity
effect of mixing events between centralities will be discussed in detail later, but
should be minimized during mixing by also dividing events into small centrality
bins. Furthermore, a mixed event will occur at two different times during data
taking. The effects of time variation of the detector performance are minimized
by only mixing events within close proximity to the same event event. These
requirements are most easily achieved by mixing events in a rolling time buffer,
as depicted in Figure 3.10, binned with respect to centrality and z-vertex.

Constructing mixed events in this way is a simple method for making a
complicated integration of the multi-variable efficiency of trigger and partner
reconstruction within a class of events. Still many of the rough features of
the mixed events can be calculated approximately from singles distributions.
For instance, the mixed event ∆φ distribution may be approximated roughly
by convolving the φ-acceptance for triggers and partners independently if av-
eraged over sufficiently many events. In some cases, as with rare signals and
low background, the number of events required may exceed those available in
even large data sets. The true advantage of a mixing event buffer over this
construction is the ease with which the multiple classes of events may be in-
corporated into the calculation combined with the ease with which signal pairs
are removed.
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Figure 3.10: Diagram of an event buffer showing mixed event pair creation
(dashed) and same event pair creation (solid) under proximity requirements.

The shape of the pair acceptance correction follows the shape of the mixed
event angular distribution. All effects of the detector acceptance can be re-
moved from the angular distributions, d〈 AB〉/d∆φ, as was done in the con-
struction of the correlation function for only the shape of the detector accep-
tance by dividing by the mixed event distribution. The acceptance correction
itself is a particular normalization of the mixed event selected such that divi-
sion by the acceptance correction removes all effects of the detector acceptance,
as in:

d〈nAB
same〉

d∆φ
=

d〈 AB
same〉

d∆φ

Acc(∆φ)
. (3.9)

In this definition of the acceptance correction (and there are others), the ac-
ceptance correction is constructed via:

Acc(∆φ) =
d〈 AB

mix〉
d∆φ

εAB
mix

〈 AB
mix〉

∫
d∆φ. (3.10)

a complete derivation of which appears in Appendix A. The integration of d∆φ
accounts for the range being considered by the measurement which may be
folded (

∫
d∆φ = π) about the trivial two particle angular symmetry discussed

above or not (
∫

d∆φ = 2π).
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Tests of these methods for correcting the pair acceptance have been made
in simple Monte Carlo and show accurate recovery of the true pair distributions
in both shape and yield. An analytical proof that division by mixed events
recovers the true shape distribution has been made in [53].

Another analysis product from the mixing procedure is the mixed event
pair multiplicity. This multiplicity can also be calculated from the average
production rates of singles and the probability of a random pair to survive the
pair cuts, κ, which is estimated during mixing. For a realistic detector, the
mixed event multiplicity is:

〈 AB
mix〉 = κ〈 A〉〈 B〉. (3.11)

A perfect detector would fully reconstruct all particles and have no need for
pair-cuts, so:

〈nAB
mix〉 = 〈nA〉〈nB〉. (3.12)

Thus, the total mixed pair efficiency, can be calculated from the single particle
efficiencies and the pair cut loss via:

εAB
mix = κεAεB. (3.13)

To summarize, the mixing process produces two measurements that are
not easily estimated through other means. The first is the pair acceptance
correction, Acc(∆φ), and the second is the pair cut survival probability, κ.

3.8 The Two Source Model

The two particle correlations are commonly employed in PHENIX for jet mea-
surements because it allows correction for the detector’s limited azimuthal
acceptance for single hadrons. However, the background production of parti-
cles that makes full jet reconstruction difficult still makes contributions to the
corrected d〈nAB

same〉/d∆φ distributions. Physical correlations within the back-
ground pairs due to anisotropic production of particles relative to the reaction
plane in heavy ion collisions need to be distinguished from those arising from
hard scattering. In what follows, the framework is established under which the
whole event correlations from transverse anisotropy are separated from the jet
correlation contributions.

Under the assumption that observed correlations arise from two indepen-
dent sources, the d〈nAB

same〉/d∆φ distribution consists of AB pairs that are
affected by only whole event correlations (e.g. transverse flow), these are con-
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sidered “background” pairs, and those where the particles carry the additional
momentum-space correlation of an association to a particular hard scattering
center, these are labelled “jet” pairs. The separation into these two sources as
expressed in:

dnAB
same

d∆φ
=

dnAB
jet

d∆φ
+

dnAB
bg

d∆φ
(3.14)

is the basis for the two-source model. The non-jet pairs composing d〈nAB
bg 〉/d∆φ

may be from two unrelated jets, a jet particle and a non-jet particle, or two
non-jet particles.

The background term could in principle contain non-trivial sources of pair
correlation, beyond those involving all the particles in the event. Examples
of known pair correlations not included are pairs produced during resonance
decay processes and pairs carrying the influence of the Hanbury-Brown Twiss
(HBT) effect. For particles not tightly constrained to similar velocities, the
HBT effect is not influential. Decay effects are examined in simulation, but
the measured charge-sign dependence may be tested as well. These effects
between hadrons have been found to be small at the momenta used to study
jets. Also present must be the effects of global momentum conservation which
will not be considered part of the background here despite being a whole event
correlation. For the relatively narrow and modest momenta windows and the
limited central arm acceptance, this effect has been found to be small [41].

What remains in the background term is a set of random combinations
of particles unrelated by a hard scattering but produced within the same
event. Since the background correlation follows the influence of the trans-
verse anisotropy, it can be represented by a series of Fourier coefficients as
was shown in Chapter 1 for single particle anisotropy. The expression of the
two-source model in terms of the correlation function and these pair harmonic
anisotropy coefficients, c2k where k ∈ {1, 2, . . .}, is:

C (∆φ) = J (∆φ) + b0 (1 + 2〈c2〉 cos (2∆φ) + 2〈c4〉 cos (4∆φ) + . . .) . (3.15)

A diagram representative of a typical two source separation for a central heavy
ion collision at intermediate pT is shown in Figure 3.11. The jet pair correla-
tion, J(∆φ), is the contribution to the correlation function that results from
only the jet-jet signal pairs. The background term is described by the series
of even Fourier harmonics. The symmetry of two particle correlations, un-
less broken with additional event information, limits the series to only even
terms as the odd terms are not symmetric under trigger-partner exchange.
Similar to the coefficients of single particle anisotropy, the significance of the
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Figure 3.11: Diagram depicting a decomposition under the two source model.

pair harmonic terms falls quickly with increasing order and the higher orders
of the anisotropy become negligible. The construction of the pair harmonic
terms varies with how the trigger and partner particles are selected and will
be discussed in detail in the following section.

Within this framework which assumes the background is independent of the
jet signal, the fundamental problem of decomposing the correlation function
into jet and background components then amounts to the determination of the
background level, b0. The background level encodes the relative contributions
of the two sources to the overall pair multiplicity. The background level can
be expressed in terms of per event pair multiplicities as:

b0 =
〈 AB

bg 〉
〈 AB

same〉
(3.16)

In practice b0 and thereby 〈 AB
bg 〉 have been calculated using a variety of

approaches. Three approaches for determining the background level will be
discuss in subsequent sections.

Thus far, no real distinction has been made between trigger and partner
particles. The correlation function and the jet function are symmetric between
the exchange of trigger and partner. For instance,

C(φA − φB) = C(φB − φA) (3.17)

and

J(φA − φB) = J(φB − φA) (3.18)
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However, a quantity that does distinguish between trigger and partner
that is frequently of interest is the per-trigger yield (PTY) of jet pairs2, which
describes the conditional jet pair multiplicity as a function of relative azimuthal
angle. The term “conditional” refers to the coincidence of a trigger-partner
pair within some angular region given the production rate of triggers in the
same centrality and momenta selections. It can be shown that the PTY of
total pairs (i.e. including jets and background) is related to the correlation
function in a simple way:

1

〈nA〉
d〈nAB

same〉
d∆φ

=
〈nAB

same〉
〈nA〉

C(∆φ)∫
C(∆φ′)d∆φ′ (3.19)

where 〈nA〉 is the mean number of triggers per event. One advantage of the
PTY calculation is that the reconstruction efficiency of the trigger particle
need not be calculable as εA will cancel in the division. So, once c2k and b0

are fixed and J(∆φ) is extracted, the PTY distribution of jet pairs may be
extracted via:

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
〈nAB

same〉
〈nA〉

J(∆φ)∫
C(∆φ′)d∆φ′ . (3.20)

which is easily understood when considering that J(∆φ) is the fraction of the
correlation function arising from jets [41].

The actual working equation for the jet PTY measurements is constructed
directly from the uncorrected measured pair distributions and the single parti-
cle production rates where the aforementioned cancellations have been made.
In these terms the calculation becomes:

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
1

εBκ

〈 AB
same〉

〈 A〉
∫

d∆φ
J(∆φ). (3.21)

A full derivation of this working equation from the two-source model as pre-
sented in Equation 3.14 is provided in Appendix A.

3.9 Harmonic Flow Modulation

As the background arising from random combinations of particles carries only
the event-wise correlations, the harmonic pair terms, c2k, can be determined
from the individual correlations of the triggers and partners to the azimuthal
direction with the reaction plane orientation, ψ.

2Sometimes also referred to as the per-trigger associated jet partner yield.
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In the case of pure two particle correlations, the harmonic pair terms are:

〈c2〉 = 〈vA
2 vB

2 〉 (3.22)

〈c4〉 = 〈vA
4 vB

4 〉 (3.23)

· · · = · · ·

Here v2 and v4 are quadrupole and octupole anisotropy amplitudes respec-
tively. Interesting physics in their own right, these flow modulations of single
particles are measured via angular correlations of the particle and the reaction-
plane (φ−ψ). Since both trigger and partner share a correlation with the event
through the reaction-plane orientation, they must also share a correlation with
one another. The trigger and partner correlations taken individually to the
reaction-plane are also described in a Fourier series in which:

C(φA − ψ) ∝ 1 + 2〈 A
2 〉 cos

(
2
(
φA − ψ

))
+ 2〈 A

4 〉 cos
(
4
(
φA − ψ

))
+ . . .(3.24)

and

C(φB − ψ) ∝ 1 + 2〈 B
2 〉 cos

(
2
(
φB − ψ

))
+ 2〈 B

4 〉 cos
(
4
(
φB − ψ

))
+ . . .(3.25)

These observed measured anisotropy terms, 〈 2k〉, are corrected after extrac-
tion for the smearing that occurs because of the non-trivial reaction plane
reconstruction resolution. The set of corrections, ∆2k, for this effect are de-
fined such that:

〈v2〉 =
〈 2〉
∆2

(3.26)

〈v4〉 =
〈 4〉
∆4

(3.27)

· · · = · · · (3.28)

The separate measurement of these correction factors will be described in
the next section. The set of corrections depends only upon the class of event
being considered and the properties of the detector, but not upon the selection
of trigger and partner. An example of a measured distribution of the kind
described by Equations 3.24 and 3.25 is shown in Figure 3.12. Note that the
reaction plane resolution does not appear explicitly in the calculation of c2

given by Equation 3.22. The reason is that the particles’ relative azimuthal
angle is unaffected by the detector resolution on the reaction plane orientation;
the particles always witness the true reaction plane orientation of the event and
not the measured reaction plane orientation. Higher orders of the anisotropy
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Figure 3.12: An example of a measured flow correlation of charged tracks to
the reaction plane orientation and fit by a Fourier series.

are found to fall quickly in magnitude and terms higher than 4th order are
generally not accessible experimentally. For the pure two particle correlations,
the c4 term is generally negligible and the background distributions can be
truncated at second order [78].

The anisotropy terms are measured differentially in bins of centrality. An
example of a set of flow measurements by centrality is shown in Figure 3.13.
The dependence on pseudo-rapidity is small over the PHENIX acceptance and
thus η-dependence can be safely ignored. Provided the analysis is made in
sufficiently small differential centrality bins the quadrupole anisotropy pair
component is approximated by:

c2 = 〈vA
2 vB

2 〉 ≈ 〈vA
2 〉〈vB

2 〉 (3.29)

The smallness of the bins may be examined by stability tests with divisions into
smaller bins. Estimations of the level of factorization over centrality bins have
been estimated for c2 and found to contribute at levels low levels compared
to other systematic uncertainties within the measurement (≤ 6%). The levels
of factorization for Au+Au at

√
sNN= 62.4 GeV are shown in Table 3.4. The

estimation of the level of factorization follows the method used to estimate the
centrality binning bias correction which is discussed in detail in Section 3.11.3.

The level of factorization depends on the amount of flow variation across
the centrality bin with respect to the average value within the bin. As such,
the effect is maximized in the most central bin where the average values fall to
nearly zero for the most central collisions, but the variation does not. Addi-
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Figure 3.13: An example of uncorrected measured elliptical flow of charged
tracks as a function of number of participating nucleons.

Table 3.4: Degree of flow factorization in Au+Au at
√

sNN = 62.4 GeV.

Centrality (%) 〈vA
2 vB

2 〉/〈vA
2 〉〈vB

2 〉
0 - 5 1.06
5 - 10 1.03
10 - 15 1.01
15 - 20 1.00
20 - 25 1.00
25 - 30 1.00
30 - 35 1.00
35 - 40 1.00
40 - 45 1.00
45 - 50 1.00
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tional systematics are added at this level to cover the factorization assumption.
In more peripheral centralities than those tested here, the variation may again
begin to play some role, but the backgrounds to the jet correlations in periph-
eral collisions are small and the uncertainties are already dominated by other
sources.

3.9.1 Reaction Plane Binned Pair Flow

In the special case of triggers binned with respect to the reaction plane, the
harmonic terms take on a more complicated shape to account for the added
constraint on the trigger position. The harmonic terms calculated in [79] are:

〈c2〉 =
β

2α
(3.30)

〈c4〉 =
γ

2α
(3.31)

where the stand-in variables α, β, and γ are given by:

α = 1 + 2〈vA
2 〉 cos (2φs)

sin (2ω)

2ω
∆2 + 2〈vA

2 〉 cos (4φs)∆4 (3.32)

β = 2〈vA
2 〉〈vB

2 〉 + 2〈vB
2 〉

(
1 + 〈vA

4 〉
)
cos (2φs)

sin (2ω)

2ω
∆2

+ 2〈vA
2 〉〈vB

2 〉 cos (4φs)
sin (4ω)

4ω
∆4

+ 2〈vB
2 〉〈vA

4 〉 cos (6φs)
sin (6ω)

6ω
∆6 (3.33)

γ = 2〈vA
4 〉〈vB

4 〉 + 2〈vB
4 〉

(
1 + 〈vA

2 〉
)
cos (4φs)

sin (4ω)

4ω
∆4

+ 2〈vA
2 〉〈vB

4 〉
(

cos (2φs)
sin (2ω)

2ω
∆2 + cos (6φs)

sin (6ω)

6ω
∆6

)

+ 2〈vA
4 〉〈vB

4 〉 cos (8φs)
sin (8ω)

8ω
∆8. (3.34)

These account for both the reaction plane trigger binning (the bin center, φs,
and the bin width, ω) and the reaction plane resolution effects on the back-
ground shape. The complexity results from incomplete φs-integration of trig-
ger particles and from keeping higher order terms needed for trigger-selections
where second-order pair modulations are small. Also adding complexity is the
appearance of cross-order terms that are not present in the fully integrated
description. The reaction plane resolution corrections appear explicitly here
as the trigger orientation, φs, is formulated using the reconstructed reaction
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plane angle. This is an example of how extra event information beyond a pure
two particle correlation adds additional complexity to the extraction of jet
properties.

Taking ω = π/2, φs = π/4, and truncating higher-order terms, this form
will reduce to the vA

2 vB
2 modulation shown previously for descriptions without

the additional binning. In the case of low reaction plane resolution some of
the higher order terms may become negligible. But for full energy Au + Au
measurements with the best resolution detectors available in PHENIX, higher-
order terms up to 4th order in the measured flow and 6th order in the reaction
plane resolution correction continue to contribute in non-negligible amounts.
This type of analysis requires higher order terms than the summed due to
particular selections in φs and ω that have very little c2 modulation, but still
have substantial c4 values.

3.10 Reaction Plane Resolution

As discussed above, the observed anisotropy modulation terms are softened
by smearing from the reaction plane resolution. A series of corrections to the
anisotropy terms is constructed such that:

〈v2k〉 =
〈 2k〉
∆2k

(3.35)

These corrections are measured via correlations between reconstructed reaction
plane angles measured with instrumentation on the north side (ψN) of the
detector with the reconstructions of the same event measured on the south
side (ψS). An example of a correlation function of North-South BBC pointings
is shown in Figure 3.14.

These distributions combine the effects of the independent reaction plane
resolutions of the two north and south detectors. With the assumption that
the resolutions of the north and south are the same, the combined resolution
of both detectors can be extracted from the shape of this distribution by a
single parameter fit with the functional forms described in [80] and [81] that
follow:

C(ψN − ψS) =
1

2
e−

λ2

2

(
2

π

(
1 +

λ2

2

)

+ z (I0 (z) + L0 (z)) +
λ2

2
(I1 (z) + L1 (z))

)
(3.36)
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Figure 3.14: An example of a measured correlation of North and South BBC
reaction plane orientations and fit by an OV formula.

where

z =
λ2

2
cos (ψN − ψS) (3.37)

and the single fit parameter, λ, is mapped into the ∆2k via

∆2k =
1

2

√
πλe−

λ2

2

(
I k−1

2

(
λ2

2

)
+ I k−1

2

(
λ2

2

))
. (3.38)

The set of functions, I2k and L2k, are the even-ordered modified Bessel func-
tions and the modified Struve functions respectively.

The reaction plane resolution varies with centrality due to a combination
of lower anisotropy in central events and lower multiplicity in the peripheral
events. An example of this characteristic centrality variation appears in Fig-
ure 3.15. Some variation is also seen along z-vertex as the event preferentially
nears one detector subsystem.

Reaction plane resolutions measured with the RXPN detectors in the 2007
data set show small deviations from these functional forms due in large part
to resolution differences between the north and south resulting from a small
dead area in the south detector. These differences arise due an assumption of
equal resolution in the north and south RXPN detectors in the derivation of
the functional forms. A modest additional systematic (10% for 0-5% centrality
and 5% elsewhere) was added to corrections from this data set to cover the
result of averaging the two detectors.

The rapidity gap between the detectors used to reconstruct the reaction-
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Figure 3.15: An example of a reaction plane resolution as a function of cen-
trality.

plane and the central arms used to reconstruct the jet pairs diminishes the
influence the jet particles have on the reaction plane reconstruction. As a
cross check the reaction plane distributions for events with a particle above 1
GeV/c were examined separately. The result of the study showed no variation
other than that caused by a modest centrality shift to more central events
when selecting events with a particle from a centrality bin. No distortions
attributable to jet fragment contamination were found.

3.11 Combinatorial Background Level, b0

The normalization of the contribution to the correlation function by com-
binatorial pairs set by the background level, b0, can be estimated by using
three separate methods to calculate b0. The first, the Zero Yield At Minimum
(ZYAM), method assumes that there is a region in ∆φ where the jet signal
of particle pairs is negligible. The background level is varied until the back-
ground component matches the measured correlation C(∆φ) at some value of
∆φ. In the second method, a functional form for J(∆φ) is asserted and the
sum of signal and background is fitted to the measured correlation with b0 as
a free parameter. This method will be referred to simply as the Fit method.
In the third method, the Absolute Background Subtraction (ABS) technique,
the expected rate of combinatorial pairs is estimated from the singles produc-
tion rates. Each of the three methods rely on different assumptions about jets
and background in hadronic collisions and there are different drawbacks and
ranges of validity associated with each.
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3.11.1 Zero Yield At Minimum

The Zero Yield At Minimum (ZYAM) methodology sets the normalization of
the background contribution through an assumption that the jet contribution
falls to zero yield at some point or over some region in ∆φ. In addition to the
assumption that the jet and the background correlations are from essentially
independent sources and thus separable, the validity of the ZYAM method is
conditioned upon the existence of (a) one or more points with vanishing yield
in the actual jet contribution, and (b) a sufficiently well-sampled correlation
function that enables a stable and precise determination of the minimum value.

In heavy ion collisions at sufficiently high transverse momenta (pA,B
T ! 4

GeV/c) or in p+p collisions, the jet contribution to the correlation function
consists of well separated near-side and away-side peaks. In these cases due
to the relative narrowness of the jet peaks, there is a broad region over which
the background contribution dominates and can be determined with little bias
under the ZYAM method. In the case of modified shapes in the jet contri-
bution such as those found at intermediate pT in central heavy ion collisions,
the ZYAM assumption could be broken by jet broadening or other modifica-
tions creating particles between the normal locations of the near- and away-
side peaks. Without independent verification of the ZYAM assumption, the
method can potentially produce unreliable results due to over-subtraction in
these cases.

The ZYAM assumption is commonly applied with a few different degrees
of sophistication. In the simplest, and least reliable, application of the ZYAM
procedure, the level of the flow contribution is adjusted (with the harmonic
amplitude remaining fixed at its measured value) until one measured bin in
the jet function is zeroed. Clearly, small bins relative to features in the jet
contribution are needed to limit jet contamination of the ZYAM bin. How-
ever, division of a fixed sample size into smaller and smaller ∆φ bins increases
the statistical scatter, and hence the degree to which the lowest ∆φ bin is
influenced by downward statistical fluctuations. A slightly more sophisticated
method uses the average of three neighboring bins in place of a single bin [41].
The moving average of neighboring bins attempts to balance the effects of jet
contamination with the effects of statistical fluctuations (however, depending
on the width of the bins and the physics of interest this broader ZYAM region
could make the assumption of a zero yield much less valid). The most stable
determination of the background is to fit the correlation function and raise
the flow contribution to touch the fit at the minimum value [78]. Assuming a
reliable interpolation can be found (which requires sufficient statistics or out-
side assumptions), this method affords the best reliability against downward
statistical fluctuations.
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In all three ZYAM implementations, an iterative approach to ZYAM is
used to determine the normalization. Beginning with the background level set
to a small value, the ∆φ value corresponding with the subtracted contribution
minimum is found. The next step raises the normalization by half of the under-
subtraction at this ∆φ. A new minimum on the subtraction is found, possibly
at a new value of ∆φ. The procedure, as in Zeno’s paradox, is repeated until
the amount of under-subtraction is vanishingly small. This iteration is needed
as it allows the ∆φ value corresponding to the minimum in the subtracted
contribution to shift to new values. Since the combinatorial contribution is
not flat, the ZYAM point in ∆φ will not be the same as the minimum in the
correlation function.

The statistical uncertainty propagated from the ZYAM method can be
calculated with a simple Monte Carlo algorithm. The procedure generates
simulated correlation functions by sampling, bin by bin in ∆φ, a new point
from a Gaussian distribution whose mean and width are given by the measured
value and its statistical uncertainty. The ZYAM procedure is then performed
on the generated distribution and a ZYAM background level is extracted. The
statistical uncertainty of the ZYAM method is thus estimated by the varia-
tion of the background level over multiple repetitions of this procedure. The
accuracy of the uncertainty estimates extracted in this way have been tested
against an asserted distribution similar to actual measured correlations func-
tions where the true variation due to statistical sampling is known. Such
calculations demonstrate that simply taking the statistical uncertainty of the
one or three points in the first two implementations leads to an underestima-
tion of the statistical uncertainty, since it does not account for any positional
shift in the ∆φ of the ZYAM point.

Some failures in the ZYAM method can be investigated using a known
distribution under various levels of statistical sampling. There is a strong
downward tendency in the ZYAM procedure that must be carefully avoided
in order to extract reliable per-trigger jet pair yield estimates. The procedure
here is similar to that in extracting the statistical scatter only it is the average
offset from the true value that is being examined. Clearly the true value in
the measured distribution is not known. However, a mock distribution similar
to the measured distribution can be asserted and then tested under statistical
samplings similar to the data. The results of two such tests of functional
forms are presented here. One distribution was chosen to follow a back-to-back
shape. The other was given an offset away-side peak. Both results appear in
Figure 3.16. The choice of functional form does not significantly alter the
resulting under subtractions for the two cases tested. The jet to background
ratio was fixed to values characteristic of central heavy ion events. The low
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Figure 3.16: Crosschecks on ZYAM under subtraction due to statistical fluc-
tuations for back-to-back and modified jet shapes. [82]

signal to background ratios implemented may limit the sensitivity this test
has to the shape of the jet pair correlations. The single-bin implementation
of ZYAM is shown to be extremely sensitive to catching sizable statistical
fluctuations at low statistics. The three-bin method is more robust against
fluctuations, but also fails badly. The functional fit ZYAM method works
best, but is not completely robust against fluctuations without the addition
of sensible constrains on the fits to the correlation functions. No constraints,
such as reasonable jet widths, were required in these tests. Unreasonably
narrow jet widths (less than one ∆φ bin are responsible for the failures in
these fits at low statistics. Though the qualitative behavior seen in these
results is characteristic of the ZYAM behavior, the quantitative behavior is
not universal and this kind of procedure should be repeated when working at
low statistics with settings specific to each measurement to judge the validity
of the ZYAM assumptions.

To summarize, the ZYAM method may fail in two cases. The method
may over subtract if there is a significant amount of jet yield at the ZYAM
point. The method also has problems in some implementations with under
subtraction when applied at low statistics. Given the sensitivity of the ZYAM
method to low statistics or extremely modified jets, it is good practice to
confirm the results independently with other background subtraction methods
in these cases.

3.11.2 Fit

To address the possible over subtraction of the ZYAM method, another tech-
nique has been attempted to allow for the possibility of jet pair yield at all
∆φ. This method fits the correlation function with a floating normalization
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on the combinatorial contribution and an assumed jet contribution functional
form. Typically, Gaussian profiles, G, are assumed for the near and away-side
peaks. Additionally away-side Gaussians at intermediate pT are allowed to be
offset from π to account for the modified jet shape. A form of this kind is
appears as:

C(∆φ) = b0

(
1 + 2cAB

2 cos (2∆φ)
)

+ G(YN , µ = 0,σN)

+
1

2
(G(YA, µ = π + D,σA) + G(YA, µ = π − D,σA)) (3.39)

If the jet peaks were actually composed of Gaussian profiles, this method would
allow direct fit extraction of the background level. However, it is unlikely that
the peaks are perfectly Gaussian. Smearing from finite parton pair momentum
and projection onto the transverse plane are just two effects likely to distort
the jet cone profile when measuring two-particle correlations.

Some of these distortions will lead to changes in the curvature of the jet
peaks, namely a broadening beyond a Gaussian form. The minimization of the
fit will select whichever region of the Gaussian best interpolates the data. The
broadened peaks are then best matched by a section of the fit function close
to the top of the Gaussian form. The minimization pays little overall penalty
for this effect as the other terms in the fit adjust to match the remaining
distribution. The result is a fit decomposition in which only the very top of
the Gaussian is used to interpolate through the data points. However, it is
the tails that set the background level. Thus the extracted background level
is extremely sensitive to how the assumed functional form extrapolates from
the curvature at the peak down to the background level. The curvature of the
peaks takes extremely large statistical sample sizes to measure precisely and
thus the extracted fit background levels have correspondingly large statistical
uncertainties. Given that Gaussian tails are but one selection out of a plethora
of valid choices, even a modest set of reasonable functional forms will yield a
sizable systematic uncertainty due to the selection of Gaussian profiles. Given
that the jet shape is often unknown, and that the extracted background level
is extremely sensitive to the details of the jet peak shape, it is generally unsafe
to use this method in most situations that would otherwise seem advantageous
over the ZYAM method.

The effect of a Gaussian assumption has in some cases (as in [53]) been
limited by restricting the fit range or allowing normalizations to float only
above the multiplicity given in a mixed event which effectively introduces
a floor upon which the fit normalizations rest. The use of mixed event pair
multiplicities to mitigate the effects of an indeterminate jet shape demonstrates
the failure of the Gaussian shape assumption and brings the discussion into
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the last normalization method in which a direct calculation of the background
multiplicity from mixed events or single particle multiplicities is made.

3.11.3 Absolute

The absolute background subtraction method is based on the assumption that
the background is combinatorial in nature and that hard scattering results
in large correlations between the production rates of jet particles. The back-
ground is largely combinatorial as it arises primarily from different initial pro-
duction centers. It will carry the event-wise correlations from participation of
the centers within the same event. Under these assumptions, the background
pair production rate in an ideal case is given by the product of the single
particle production rates: 〈 AB

bg 〉 = 〈 A〉〈 B〉. In this case, the single particle
production rate product is also the same as the mixed event pair multiplicity.
Thus the true combinatorial background level in an ideal case is simply:

bideal
0 =

〈 AB
mix〉

〈 AB
same〉

=
〈 A〉〈 B〉
〈 AB

same〉
(3.40)

The values of 〈 A〉 and 〈 B〉 are measurable and, in the absence of other corre-
lations, an accurate knowledge of these quantities is sufficient to determine the
background level. However, in practice A and B are both dependent on the
event centrality, and this dependence gives rise to a multiplicity correlation.
More central events typically have both larger A and B. Because of the
correlation between A and B when events are grouped into centrality bins
the number of measured background pairs is larger than that expected from
Equation 3.40, 〈 AB

bg 〉 > 〈 A〉〈 B〉. An additional correction to be discussed
in the next section is needed to account for this effect when calculations or
mixed events are made across centrality values.

The method involving the direct use of generated mixed events which will
be referred to simply as the “mixed event” (ME) method. These events are
created by sampling from the single particle number distributions of triggers
and partners independently. Construction of mixed events is typically already
performed for the purpose of correcting the pair acceptance and estimates of
the mixed event pair multiplicity are usually already on hand. As is always true
with mixing, the mixed event should receive identical treatment during analysis
as events from the same event and this should also be done for calculating the
background pair multiplicities.

Other mixing requirements that are needed for correcting for acceptance
are also needed for the ME method. For instance, binning in centrality and
z-vertex (location along the beam pipe) is needed to group events of similar
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multiplicity. Also, time proximity is required when mixing to reduce effects of
detector live area variations to both the angular acceptance and total mixed
pair multiplicity.

The method involving the direct use of the single particle production rates
to calculate the background will be referred to as the “mean-seeds mean-
partners” (MSMP) method. Event mixing in this case may not be necessary
for determining b0 but may still be performed to construct the acceptance
correction.

Under most conditions, both methods are mathematically equivalent. In
practice since the ME method relies on the event mixer (a random number
generator) to get the normalization correct and the second method relies only
on the singles rates, the second method is preferable as it is computationally
less time consuming. The number of mixed pairs required to get the normal-
ization correct in the first method is much greater than is required for small
statistical errors on the acceptance correction. The first method is nothing
more than a computation of A × B by mixing events and the second is noth-
ing more than what could be achieved with a large event buffer during mixing.
It should be noted that the MSMP calculation may be in some instances more
sensitive to detector stability due to the use of proximity requirements during
the mixed event generation. In practice however, detector stability has not
been found to be an issue as stability requirements are made of the data prior
to being analyzed.

Centrality Binning Bias Correction, ξ

We define a scale factor correction, ξ, for the production rate product and
likewise the mixed event multiplicity that accounts for the covariance effects
arising from the centrality bias; ξ is defined as:

ξ ≡ 〈 A B〉
〈 A〉〈 B〉 (3.41)

The diagram shown in Figure 3.17 depicts the basic features of the procedure
to calculate the centrality correction. The singles production rates, A and B,
are a function of some global property of the collision related to particle pro-
duction, such as the number of nucleons participating in the collisions (Npart)
or the number of binary nucleon-nucleon collisions (Ncoll). The variation of

A and B is measured over specific intervals in these parameters, which are
specified by the width of the centrality bins used for event mixing. Typically
centrality ranges are approximately 5%. The values of Npart or Ncoll are based
on the results of a Glauber Monte Carlo as discussed above. For the purpose
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Figure 3.17: Diagram showing the basic features of the ξ calculation. [82]

of narration, only the calculation using Npart will be discussed, but Ncoll is of
equivalent utility, and calculations using this parametrization are also made
in parallel. In practice, the change in the result propagated from using the
two different parametrizations provides a useful gauge of the systematic un-
certainty inherent in the method. The two parameterizations also bracket the
expected scalings of hard and soft production that may both contribute to the
background pair production. Interpolations between measurements of A and

B in narrow centrality bins are used to estimate the average production of
single particles at any particular value of Npart.

In a computational algorithm, ξ can be calculated by throwing an Npart

value, according to the distribution of events within the centrality selection as
taken from the Glauber Monte Carlo. The average number of type A and B
particles is determined from the interpolated centrality dependence and their
product gives the number of combinatorial pairs in the event. Events are
created in this manner until ξ is numerically stable.

The production of A and B particles at a given Npart is typically modelled
with a Poisson distribution. However, the details of this functional form do
not affect the calculation so long as the displacement from the average value is
independent between triggers and partners. To demonstrate this, ξ has been
calculated for a delta function, step function spanning ±25% the average, and
pair of asymmetric delta functions where the production at −25% was twice
that at +50% the average. The ξ at 50-60% centrality for the example to be
described in more detail below, these distributions gave results of 1.1012(1),
1.1012(2), and 1.1013(2), respectively, where the Poisson form gives 1.1010(6).
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The correction uncertainties quoted for the different functions are statistical.
This agreement is within the statistical precision of the computational tests.
Thus, even though Poisson distributions are often used in the calculation, they
are not in general required so long as the deviations from average production
rates are independent between A and B particles.

Using the insight that only the average value is relevant, ξ can be calculated
equivalently from the Glauber distributions, N evts, and the yield interpolations
by summing over all Npart values. The correction for centrality selection be-
comes a simple matter of finding the event-weighted averages of the functional
forms for the centrality bin in question. The expression for ξ is re-written as:

ξ =

∑
i

A
i

B
i N evts

i

∑
i

A
i N evts

i

∑
i

B
i N evts

i

∑

i

N evts
i (3.42)

where i indexes sequentially over all Npart values from 2 to Nmax
part and A

i =
A

(
N i

part

)
.

For trends of A and B that rise (or fall) in concert, the value of ξ will
be always larger than 1. If either A and B is independent of centrality, the
correction is precisely 1. If for some reason, one trend rises and the other
falls, ξ will be less than one. In practice, the trends of trigger and partner
production rates with centrality are in the same direction and ξ is an upward
correction on the production rate product. The magnitude of the correction
depends on how strongly the trends vary across the centrality bin compared to
the yield of the bin. Since particle production rises most quickly in peripheral
events, the magnitude of ξ is largest in this region. For the same reason wider
centrality bins require larger corrections than more narrow bins.

An example of calculating ξ is given below by using the charged hadron
yields published in Ref. [83]. In practice, uncorrected single particle production
rates, , and not corrected production rates, n, should be used to determine
ξ in order to properly take into account the multiplicity dependence of the
reconstruction efficiency. Under all but extreme cases, the physical central-
ity dependence dominates the value of ξ as detector efficiency usually varies
only slowly with centrality. Therefore the ξ trends produced here contain the
general features of a typical calculation.

Figure 3.18 shows the Glauber event distributions for various centrality
bin selections in both Npart and Ncoll [10]. Invariant yields as a function of
Npart and Ncoll for partners, pB

T = 2.9 GeV/c, and triggers, pA
T = 5.0 GeV/c,

are shown in Figure 3.19. The production data, nA and nB, are fit with the
following two functional forms, chosen for their smoothness and well-controlled
behavior for small and large N . The inverse tangent function, Equation 3.43,
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Figure 3.18: Npart (left) and Ncoll (right) distributions from the Glauber Monte
Carlo. [82]

is referred to as Fit 1 and the exponential function, Equation 3.44, is denoted
as Fit 2.

nA,B = γ arctan(βNα) (3.43)

nA,B = γ(1 − e−βNα
) (3.44)

where N is either Npart or Ncoll. Sensitivity to the fit functional form is assessed
by comparison of the resulting ξ values from use of the two fits.

The calculated values of ξ from Equation 3.42 for these trigger-partner
selections are shown in Table 3.5. For central collisions ξ is a small correction to
the background level, however since the background level is large compared to
the jet signal the effect of including the centrality correlations on the extracted
jet signal remains substantial. The spread in calculated values using the Npart

or Ncoll description and using the two choices of functional forms is used as an
estimate of the centrality correction uncertainty.

Other Correlations

The factorization of pair quantities into singles products appears often in pair
analyses. Two examples, pair anisotropy and particle production rates have
been discussed above. Additional correlations between triggers and partners
could require additional corrections. In practice, centrality binning is the only
meaningful correlation in background pair multiplicities.

An example of another correlation of particle production rates is the posi-
tion of the event along the beam pipe within a detector with a finite acceptance
on this axis. Particle production in a symmetric collision system is peaked at
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Figure 3.19: Invariant yield of charged hadrons as a function of Npart and Ncoll

at pT = 2.9 GeV/c and pT = 5.0 GeV/c. [82]

mid-rapidity and so more pairs will be reconstructed when the event is cen-
tered with respect to the detector than when the event is off-centered. Since
the overall variation between the two types of events is small compared to the
kinds of variation seen above and can be made smaller with narrow binning,
the issue is much less of a problem than variations with centrality and typically
does not necessitate correction.

Another source could rise to the level of concern if triggers and partners
in the background are significantly produced via the decay of the same parent
particle. In this case, there is a correlation in the number of background
pairs related to the parent particle multiplicity within the event. For the
background in heavy ion collisions, the source is mostly pairs from different
production centers and is unlikely to be strongly influenced by a single decay
process, however this should be checked with simulations based on the specific
analysis cuts and detectors used in a measurement.
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Table 3.5: ξ values for charged hadrons pairs between 5.0 GeV/c triggers and
2.9 GeV/c partners.

Centrality Npart Npart Ncoll Ncoll

(%) (Fit 1) (Fit 2) (Fit 1) (Fit 2)
0-10 1.0041 1.0048 1.0041 1.0050
10-20 1.0097 1.0107 1.0082 1.0089
20-30 1.0205 1.0205 1.0150 1.0149
30-40 1.0369 1.0353 1.0246 1.0236
40-50 1.0606 1.0582 1.0405 1.0392
50-60 1.1012 1.1005 1.0757 1.0753
60-70 1.1825 1.1873 1.1604 1.1639
70-80 1.2918 1.3065 1.2966 1.3091
80-90 1.3952 1.4224 1.4419 1.4678

Pair Cuts

The influence on particle multiplicity due to rejection of pairs with unaccept-
ably small separation is quantified by κ, the fraction of randomized pairs that
survive the pair cuts. Some fraction of random pairs will fail the cut due to
the finite probability for two particles to pass through the same region of the
detector. This probability can be estimated during event mixing. Since the
masked regions represent the same spatial coverage in all events, the value of
κ has no observed dependence on event multiplicity, as the ratio of rejected
pairs to accepted pairs does not change. The multiplicity of the background,
after taking into account losses due to pair cuts, may be calculated from the
singles distributions and knowledge of the pair cut survival probability via:

〈nAB
bg 〉 = ξ〈 AB

mix〉 (3.45)

= ξκ〈 A〉〈 B〉. (3.46)

With sufficient detector segmentation, only a small region is masked by pair
cuts and the percentage of pairs failing the cut will be small. For instance,
κ ≈ 0.993 for the charged track pair cuts described above. In central heavy
ion events, this adjustment is a sizable fraction (∼ 50%) of the jet signal.
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Working Equation

Thus, fully corrected ABS background levels in realistic scenarios may be
calculated in the manner described above as:

b0 = ξ
〈 AB

mix〉
〈 AB

same〉
(3.47)

= ξ
κ〈 A〉〈 B〉
〈 AB

same〉
. (3.48)

Limits of the Method

The limitations of the ABS method assumptions are illustrated here. The sin-
gle particle production rate, nA, under the two source model can be written
as nA = jA + bA where jA are particles from jet pairs and bA are background
particles from other sources. The background particles can be from soft pro-
duction or even from jets where no partner jet particle was detected. A similar
decomposition can be made for type B particles. Using this notation, all pairs
in the event can be expanded and factorized as:

〈 A B〉 = 〈
(

A + A
) (

B + B
)
〉

= 〈 A B〉 + 〈 A B〉 + 〈 B A〉 + 〈 A B〉

= 〈 A B〉 + ξκ
[
〈 A〉〈 B〉

+〈 B〉〈 A〉 + 〈 A〉〈 B〉
]

(3.49)

The combinatorial background as estimated in ABS and expanded in terms of
j and b becomes:

〈 A〉〈 B〉 = 〈 A + A〉〈 B + B〉
= 〈 A〉〈 B〉 + 〈 A〉〈 B〉
+ 〈 B〉〈 A〉 + 〈 A〉〈 B〉 (3.50)

Note that unlike the last three terms, the first term, 〈 A〉〈 B〉, is not part of
the background. So the ABS subtraction has produced an extra term beyond
the jet signal, 〈 A B〉 , such that:

〈 A B〉 − ξκ〈 A〉〈 B〉 = 〈 A B〉 − ξκ〈 A〉〈 B〉 (3.51)
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Figure 3.20: Jet particle production rates (counts/event) above 6 GeV/c
(points) and scattering center frequency (histogram) from Pythia.

For the background subtraction to work without substantial over subtraction,
this extra term is required to be small with respect to the jet signal.

ξκ〈 A〉〈 B〉 % 〈 A B〉 (3.52)

Since hard scattering produces particles at rates determined by the characteris-
tics of the scattering itself, like momentum transfer, the jet particle production
rates for A and B particles will be highly correlated with one another. The
presence of jet triggers increases the likelihood of production of jet partner
particles within the same event. Figure 3.20 shows the production rates of jet
particles as measured in Pythia simulation. The multiplicity varies over many
magnitudes and varies most rapidly for the most common scatterings at lower
Q2. The quantitative estimation of 〈 A B〉/ξκ〈 A〉〈 B〉 will depend strongly
on the details of how the low Q2 distributions are truncated. But given the
large variations in particle production over the range of Q2 (especially in more
common low Q2 events), the value is expected to be large.

3.11.4 Comparison

The three techniques for setting the combinatorial background level described
above will not produce equivalent results in all cases. When applied to data
for 2.5 − 4.0 ⊗ 1.0 − 2.5 GeV/c charged hadron pairs, the results of the three
methods are shown in Table 3.6. An example of the subtraction under the
ABS method for Au+Au at

√
sNN= 200 GeV is shown in Figure 3.21.
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Figure 3.21: A set of correlation functions (squares and left axis), background
contributions (curves and left axis), and subtracted jet pair correlations (circles
and right axis) produced under the ABS method. Note the good agreement
with ZYAM assumption in central collisions where the jets are most modified.

Reassuringly the values for central collisions compare well between the
ABS and ZYAM methods. This shows that the expected combinatorial pair
rate leaves no room for the kind of tails expected of an away-side structure
composed of Gaussian peaks. In fact the Fit method at this centrality falls very
far below the first two methods by an amount many times the extracted signal
in the first two cases. As sources for anti-correlation in the combinatorial
background which could lower the ABS estimates are non-existent, there is
a strong case against the assumption of perfectly Gaussian peak profiles in
central collisions where the jet shapes are modified.

In peripheral collisions where the Fit method is less sensitive to the as-
sumption of underlying Gaussian forms, the Fit and ZYAM methods are more
comparable. At intermediate pT where the away-side peak is still broad com-
pared to the away-side range, the two methods have not yet collapsed to
identical values as they do at higher pT .

ABS calculations in the peripheral centrality bins are found to lie below
both the ZYAM and Fit determinations. Qualitatively, this is expected be-
cause the ZYAM assumption puts an upper limit on the background level.
However, it is possible that measurements are also sensitive to the underly-

88



ing event, as seen in p+p collisions. The underlying event is thought to be
composed of initial and final state radiation as well as soft parton interactions
besides the one that created the observed jet. These multi-parton interactions
are not entirely uncorrelated with the jet. Furthermore, as the background
in a small system is the result of very few soft parton interactions, the mul-
tiplicity resulting from a single soft interaction to both trigger and partner
may become an important effect to model. Thus these effects may introduce
additional correlations in the background beyond the centrality correlations
which are removed by ξ.

In large systems, where the background multiplicity is almost entirely
driven by impact parameter, these variations in the combinatorial background
play a much smaller role in the average background multiplicities. Here the dif-
ference between ZYAM and the ABS background can bracket the uncertainty
on the background subtraction. The ABS will underestimate the background
by not excluding any underlying event and ZYAM will overestimate the back-
ground, possibly removing some jet signal. In the small systems at higher
momenta, even this extreme in physics assumptions translates into a small
uncertainty on the extracted conditional yields. However, small systems at
lower momenta fare less well and subtractions may produce significant uncer-
tainties in the extracted conditional yields unless only the jet peak yields are
being considered.

Table 3.6: b0 values made against Au+Au data at
√

sNN = 200 GeV between
intermediate momenta triggers and partners. [78]

Centrality 0-5% 5-10% 10-20% 20-40% 40-60% 60-90%
ABS 0.989 0.983 0.973 0.956 0.929 0.775

ZYAM 0.988 0.982 0.971 0.960 0.942 0.861
Fit 0.966 0.947 0.943 0.954 0.939 0.858

3.12 Jet Pair Quantification

The quantification of jet pairs begins with the division of the jet pair cor-
relations into the near- and away-side. While sometimes simply separated
purely into near- and away-side hemispheres, other effects such as the angu-
lar distance the trigger has to the near-side parton direction and pair boosts
within the transverse plane can give contributions from an away-side parton
at angles just less than π/2 radians. A more common division which accounts
for these effects is placed at the minimum between the near- and away-side
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peaks, which in practice is indistinguishable from the location of the ZYAM
minimum (the other methods could give vanishingly small deviations from this
location). Because of this, the ZYAM minimum is used in almost all cases to
divide the near- and away-side contributions. Smaller windows within these
zones may be selected for the purpose of avoiding acceptance holes, improving
signal-to-background, or studying only a subset of the jet pair correlations.

3.12.1 Shape Metrics

Since the away-side jet pair correlation is so drastically modified in central
heavy ion collisions, a set of shape metrics has been developed to characterize
the significance of the modification from normal jet fragmentation found in
more fundamental collisions.

The width of the jets could reflect many effects including the broadening
due to multiple scattering of the parton within the medium or the appearance
of new structures. The width can be estimated by fitting a Gaussian functional
form fixed at π to the away-side distribution. However, if like at lower mo-
mentum the functional form differs greatly from this simple assumption, the
extracted values quickly become less meaningful. A more robust measurement
of the characteristic away-side width is made by calculating the root mean
square of the near- and away-side distributions as shown in:

σrms =
√

µ2 =

√√√√√

∑
i

(∆φi − µ)2 J(∆φi)
∑
i
J(∆φi)

(3.53)

where µ = 0 for near-side distributions, µ = π for away-side distributions, and
i indexes over the azimuthal bins within the measurement.

The shape of the jet peaks can be further assessed without an assumed
form by also calculating the kurtosis of the jets, which is the fourth moment
of the distribution rescaled against changes in the second moment as in:

Kur =
µ4

µ2
2

=

∑
i

(∆φi − µ)4 J(∆φi)

(∑
i

(∆φi − µ)2 J(∆φi)

)2

∑

i

J(∆φi). (3.54)

For a given jet shape, the width may change due to broadening but the overall
form and the kurtosis can remain fixed. An example of this would be the
broadening of a Gaussian (Kur = 3) to have ever larger values of σ, but
remains a Gaussian at all times. Kurtosis values above 3 indicate a distribu-
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Figure 3.22: RMS width extraction under the three normalization methods
for Au+Au (left) and Cu+Cu (right).

tion shape narrower than Gaussian while values below 3 indicate distributions
broader than Gaussian. For instance the sharply peaked exponential function
has Kur = 6. Since kurtosis translates into the degree of peakedness, it is
possible for two different distributions to share the same kurtosis, just as it
is possible for two different distributions to share the same root mean square.
Thus kurtosis is valuable not for the unique identification of jet shapes, but
it is useful for the differentiation of jet shapes. Importantly for the usage in
this document, the kurtosis allows the significance of the jet shape modifica-
tion from baseline systems to be quantified without any assumptions of the
underlying modification process. The use of these both of these metrics in
conjunction is meant to distinguish changes to the width that can occur from
either broadening or function form modification with the kurtosis which is only
altered by functional form modifications.

Under some of the methods for normalizing the combinatorial background,
large flat pedestals may remain underneath the jet peak despite the points
in the peaks themselves appearing with little change. Since the issue that is
of interest is the relative change in the points to each other (i.e. the shape
within the jet peaks themselves), the flat pedestals are removed prior to the
calculation of the jet peak shape metrics. Thus, the appearance of the pedestal
in peripheral collisions under the ABS method is not considered in the jet
peak shape, beyond the subtraction of marginally less background modulation.
When considering only the appearance of the jet peaks, the values for the
different normalization methods are nearly identical, even for the low values
of b0 seen in the Fit method. Figure 3.22 shows an example of this for RMS
in Cu+Cu collisions at

√
sNN= 62.4 GeV.

The away-side peak location is particularly interesting at intermediate pT
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Figure 3.23: Description of peak angle finding algorithm (left). Peak angles
compared to traditional D value extraction (right).

due to its appearance at large angular distances from π in central heavy ion
collisions. When the away-side peak is well-defined in the measurement, the
details of how it is measured are not critical as all methods will give similar
results, even reading the angle by eye. However in peripheral collisions, these
details become important. The peak location is typically quantified by fitting
a Gaussian profile at π − D and another at π + D to allow for the intrinsic
reflection about π in two particle correlations. The functional form in this case
follows:

J(∆φ) = G(YN , µ = 0,σN) +
1

2

(
G(YA, µ = π + D,σA)

+G(YA, µ = π − D,σA)
)

(3.55)

When well separated peaks appear in the away-side, the D value will reflect
the values of the local maximum. When the jet shape assumes a more normal
shape found in p+p, the D-value will shrink but remain slightly biased above
zero as the single slightly non-Gaussian away-side peak is described by two
nearly overlapping Gaussians. The peak location, D, is thus found at the
local maxima in central events and is close the the local maxima in peripheral
events. In the transition region, reported values reflect the broadening of
the away-side before the distinct peaks appear. Thus the parameter is more a
measure of the overall away-side shape change than a statement on the position
of the local maximum in this case.

A better method for determining the away-side peak location (as defined
by the local maximum) can be made by a reverse-ZYAM procedure on the
away-side distribution which appear in Figure 3.23. The correlation function,
which is more easily interpolated by an arbitrary functional form, is fit and
the background flow contribution subtracted from the fit. The subtracted
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functional form is used in the reverse-ZYAM procedure. A flat functional
form is brought from above to touch a fit through the data a single point, here
the away-side peak maximum. The values from this extraction are shown to
closely approximate the D-value as extracted above. The peak angle, ∆φPA,
will jump from values at zero to values at D when the two offset peaks emerge.
Since the current uncertainties are large with respect to the difference between
the two methods, the value of near D can still be thought of as the position
of the away-side maximum in most cases.

Fits that attempt to describe the angular locations of underlying physics
contributions using three Gaussians in the away-side are attempts at decompo-
sition of the away-side for separate examination and described in a subsequent
section below.

3.12.2 Yield Metrics

The modifications of jets are further characterized by the ∆φ-integrated per-
trigger yield for the near- and away-side regions. Comparisons of these yields
to baseline p+p collisions are made with the PTY nuclear modification factor,
IAA, such that:

IAA =

∫ (
1

nA

dnAB
jet

d∆φ

)

AA

d∆φ

∫ (
1

nA

dnAB
jet

d∆φ

)

pp

d∆φ

(3.56)

where the limits of integration cover either the near- or away-side regions. The
modification factor will generally depend on centrality, momentum, particle,
and angular selection. No additional scaling of the kind used in single particle
RAA (shown previously in Section 1.3.3) is required as the division by trigger
has already removed the trivial increase in pair production in the larger sys-
tems. In general, the value of IAA depends on modifications to both the pair
yield and the trigger yield. For high pT correlation measurements, the PTY is
a convenient choice since each jet typically produces at most one high pT trig-
ger. Because of the steeply falling parton spectrum, the probability of having
a high pT parton that produces multiple trigger hadrons is small. Thus the
PTY effectively represents the per-jet yield, and IAA in these cases represents
the modification of the partner yield per-jet.

However, for intermediate and low pT selections jet fragmentation is not
the only source of triggers, and this can lead to an artificial reduction of the
per-trigger yield. The effect of non-jet fragment contributions to the set of
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Figure 3.24: Near-side nuclear PTY modification factor using high pT triggers
(left) and high pT partners (right).

trigger particles can be seen in Figure 3.24. In this instance, the near-side jets
are surface-biased but otherwise unaffected by the nuclear medium. For high
momentum triggers, the modification factor is largely consistent with one for
all partner momenta. However, for low momentum triggers a deficit of partners
is found at high momentum. This occurs not because of a modification to
actual jet fragment pairs, but because of an enhancement in the set of triggers
that is not the result of jet fragmentation and as such does not have many
high momentum partners. A soft component to the singles multiplicity is
responsible for this effect and contributes to trigger sets below 6 GeV/c. These
soft particles may be from the medium response to hard scattered partons or
from another source entirely. However, because of these contributions, per-
trigger yields should not be interpreted as per-jet yields below 6 GeV/c.

Going further, the spectrum of PTY in partner momentum is a useful tool
for determining the production source of features within the jet distribution.
For instance, the relative hardness or softness of partner spectra can reveal
whether the new features have slopes more characteristic of production via
jet fragmentation (hard) or whether the features behave more like inclusive
particles and might be more closely related to bulk production (soft).

Weighting the multiplicity production by the particle momentum also al-
lows the construction of momentum correlations. The weighting by a single
power of the momentum reveals that in all cases the PTY spectra fall more
quickly than can be offset by the momentum weighting. The resulting mo-
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Figure 3.25: Two kinds of away-side decomposition analysis, the Bin method
(left) and the Fit method (right).

mentum correlations show only the typical features of the lowest momenta
selected, which is also the case in the multiplicity correlations. The meaning
is perhaps unsurprising; the momentum in these events is not preferentially
carried by a handful of very energetic particles but instead is shared more
equitably among all particles. Thus the flow of momentum will largely follow
the flow of multiplicity.

3.12.3 Decompositions

Decompositions of the away-side have also been attempted with different mea-
sures of success. Decompositions attempt to separate the physics contributions
in the away-side into a more understandable contribution from jet fragmenta-
tion at π and the new physics found in the offset peaks at π ± D. Diagrams
of the two methods to be discussed appear in Figure 3.25.

One method, the Bin decomposition, simply treats the yield near each
region of the away-side as entirely composed of either the head or shoulder
components. Angular windows are made around each region, hence the name,
and the yield within integrated. Clearly, situations occur in which significant
contamination between the neighboring bins must exist, but this method is
still extremely useful in characterizing the primary contributions within the
window.

Furthermore, a targeted shape metric composed of the window yields can
be more sensitive to the particular shape evolution found in heavy ion collisions
than a global metric like kurtosis. An example of this kind would be the head-
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p+p at lower pair momentum where regions exist dominated by new physics
(indicated by gray bands). [53]

to-shoulder ratio. This particular metric gains its advantage by the assumption
that the shape change of interest lies in changes between and not within the
pre-selected windows.

The other method, the Fit decomposition, attempts to account for the
contamination into neighboring bins by describing the tails of the distributions.
Obviously, this method make assumptions about how the tails extend into the
neighboring bins. To avoid the problems with uncertainty in the background
created by the fitting process described previously, here the background is
fixed using the other background normalization methods. The fits likely do
not describe perfectly the underlying peaks, but are a good first attempt at
subtracting the contamination between away-side contributions.

The jet-ridge decomposition on near-side is a tougher measurement within
the PHENIX acceptance. Unlike the case of wide pseudo-rapidity cover-
age, PHENIX offers only a narrow slice of relative pseudo-rapidity, beyond
∆η = ±0.5, in which the ridge contribution has the opportunity to dominate.
The measurement of the near-side distribution in which this feature of the ac-
ceptance can be seen is shown in Figure 3.26. Similar to the bin decomposition
in the away-side, here a center bin composed of jet and ridge contributions can
be compared to the outer bin composed of mostly ridge. Differences between
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the bins can illuminate the characteristics present in the ridge particles.
Despite their crude nature, the transverse momentum spectra of per-trigger

yields in these decompositions has been crucial to improving our understanding
of the nature of the new signals found in heavy ion collisions.
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Chapter 4

Parton Energy Loss

The focus of the nuclear suppression factor of per-trigger jet pair yield, IAA,
at high pT is the study of energy loss by the parton as it transits through a
hot dense medium produced during the collision of the two heavy ions at high
energies. At sufficiently high pT , the novel structures seen at lower momenta
do not contribute and fragmentation from the fast parton is the dominant
source of particles contributing to jet pairs. The near-side jet at these large
momenta appear unaffected by the presence of the medium, supporting the
idea that the trigger bias leads to surface bias of the contributing hard scat-
tering centers. The away-side parton, which impinges on the medium, loses
energy. An example of a two-particle jet pair correlation in which both trigger
and partner particles are restricted to large momentum appears in Figure 4.1.
The comparison between correlations made in Au+Au versus those made in
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p+p collisions at
√

sNN= 200 GeV demonstrates the large suppression exhib-
ited by the away-side jet while conversely the near-side is free of hot nuclear
medium effects due to the trigger surface bias. The away-side suppression
at high momentum is consistently found to be significant, with IAA ≈ 0.4
for these momenta. Jet pair correlations made below ∼ 4 GeV/c that show
new structures that are related to medium response due to the passage of fast
partons will be discussed in detail in the next chapter.

The evidence for complete surface bias created by the trigger condition at
large momentum is strong. Near-side characteristics in heavy ion collisions at
large momentum are consistent with baseline p+p measurement over a broad
range of tests. For instance, as shown in Figure 4.2, the width of the near-side
at large momentum shows no broadening of the kind seen at lower momentum
values with respect a p+p measurement, nor does IAA on the near-side show
significant evidence of enhancement or suppression in central events.

Measurements of away-side jets at high pT in mid-central collisions exhibit
less nuclear suppression than fully central collisions reflecting the shorter path
length through the nuclear overlap found in these systems. The suppression
however is still substantial and much of the away-side pairs are lost to the
medium. Shown in Figure 4.3 are examples of jet pair correlations measured
at mid-centrality. These away-side high pT pair correlations can be used to
study the nature of parton energy loss and system geometry. Varying the jets
orientation with the reaction plane angle in mid-central collisions substantially
changes the path length through the medium in a fixed system, which can not
be accomplished by centrality or beam species selection. Table 4.1 shows
calculations of the RMS medium thickness, tRMS, for a variety of centrality
and reaction-plane trigger orientations.
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Figure 4.3: Mid-central high pT jet correlations: Partner momentum 3-4
GeV/c and 4-5 GeV/c for 20-40% collisions (left) and 40-60% collisions (right).
Scale factors applied for visual comparison are indicated. [53]

Table 4.1: Nuclear overlap thickness values in Au+Au collisions as described
by overlapping Wood-Saxon distributions. Monte Carlo statistical uncertain-
ties indicated.

φS tRMS(fm) tRMS(fm)
(deg) Cent 0-20% Cent 20-60%
0-15 4.67(2) 2.70(2)
15-30 4.82(2) 3.01(2)
30-45 5.08(2) 3.45(3)
45-60 5.37(2) 3.88(3)
60-75 5.64(2) 4.26(3)
75-90 5.76(2) 4.46(3)

Study of away-side suppression by the azimuthal trigger angle with respect
to the reaction plane at large momentum can be used to probe both the char-
acteristics of parton energy loss and the geometric distribution of the nuclear
overlap region. These correlations must be restricted to momentum above
the known intermediate pT medium-response effects (pT ! 4 GeV/c). How-
ever, recombination effects which may extend upward into momentum regions
as large as 6 GeV/c are not yet excluded. Jet correlations made above this
threshold higher are challenged by the limitations of the statistics available
within even the largest data sets currently available.

Results of this kind have been constructed for both 0-20% central collisions
and 20-60% mid-central collisions and will be the focus of the remainder of this
chapter. The central data is expected to show smaller variations with φs as
there is less initial event anisotropy in these collisions. The central data also
has larger combinatorial pair backgrounds from the soft underlying event as
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well as higher backgrounds in the identification of π0 trigger particles. As such,
the central data is a useful cross-check of multiple unwanted effects from these
sources against a reasonable expectation of little signal (i.e. φs variation).

4.1 Away-Side Jet Physics

Two mechanisms may contribute to the surviving back-to-back jet pairs. Nu-
clear overlap crossing jets (see the left column of Figure 4.4) may occur if
surviving away-side partons lose only a fraction of their initial energy during
transit through the overlap. The surviving away-side partons may also cross
the nuclear overlap region if a fraction transit with little or no energy loss while
the remainder are completely suppressed. The reaction plane dependence will
not directly differentiate how these surviving away-side partons have crossed
the nuclear overlap region. Production of jet pairs from hard scattering of par-
tons in regions tangential to the nuclear overlap is shown in the right column
of Figure 4.4 and represents the second pair survival mechanism. This must
always occur to some extent. This mechanism may dominate the creation of
the away-side peak if all partons entering deeply into the nuclear overlap region
are completely lost to the medium and only unmodified back-to-back parton
pairs from near the surface survive to create away-side pairs. This work aims
to determine which mechanism dominates the observed away-side jet pairs.

It is worth noting that models with only a small core region of complete
energy loss will be insufficient to limit surviving partons to those from hard
scatterings tangential to the surface of the nuclear overlap. Some surviving
partons in these models may be produced tangentially to the surface of the
small core, and not to the surface of the nuclear overlap region. In this work,
“tangential” will refer only to surface production tangential to the nuclear
overlap. The second case, where the partons cross significantly through the
overlap, is more appropriately included in the set of crossing survival scenarios.

Partons crossing the overlap are increasingly suppressed as the path-length
through the nuclear overlap is increased. The nuclear suppression factor for
such away-side jets falls as the trigger is moved from in-plane to out-of-plane
(increasing φS). Crossing survival includes both the cases where all partons
lose a small fraction of their initial energy (commonly called “punch-through”)
and the case where some partons lose all their initial energy while other partons
survive via a fluctuation in the amount of energy loss (referred to here as “skip-
through”).

Other measurements of high momentum jet pairs have differentiated be-
tween these two survival mechanisms. The momentum spectrum of particles
produced by jet fragmentation from a parton that has lost a large amount of
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Figure 4.4: Categories of away-side jet quenching: Partons may cross the
nuclear overlap region by partial energy loss (left). Or only partons tangential
to the nuclear overlap region survive by total energy loss in a large dense core
(right). [84]

energy will be softer than that of a parton fragmenting after losing little or
no energy. The slope of the momentum spectra of away-side jet fragments at
high pT is shown in Figure 4.5. Despite the large suppression in central heavy
ion collisions, no decrease of the slope with centrality is seen for the away-side
jet. This measurement favors a scenario in which high pT jet pairs arise from
partons that have lost little energy to the medium.

However, this does not yet prove that the away-side peaks are created
by “skip-through” away-side partons. Tangential parton survival also creates
away-side peaks from partons that suffer little energy loss. But tangential sur-
vival will have the opposite dependence with φs. This dependence appears due
both to trends in the pair count and trends in the trigger count. The number
of pairs may increase with φS as the integrated column density through the
diffuse corona near the overlap edge increases. A similar but reverse process
is responsible for limb darkening in stars with a hot center and cooler atmo-
sphere [85]. The result here is more jet pairs in the out-of-plane direction than
in the in-plane direction. Additionally as more triggers are produced in-plane
than out-of-plane, away-side PTYs for a fixed number of pairs will show less
suppression as a function of reaction plane angle simply because the count
of trigger particles has decreased. Thus the away-side PTY is driven by the
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Figure 4.5: Away-side jet fragment spectra: Average truncated transverse
momentum for away-side high momentum pairs in Au+Au collisions (solid
squares) and p+p collisions (open squares) integrated between ∆φ of 5π/6
and π (the “head” region). [53]

relative fraction of scattering centers producing only triggers to those which
produce both trigger and partners.

Two sets of quantitative theoretical predictions for away-side suppression
patterns by reaction plane orientation are available for mid-central Au+Au
collisions. Thorsten Renk has made a calculation of away-side suppression
for nuclear overlap crossing survival [86, 87]. Examples of these are shown
in Figure 4.6. The closest momentum bin for mid-central collisions is 12-20
GeV/c triggers paired with 4-6 GeV/c partners and impact parameter 7.5 fm.
These values show a weak dependence on reaction plane angle of only ∼ 12%
from the most in-plane to the most out-of-plane direction.

Vlad Pantuev has also made a prediction for away-side suppression trends
with reaction plane orientation [88]. In this model [89], a black-core formation
time drives the transition between dominance by crossing survival in mid-
central collisions and tangential survival in the most central collisions. In the
systems with shorter overall path-lengths, the crossing time becomes compara-
ble with the formation time and in-plane crossing survival dominates. In more
central collisions (< 20%), the crossing time becomes long for all directions
through the nuclear overlap region, the tangential survival dominates, and the
trend with reaction plane trigger angle reverses. For the mid-central selections
(20-60%) the variation of ∼ 45% is much larger than seen in the other model.
It should be noted that the measured centrality bin involves path lengths be-
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Figure 4.6: Away-side suppression predictions from Thorsten Renk for high
momentum triggers and a variety of partner momentum windows. [86]

fore the trend reversal in central collisions. Consequently, the model predicts
a falling dependence in away-side yields with increasing path lengths through
the nuclear overlap region.

4.2 Correlation Functions

Inclusive correlations between trigger and partner are decomposed using the
two source model in the manner prescribed in the previous chapter. A small
selection of the inclusive correlation functions for the two partner momenta
and centrality selections tested is shown in Figures 4.8. The corresponding
results for the other selections are shown in Appendix B.

The background level, b0, has been determined here via the ZYAM assump-
tion using the more reliable fit method for finding the ZYAM point. The well-
separated near-side and away-side jet production gives a broad well-sampled
region over which the underlying event contribution dominates. Problematic
issues with the ZYAM normalization discussed previously do not contribute
significantly. Normalization uncertainty from the ZYAM procedure is esti-
mated via a Monte Carlo, as described in the previous chapter, using the
measured statistical precision as input. The extracted uncertainty (shown
only on the subtracted distributions) is small, but fully correlated along ∆φ.

The modulation of the background described previously can be seen to
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reverse signs in the quadrupole component between in-plane and out-of-plane
bins for both momentum bins and both centrality selections. The good descrip-
tion of the widely varying background over a broad region appearing between
the near- and away-side jet peaks gives confidence to the fidelity of the two
source model with the physics present within these correlation functions as
well as the factorization of the pair flow into the singles quantities. An ex-
ample of a correlation function summed over the trigger angle with respect to
the reaction plane is shown in Figure 4.9. These distributions demonstrate the
reappearance of more traditional forms of the background modulations when
not binning the triggers along φS.

4.3 Jet Pair Correlations

The resulting subtracted per-trigger jet pair correlations for the example plots
shown in Figure 4.8 are shown for each of the 15◦ φs bins in Figure 4.10.
As the variation with respect to the reaction plane is the key metric under
investigation, the per-trigger jet pair yields (uncorrected for single particle
efficiency since this depends on multiplicity but not on reaction plane orienta-
tion) at each partner momenta and each centrality are reported. A common,
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Figure 4.8: Correlation functions with reaction-plane binned π0 triggers 4-7
GeV/c and h± partners 3-4 GeV/c at 20-60% centrality for various trigger φs

selections. [84]
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Figure 4.9: Correlation function with reaction-plane integrated π0 triggers
4-7 GeV/c and h± partners 3-4 GeV/c at 20-60% centrality.

but arbitrary, vertical scale is chosen from the near-side measurement in the
summed distribution. These jet pair correlations show the same characteristic
production previously measured at high transverse momenta. The mid-central
selections contain two striking features. First, the near-side jet peaks are very
nearly identical between the in- and out-of-plane selections. Second and more
importantly is the additional suppression of the away-side jet in the most out-
of-plane selection. The away-side difference is largest between the two outer
most φs bins and the difference measured here is the largest found in the data.
The statistical uncertainties are largest near ∆φ = 90◦ where the PHENIX
acceptance is least efficient in pair reconstruction. Statistical variations are
seen within the jet shapes and limit the degree to which the shape of the jets
may be examined with respect to reaction plane angle. The integrated PTY
however is well measured; quantifying the significance of the differences seen
by reaction plane angle here will be the focus of determining whether surviving
high pT partons cross the nuclear overlap region.

The jet pair correlations contain three sources of systematic uncertainty, all
are depicted here. The first is the ∆φ-correlated background level uncertainty
which is shown by dashed bands surrounding the estimation of zero jet yield.
This error is dominated by the statistical uncertainty in the estimate of the
background level and as such will be uncorrelated from plot to plot. Since the
narrow jets do not intrude into the regions of low statistics and the fit method
averages the fluctuations, the background level is well-determined despite the
large uncertainties near 90◦. The other two systematic uncertainties arise from
measurements of the flow coefficients. The separation into two contributions
is required due to their different impact on yields along φS. The observed
anisotropy coefficient uncertainty can raise jet yields in the in-plane bins while
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Figure 4.10: Jet pair correlations with reaction-plane binned π0 triggers 4-7
GeV/c and h± partners 3-4 GeV/c at 20-60% centrality for various trigger φs

selections. [84]
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lowering jet yields in the out-of-plane bins. An uncertainty like this that
anti-correlates jet yields along φS is most likely to impact the significance
of measured variation along this variable. At lower momentum where the
subtracted background is more significant with respect to the the jet yield, this
systematic uncertainty may dominate the jet yield measurements. However at
the momenta used here the effects of this uncertainty are vanishingly small
and do not impact significantly the yields measured. This error is plotted as a
set of red lines, one solid and one dashed, that appear between the measured
data points. The remaining source of uncertainty arises from the estimations
of the reaction plane resolution corrections, ∆2k, to the observed anisotropy.
This uncertainty can raise or lower jet yields in the in-plane bins only in
conjunction with yields in the out-of-plane bin. This uncertainty appears as a
set of corresponding blue lines between the points and is also vanishingly small
for the higher momenta partners (4−5 GeV/c). The impact is somewhat larger
at for the lower momentum partner selections (3−4 GeV/c) in Figure 4.10 for
this uncertainty. However it still plays a negligible role in trend determination
due to the inability of the uncertainty to pull the yields in in- and out-of-plane
bins in different directions.

4.4 Integrated Per-Trigger Yields

The near-side per trigger jet pair yields are integrated in windows of∆φ ∈ [0,π/9]
and ∆φ ∈ [0, 3π/18] for the 3 − 4 GeV/c and 4 − 5 GeV/c partners, re-
spectively. These integration windows approximate 2σ jet-widths as measured
from the reaction plane integrated distributions. This choice is made to reduce
the effect of decreased precision near ∆φ = 90◦ and the influence of the ∆φ-
correlated ZYAM uncertainty which is a function of the window range. These
windows introduce little bias as only small amounts of jet yield remain outside
the selections and maximize the precision of the integrated measurements.

The measured integrated PTY φS distributions are corrected for the smear-
ing caused by the reaction plane resolution as was done in [90]. In the proce-
dure points are mapped into the corrected distributions via:

Ycorr(φs)

Ymeas(φs)
=

1 + 1
∆α cos (2φS)

1 + α cos (2φS)
(4.1)

This method removes the effects of the reaction plane resolution just as anisotropy
modulations are corrected for the reaction-plane smearing. The value of α is
determined via a fit to the uncorrected distribution; the error on determining
this value creates another systematic uncertainty which is propagated into the
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Figure 4.11: Reaction-plane resolution correction to integrated per-trigger jet
pair yields: Raw integrated near-side jet yields (left) and resolution-corrected
(right) near-side jet yields by reaction plane orientation. A linear fit to the
data appears as a solid line through the points.

final corrected distributions. This systematic uncertainty is depicted as a gray
band. The effects from variations in α, like those from the observed anisotropy
coefficients, anti-correlate between in and out-of-plane yields. In this case, the
uncertainty on α is further correlated with the statistical fluctuations on the
uncorrected measurement. To account for this correlation, the uncertainty on
α should be conservatively treated as fully correlated with the statistical fluc-
tuations within the φS distribution. In general the corrections are small and
the correction only slightly increases the slope of the φS distribution. The cor-
rection mapping does not (and can not) increase the significance of the slopes
from a flat distribution. An example of distributions before and after this cor-
rection is given in Figure 4.11. Note that the in-plane 0 − 45◦ to out-of-plane
45−90◦ integrated PTY ratio significance does not change through application
of the correction, being 0.98(6) prior to and 0.96(9) after correction, a little
under half a sigma in both cases. A small change in the value of the slope is
the result of the correction, but there is no overall change in the significance
of the slope from flat.

Integrated near-side resolution-corrected PTYs for both partner momenta
in both the central and mid-central selections are shown in Figure 4.12. All the
near-side selections depicted share a common appearance. The near-side yields
are flat in φS within the measured uncertainties. This dependence is expected
from surface bias. Complications that could arise from subtraction flaws or
trigger purity variations are not witnessed on the near-side. These, and any
other effects which would impact both the near- and away-side by either equal
scale (trigger effects) differences or equal yield differences (subtraction effects),
are limited by the reaction plane independence observed.
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Figure 4.12: Near-side integrated jet PTY by reaction plane trigger angle, φs,
for 3-4 GeV/c (left) and 4-5 GeV/c (right) partner selections and both 0-20%
(top) and 20-60% (bottom) centrality selections. [84]

Integrated away-side resolution-corrected PTYs for both partner momenta
and centrality selections are reported in Figure 4.13. These away-side distri-
butions tell a very different story. In the central data set, the suppression of
the away-side jets is nearly complete and the remaining yield is insufficient
for examination of away-side trends in φS. Again though, the lack of signifi-
cant variation in the case of very little jet yield is a good cross-check against
failures in the anisotropy description of the background correlations. In the
mid-central data, the away-side clearly shows the falling trends first revealed
above in the jet pair correlation distributions. The yield difference is largest
between in the outer most bins as would be expected since the path-length
difference is also maximized between these cases. Removal of the edge bins
would flatten the remaining values. However, there is no cut-off here as ap-
pears when truncating a momentum spectrum and the extrema bins can no
more be removed from the distribution than any other of the measured points.
The slope is large in both partner selections and the falling trend is unlikely
to be completely the result of statistical fluctuations for both cases.

The theory predictions from Pantuev and Renk are shown also on Fig-
ure 4.13. The lines are linear interpolations between the actual numerical
predictions which are calculated for exactly φS = 0 and φS = π/2. The actual
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Figure 4.13: Away-side integrated jet PTY by reaction plane trigger angle,
φs, for 3-4 GeV/c (left) and 4-5 GeV/c (right) partner selections and both
0-20% (top) and 20-60% (bottom) centrality selections. [84]

trends with φs in these models are not available but should be expected to
show some shape dependence in φS perhaps mimicking a flow-like or tRMS

pattern. In any regard, the data are well matched by a linear dependence and
does not with the statistics currently available provide empirical insight in this
direction.

4.5 Slope Significance

The trends in integrated PTY by φS are characterized by the ratio of the PTY
at the extrema of the most in-plane and most out-of-plane values. In this
metric, the remaining arbitrary scale cancels. Values between 0-1 correspond
to falling trends. A value of 1 is flat and values above one are rising trends.
A value of zero corresponds to complete suppression on the away-side for the
out-of-plane jets. Negative values are not expected, but could result from over
subtraction of the combinatorial background or statistical fluctuations.

For the measured data, the extrema are taken from linear fits to the dis-
tributions. Extrapolations to the edge of the first and final bin are reasonably
small. The available theory predictions which are calculated at the extrema
require no modification of this sort. Fits for a wide selection of fixed slopes are
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Figure 4.14: Individual goodness of fit, χ2, distributions of away-side suppres-
sion with respect to the reaction plane reported as the ratio of the PTYs at
the extrema of most in-plane and most out-of-plane. Fits to ±1σ resolution
correction uncertainty are also reported. Increasing suppression trends with
angle relative to the reaction plane lie between 0-1. Falling suppression trends
with respect to the reaction plane lie above 1.

made to map the span of variations along φS. The goodness of fits for these
slopes for each of the mid-central partner momenta are shown in Figure 4.14.
Fitting a line to six points leaves 4 degrees of freedom and the χ2 distributions
show good agreement with the data for the best fit values. The lower momen-
tum partners have better statistical sampling of the jet pair distributions and
thus provide somewhat more constraining fits.

A composite simultaneous-fit χ2 distribution for linear fits to both part-
ner momenta under the assumption of identical percentage variation for both
partner momenta bins has also been made. The results which combine the
significance of both of the individual measurements is shown in Figure 4.15.
The composite χ2/dof has a minimum of 0.8 for the 9 degrees of freedom. An
additional degree of freedom is released when fixing the variations between the
two partner momenta. The gray lines show the agreement of fits made against
the ±1σ reaction plane resolution corrections. These uncertainties correlate
with the partner momentum bin statistical fluctuations and as such do not
correlate with each other across partner momentum values.

The data rule out rising variations (values above 1) to more than 4σ. Thus
the falling trends strongly favor scenarios of nuclear overlap crossing survival
for mid-central events. Purely nuclear overlap tangential survival for surviving
back-to-back pairs is ruled out at these centralities and can only contribute to
a small minority of back-to-back pairs.

The significant falling trends combined with the lack of spectral slope mod-
ification points to the scenario where surviving partons are crossing the nuclear
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Figure 4.15: Composite goodness of fit, χ2, distribution of away-side suppres-
sion with respect to the reaction plane reported as the ratio of the PTYs at
the extrema of most in-plane and most out-of-plane. [84]

overlap with very little interaction with the medium, the “skip-through” sur-
vival of away-side pairs. The data also prefer strong variation as a function
of path length and do not rule out complete suppression for φs = 90◦. Renk’s
prediction, made for higher pT than these measurements, is incompatible with
these data [86]. The prediction from Pantuev is a closer match but still shows
a weaker dependence than these data [88]. The preference in the data for
strong variations may point to a geometric distribution of initial production
that is more anisotropic or larger path length dependence to energy loss than
those implemented in either of these two models.

To review, there is evidence in the away-side suppression pattern in trig-
ger angle with respect to the reaction plane that shows the set of surviving
partons in mid-central collisions come predominantly from partons that have
crossed the nuclear overlap instead of pure tangential emission. The spectra
of these surviving partons point to a model wherein the partons have crossed
the overlap with very little energy loss. There is from the data presented here
also strong evidence that the majority of fast partons interact and are com-
pletely lost to the nuclear medium. The large energy lost by these partons
raises the possibility of eliciting a collective response from the medium of the
kind described in the next chapter.

114



4.6 Systematic Uncertainties

The slope of the away-side suppression as a function of angle with respect to
the reaction plane orientation as reported in the out-of-plane in-plane PTY
ratio is subject to four types of uncertainty, shown in Table 4.2. The first
type is completely uncorrelated between measurements and between φS bins.
This type includes statistical uncertainties from counting statistics and the
background level, b0, determination uncertainties. The background level un-
certainty comes primarily from the statistical error in determining b0 via the
ZYAM methodology. This uncertainty is fully correlated along ∆φ but not
along φS. The second type of uncertainty affecting the out-of-plane to in-plane
PTY ratio results from the reaction plane unsmearing. This uncertainty car-
ries a correlation along φS but is not correlated with centrality or momentum.
This uncertainty accounts for amplification of statistical fluctuations during
the reaction-plane unsmearing procedure. This creates an odd instance where
this uncertainty correlates to a degree with the statistical uncertainties. The
first two kinds of uncertainty dominant the significance of the measured trends.
Thus this uncertainty is conservatively treated as fully correlated with the sta-
tistical uncertainties when gauging the significance of trends in the data.

The third type of uncertainty is anti-correlated along φS, meaning varia-
tions tilt measured φS distributions. This uncertainty results from the mea-
sured event anisotropy, 2k. These carry correlations not only between φS

bins, but also between the measurements where the same triggers are used.
The final, fourth kind of uncertainty is fully correlated along φS, meaning vari-
ations raise or lower the measured φS distributions. This kind results from the
reaction-plane resolution correction, ∆2k. Since these corrections are the same
for all events in a class, these variations will correlate between all particle mo-
mentum at fixed centrality. These last two uncertainties are smaller than the
previous sources as the background modulation does not significantly impact
these high pT pair correlations where the background level is small.

Table 4.2: Systematic Uncertainties in the out-of-plane to in-plane PTY ratio
for the two measured partner momenta for 20-60% collisions. Uncertainties
tabulated are the reaction-plane resolution unsmearing correction (α), the anti-
correlated background uncertainties (AC) and the fully-correlated background
uncertainties (FC).

pB
T PTYout/PTYin σ σα σAC σFC

4-5 GeV/c 0.20 ±60% ±15% ±2% ±2%
3-4 GeV/c 0.15 ±75% ±15% ±4% ±7%
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Other scale uncertainties such as trigger and partner reconstruction effi-
ciencies cancel within the out-of-plane in-plane PTY ratio and need not be
considered when judging the significance of the trends.
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Chapter 5

Medium Response Excitation

Jet pair correlations between intermediate pT particles in central heavy ion col-
lisions contain fundamentally new structures that are not seen at the higher
momenta discussed in the previous chapter nor are they found in smaller col-
liding systems, such as those from p+p, d+Au, or peripheral Au+Au. Jet
fragmentation and away-side suppression is accompanied by two new angular
correlation features. Figure 5.1 illustrates the transition from simple back-to-
back fast parton fragmentation in the smaller systems to the modified forms
found in the larger nucleus collisions. Here the trigger and partners are pairs
of charged hadrons where both selections are between 2-3 GeV/c.

The near-side jet distribution in the smaller systems is narrow in both
∆φ and ∆η. The narrowness is the direct result of pairing particles within
a cone of directed jet fragmentation. In these systems the away-side jet is
also narrow in ∆φ, but unlike the near-side the away-side jet distribution is
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Figure 5.1: Survey of two dimensional jet pair angular correlations in relative
azimuthal and pseudo-rapidity separation by collision system size at

√
sNN=

200 GeV for 2-3 GeV/c triggers and partners in p+p (left), peripheral Au+Au
(center), and central Au+Au (right). [53]
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extremely broad in ∆η. The broad appearance of the away-side is the result
of the parton pair center of mass frame not always coinciding with the labora-
tory frame. In collisions of hadrons, momentum sharing of the partons allows
the participating partons to have different momentum fractions. Since the
direction of the parton fragmenting into the trigger particle is fixed to always
point into the detector acceptance, the opposing parton may point into a wide
range of pseudo-rapidity values as required by total momentum conservation.
Each event will have different values and the statistical summation of many
events leads to the broad distributions in ∆η shown here. A similar effect is
also present for the parton pair in the transverse direction, but the overall
scale of the effect is much smaller as there is no net transverse momentum in
the projectiles. The resulting ∆φ-broadening is much smaller than that in the
longitudinal direction.

The appearance of peripheral Au+Au pair distributions is very similar.
The lack of significant change of the jet pair correlations indicates that the
same physics present in p+p is at work in these collisions. There are no
indications in these data that nuclear effects in the initial state substantially
alter the hard scattering dominated correlation characteristics. This fact is
confirmed by d+Au collisions (not shown) where the center of the nuclear
profile also has the opportunity to participate in the collision.

Central Au+Au represents a different picture altogether. A new near-side
structure, the ridge, is much broader in pseudo-rapidity than jet fragmenta-
tion at the same momentum range. However, the ridge is a relatively narrow
azimuthal structure and is not dramatically broader than jet fragmentation in
∆φ at these momenta. The ridge is known from measurements shown in Chap-
ter 1 to extend into very large trigger-partner pseudo-rapidity separations well
beyond the pseudo-rapidity acceptance of PHENIX. In PHENIX, the pseudo-
rapidity coverage limits the measurement within a window of ∆η = ±0.7. The
outermost bins are not shown here for clarity as statistical precision drops
precipitously near the detector edge. If the near-side ridge structure is cre-
ated by the same parton creating the near-side jet fragmentation, the broad
appearance is extra-ordinary and demands a novel physical explanation.

A second new away-side structure, the shoulder, is found at ∆φ values
significantly offset from π and is also very broad (within the pseudo-rapidity
of PHENIX). Assuming that the away-side structure is associated with the
recoiling away-side parton, the broad pseudo-rapidity appearance is not sur-
prising and is expected through exactly the same kinematic effect described
for p+p away-side jets above. However, the appearance of so much yield away
from the expected nominal direction in ∆φ is the motivation for the work de-
scribed in this chapter. The existence of both new features only within the
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Figure 5.2: Survey of ∆φ-projected jet pair correlations by pT selection. The
transition from low momentum (top left) to high momentum (bottom right)
illustrates the extent of the medium-induced structures in Au+Au (solid sym-
bols) when compared to p+p (open symbols). All data for

√
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collisions. [53]

larger systems suggests that these structures are connected to the production
of hot dense nuclear matter in relativistic heavy ion collisions.

The transition from the higher trigger and partner momenta explored pre-
viously to those exhibiting the medium-induced features is shown in Figure 5.2.
In this survey, the centrality of the collisions is fixed at 0-20%, and pairs of
charged hadrons are studied, over a wide range of momentum values. The
magnitude of the ridge and shoulder yields can be seen in the comparison to
p+p distributions. The ridge, here seen as an excess of near-side yield com-
pared to p+p, shrinks in the higher momentum bins. The same is true of the
shoulder yield. There is no evidence that the medium-induced structures vary
in azimuth position with momentum. The most significant variation appears
instead to be in the overall yield. Measurements of both the near-side and the
away-side jet distributions, with a focus on these new medium-induced struc-
tures that appear within these intermediate pT correlations, is given below.
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GeV/c in 0-5% Au+Au collisions. The dashed line represents the estimated
elliptic flow modulated combinatorial background using zero yield at minimum
(ZYAM) method as estimated against a fit to the black points. [78]

5.1 Away-side Shoulder

A representative correlation function, C(∆φ), is given in Figure 5.3 for very
central 0-5% Au+Au collisions and intermediate pT charged hadron pairs
(2.5 − 4.0 ⊗ 1.0 − 2.5 GeV/c). The measurement of C(∆φ) shows a peak
around ∆φ ∼ 0 and a very broad distribution around ∆φ ∼ π. The away-
side correlation function is completely flat above ∼ 2.5 rad. This shape in
the away-side is already significantly distorted relative to any expectation of
contributions from quadrupole anisotropy and unmodified jet fragmentation.
The solid curve indicates the estimated elliptic flow modulated background set
in this instance via the ZYAM methodology against a fit (dotted curve). The
agreement of ZYAM and ABS in central collisions has already been established
in Chapter 3. It should be noted that the removal of any flow-like modula-
tion from this distribution will immediately create a peak in the away-side
that is not positioned at ∆φ = π. The area between the data points and the
solid curve reflects the jet pair contribution (J) to the correlation function.
It contains only a few percent of pairs relative to those contained within the
background distribution, as can be seen from the values in on the y axis of
the plot. After removal of the background using the two source model, the
remaining jet pair correlation, shown in red and plotted against the right axis,
exhibits the shoulder structure characteristic of central heavy ion collisions.

The uncertainties in both the background level, b0, and the background
modulation, c2, create correlated systematic uncertainties; these are often
larger than those at high momentum, due to the smallness of the signal com-
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pared to the combinatorial background. The values of the background mod-
ulation are small, c2 ∼ O(v2

2), so the combinatorial background is mostly flat
when viewed on an absolute scale. Higher order terms were found to have
negligible contribution to these momenta. In this example for very central
collisions, the variation is even smaller than the signal. The near-flatness of
the background modulation (note the small vertical range plotted) is impor-
tant. The flatness limits the error that can be made in extracting the jet
shape by over-subtraction of the combinatorial background. The agreement of
independent assessments of the background level with different normalization
techniques further reduces the possibility that the modified shape is simply a
mistake in the assumptions made in estimating b0. In fact in order to create a
flat away-side distribution in the jet correlation the background level would be
limited to values very close to zero (assuming c2 remains unchanged) due to the
flat appearance of the away-side already present in the correlation function.
To quantify the significance of the local minimum at ∆φ = π in the Au+Au√

sNN= 200 GeV data, given the uncertainties in the background modulation,
the scale of cAB

2 needed to produce a flat away-side jet correlation was stud-
ied. For the four most central bins (0-5%, 5-10%, 10-20%, and 20-40%) the
modulation value would have to be decreased by 85%(5.1σcAB

2
), 41%(4.2σcAB

2
),

20%(2.3σcAB
2

), and 23%(2.7σcAB
2

), respectively, to eliminate the local minimum.
Such large deviations from the estimations are clearly not expected, nor have
they been uncovered in cross-checks. For instance, elliptic flow values mea-
sured in events with a high momentum π0 compare well with measurements
with all events. Thus the offset peak in the away-side is significant (under
the two-source model) to more than five sigma in the background modulation
estimation and many tens of sigma in the background level estimation.

The results for a broader survey of the beam species and energies at RHIC
across the full range of centrality is shown in Figures 5.4, 5.5, and 5.6. The
away-side shoulder structure from the broad survey is common to many large
heavy ion collision systems as summarized in Figure 5.7. This figure includes
also a full beam energy Cu+Cu result, completing the set. The figure summa-
rizes the extraction with the ZYAM method the jet pair correlations for the
same trigger-partner selections in central, and peripheral or semi-peripheral
selections for two collisions species, Au+Au and the smaller Cu+Cu, at two
beam energies,

√
sNN= 200 and 62.4 GeV. The modified away-side feature in

central collisions (< 10%) for all four sets of heavy ion collisions measured
show a peak location away from ∆φ = π, and the appearance of a local mini-
mum at ∆φ = π. The peripheral and semi-peripheral selections show a return
to normal fragmentation jet shapes and demonstrate this modification to be
limited in all cases to central and mid-central events. No dramatic difference is
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Figure 5.4: Survey of ∆φ correlation functions and jet pair correlations in
Au+Au collisions at

√
sNN= 200 GeV. [78]
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Figure 5.5: Survey of ∆φ correlation functions and jet pair correlations in
Au+Au collisions at

√
sNN= 62 GeV. [78]
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modifications when compared to a corresponding set of peripheral and semi-
peripheral collisions (right column). [53]

witnessed in the comparison of the modified away-side shape between central
Au+Au and central Cu+Cu collisions. Nor is there a visible beam energy
dependence on the away-side. The near-side beam energy dependence shows a
relative scale change in the near-side jet with respect to the away-side. There
is an expected increase in the near-side trigger bias as the typical Q2 producing
trigger particles is lower in

√
sNN= 62.4 GeV. The fraction of energy the trigger

particle removes from the jet cone is thereby larger and the remaining energy
for partner particle production is correspondingly lower. This kinematic effect
has been observed in Pythia simulations for these two beam energies and can
easily explain the near-side variations with beam energy measured here.

The centrality dependence of the away-side shape metrics at fixed pair
momentum is shown in Figure 5.8. The root mean square width and the
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kurtosis dependence on system size is shown in the figure’s top panel. The
baseline measurement here is the d+Au measurement which appear at low
Npart. The baseline shows a RMS width of 0.7 ± 0.1 rad and a kurtosis of
2.6 ± 0.4. The kurtosis is consistent with a Gaussian distribution (where
kur = 3) within the uncertainty in the data. The agreement between d+Au,
peripheral Au+Au, and p+p clearly indicates that the shape modification
observed in central collisions is not an initial state effect.

As the system size increases, the RMS increases to values near 1.0 rad in
the largest systems. The trend varies quickly below Npart ∼ 100 and saturates
to a constant width above this value. The broadening demonstrates that away-
side jet partners are found, on average, further away from ∆φ = π than in
small systems. It is worth noting that simple broadening of a nearly Gaussian
away-side peak by an increase in the Gaussian width could also produce such
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a trend.
However, the corresponding trend in kurtosis can not be achieved with sim-

ple broadening. The value of kurtosis falls from near Gaussian values in small
systems, and saturates at the same value of Npart, with a value of around 1.6.
The values in small systems are more consistent with measurements slightly
below perfectly Gaussian, as might be expected from purely non-nuclear ef-
fects such as kinematic broadening of the away-side and projection onto the
transverse plane. The values in the larger systems are many sigma away from
Gaussian, which illustrates the robust nature of the away-shape modification
without requiring an assumed form. The difference between the central and
peripheral results can not be covered by the uncertainties in the background
modulation estimations. The trend characterizes the flattening of the away-
side shape beyond a simple increase in Gaussian width. However, while the
kurtosis is useful in estimating how non-Gaussian the measured features are, it
does not uniquely describe the particular double hump shape measured. The
full infinite series of standard moments of an arbitrary distribution would be
required for its unique identification.

To characterize the most prominent feature found in the away-side, the
peak angle (D) is shown in the figure’s lower panel where D is extracted by
fitting the jet distributions with the two Gaussian form of Equation 3.55. D
is consistent with zero radians in d+Au and peripheral nuclear collisions, but
rapidly grows and saturates to a value of ∆φ ∼ 1.1 rad in central nuclear
collisions, again where Npart > 100. Some deviation from zero radians of
the peak angle in small systems may also be related to slight non-Gaussian
shapes in the jet distribution without medium modification. This is seen in the
kurtosis values for d+Au and peripheral nuclear collisions, which have values
somewhat lower than three. In larger systems, the peak angle is many sigma
from ∆φ = π, indicating not only that the shape differs significantly from
d+Au but that the distribution contains a robust peak positioned away from
∆φ = π.

This particular choice of fit was made as a way of reporting where the away-
side local maximum is positioned. When a nearly Gaussian peak dominates
the D values are near π. When dominated by the offset peaks as in the central
data, the Gaussian finds the offset peak away from π. A similar result can
be made by using a more simplistic peak finding algorithm without the two
Gaussian assumption. This was discussed in detail in Chapter 3. The trend
in peak angle from the fits with system size should not be over-interpreted.
It is unlikely that the away-side is actually composed from only two peaks
with a variable separation. Even in the case of deflected jets, the real world
measurements would contain an admixture of unmodified production from the
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surface. The D-value trends with centrality are made to report the position
of the local maximum and thus the transition from normal to modified jets
than a procedure set upon extracting a trend in a fundamental property of the
modification itself.

The shape of the away-side jet distribution in the three metrics scales with
the system size as represented by the number of participating nucleons. In-
terestingly, no apparent dependence of the RMS, kurtosis, or peak angle on
collision energy or species is observed. The scaling constrains the explana-
tions of the away-side modification and indicates through saturating that a
threshold for soft hadron production is required to completely modify the jet
distributions. If the shape was the result of a significant disruption of the
event by the parton which might lead to a violation of the two source model,
one should expect the shape to change as the number of participating nucleons
increases from 100 to 350. The larger system should be less affected by the
presence of a typical fast parton than the smaller systems, yet no such change
is seen between these selections. Since the shapes in central Cu + Cu are
the same as the shapes in mid-central Au+Au, two-source violation scenarios
that cause incorrect subtraction of the anisotropic background will not be able
return both points to unmodified values at the same time.

Of course, the two Gaussian functional form used here is not unique and
equally good (sometimes even improved) fits can be made to the data with
the addition of a third Gaussian fixed at ∆φ = π. Comparisons between the
two functional form as fit to a representative intermediate pT jet shape is pro-
vided in Figure 5.9. In the three Gaussian fits, the transition between normal
and modified forms is driven by a relative change in yield between displaced
Gaussian peaks and the central “head” Gaussian peak instead of an opening

127



partN

D
 (r

ad
)

0

0.5

1

1.5
 2.0-3.0 GeV/c⊗2.0-3.0 

FIT1
FIT2

partN
0 100 200 300 400

sh
ou

ld
er

-p
ea

k 
fr

ac
tio

n

0

0.2

0.4

0.6

0.8

1

fraction of shoulder-peak
yield from FIT2

0 100 200 300 400

Figure 5.10: Offset peak angles by centrality under both fit methods at fixed
momentum selection. [53]

between the two outer peaks. In this particular example, the background nor-
malization has been allowed to float as in the Fit method but is restricted
to values above the mixed event multiplicity. The functional form has bet-
ter empirical justification from the inspection of the momentum dependence
shown previously in Figure 5.2. However, the location of these extracted offset
peaks will no longer reflect the local maximum in the away-side distribution as
that role is allowed to change from the central peak to the offset peaks as the
centrality increases. When the D-value is extracted using a three Gaussian
fit, the offset peak locations may be expected to better follow the actual loca-
tion of the underlying source of the offset pairs because there is some measure
for accounting for normal jet yield separately. D-values extracted using this
functional form are shown in Figure 5.10 along side values extracted using
only a two Gaussian fit. When the offset peaks dominate in central collisions
the values extracted are close as the head yield in the centered Gaussian is
no longer substantially influential. Divergence in the methods occurs in the
peripheral collisions, where the new fit remains at values close to 1.0 rad while
the two Gaussian fit attempts to follow the local maximum. However, the
location of the D-value in the three Gaussian fit is still complicated by the
slight non-Gaussian features of the normal jets found in the smaller systems.
As the true shoulder yield becomes vanishingly small, contributions from the
non-Gaussian center peak will dominate the location of the extracted value.
This systematic effect may be responsible for the substantial motion of the
extracted peak location in the most peripheral bins. Additional interpretation
of fits to search for new physics in peripheral and baseline collisions will re-
quire a different functional form, which properly describes the non-Gaussian
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features from known kinematic and projection effects.
Central collisions where the local maximum can be resolved reliably even

by eye are a much different story. The determination of the local maximum
of a well separated peak is less sensitive to fitting assumptions and the non-
Gaussian features in normal jets. The results from the two fitting methods in
central collisions for various trigger and partner momenta are shown in Fig-
ure 5.11. The two methods largely agree on the position of the offset yield.
Again the three Gaussian fit gives slightly larger values in some cases, due to
influence by the head. This difference is most notable at lower momentum
where the head influence is the strongest. The three Gaussian fit incorpo-
rates much of the anisotropy uncertainty into the relative yields between the
shoulder peak and the head contribution (see the systematic uncertainties in
Figure 5.10). Consequently, the position uncertainty is less significant for these
fits. The position as extracted from within a single method, either the two or
three Gaussian fits, is remarkably consistent across momentum and in general
gives better agreement than the comparison between the methods.

Furthermore, the momentum dependence of the away-side shape in all three
shape metrics has been examined for a variety of partner hadron momenta in
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0-20% Au+Au data at
√

sNN= 200 GeV. Table 5.1 shows the shape parameters
for triggers of 3 < pA

T < 5 GeV/c paired with partners at: 1 − 1.5, 1.5 − 2,
2 − 2.5, 2.5 − 3, and 3 − 5 GeV/c. The peak angle D and the RMS have no
apparent pT dependence below 5 GeV/c, while the kurtosis is consistent with
a slow decrease with pT .

The extent in momentum of the away-side shoulder can be examined
through the conditional yield of jet partner hadrons. A set of representative
away-side IAA measurements, here the pairing charged hadrons with triggers
at 4-5 GeV/c, is shown in Figure 5.12. Peripheral collisions contain only a
weakly suppressed away-side jet, with no difference between the head-only re-
gion and the entire away-side distribution. The trend is relatively flat with
partner momentum, with only a small enhancement at the lowest momenta.

Table 5.1: Dependence of away-side shape parameters on associated hadron
pT in central (0-20%) Au+Au collisions at

√
sNN = 200 GeV for 3 < pA

T < 5
GeV/c. First error is statistical and second error is systematic. [78]

pB
T (GeV/c) D (rad) RMS (rad) kur

1-1.5 1.04±0.03±0.03 1.02±0.02±0.05 1.68±0.04±0.10
1.5-2 1.07±0.04±0.04 1.06±0.02±0.05 1.58±0.05±0.10
2-2.5 1.05±0.03±0.06 1.08±0.04±0.08 1.38±0.11±0.12
2.5-3 1.07±0.06±0.06 1.09±0.07±0.07 1.35±0.17±0.12
3-5 0.88±0.13±0.16 1.01±0.11±0.14 1.31±0.23±0.25

130



Z
Y

A
M

 s
b

tr
. 

C
Y

(b
a

ry
o

n
)/

C
Y

(m
e

so
n

)

0

0.2

0.4

0.6

  (GeV/c)
T,assoc

p
0.5 1 1.5 2

Away Side 0-20 %

20-40 %

70-90 %

) singles 0-20 %
+/-

+K+/-π)/(p(p+

) singles  70-92 %
+/-

+K+/-π)/(p(p+

Figure 5.13: Away-side jet pair correlation particle composition in baryon-to-
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from [91].

In central collisions, high momentum partners are very highly suppressed rela-
tive to p+p, and show no difference between the two integration windows. At
lower partner momentum, the yields increase. The yield outside of the head
region grows most quickly separating the trends between the entire away-side
distribution with those of the head region only. The transition momentum
varies some somewhat with trigger momentum, but in general the shoulder
yield persists only when at least one of the two particles lies below 4 GeV/c.

Jet fragmentation from fast partons and heavy ion bulk recombination have
different ratios for the production of baryons and mesons at transverse momen-
tum of 1−4 GeV/c. Separate correlations of charged hadron triggers to baryon
and meson partners have been made to inspect whether the charged hadrons
within the shoulder have a partner particle production mix that is similar to
jet fragmentation, more like bulk production, or something else entirely. It
was discovered that the overall appearance for both the baryon and the meson
correlations was very similar to the inclusive correlations. The shoulder is a
prominent feature in both at lower momentum. The baryon to meson ratio of
the PTY in the away-side from these measurements is shown in Figure 5.13.
At the highest partner momentum tested, the particle mix of the away-side
region transitions from low baryon-to-meson ratios characteristic of the jet
fragmentation in peripheral collisions to higher values in central collisions.
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Comparison to the baryon-to-meson ratio of single particles shows a similar
trend. In the most central collisions the PTY away-side ratio is consistent
with the values from the bulk production. The trend indicates that when the
away-side is dominated by the shoulder production, the particle ratios are very
similar to that of the bulk medium. The shoulder is therefore more similar to
the bulk than to in-vacuum jet fragmentation. At partner momentum below
∼ 1.2 GeV/c, where the single particle ratios are not strongly dependent on
centrality, the variation within the away-side jet is also small. Here the nature
of the away-side is still changing but the particle mix in both jet fragmentation
and the bulk is similar. Consequently, the change is not apparent within the
measurement uncertainties.

The variation of the momentum spectra within the shoulder tells a similar
story of more bulk-like production characteristics. The truncated partner mo-
mentum, 〈p′T 〉, between 1 − 5 GeV/c is shown for various trigger momentum
selections and ∆φ windows in Figure 5.14. The shoulder component is mea-
sured within ∆φ ∈ [π/2, 5π/6]. This technique has contamination from the
head region when the yield of the shoulder is significantly less than the head.
However, the spectral slopes within the shoulder dominant region (above 100
Npart) show a consistent value near 0.45 GeV/c regardless of trigger momen-
tum between 2 and 5 GeV/c. The value is lower, i.e. the spectrum is softer,
than for the same region in p+p collisions. Baseline p+p measurements also
show an increasing trend, varying from 0.6 to 0.95 GeV/c, with the same set
of trigger momentum selections. However, the shoulder spectrum is still stiffer
than the single particle spectrum, which for this partner selection is ∼ 0.35
GeV/c.

These measurements imply that the shoulder is more closely related to the
bulk than to jet fragmentation. This is expected if the shoulder arises from the
excitation of the medium by the passage of the fast parton. The redirection
of the fast parton due to interaction with the medium followed by subsequent
fragmentation into this new direction, the deflected jet scenario, is strongly
disfavored by these measurements. This is because the mechanism fails to
explain the shoulder particle ratios and the momentum independence of the
shoulder position and partner momentum spectra.

Interestingly, the head region exhibits an unexpected behavior in central
collisions. If the head region at the lower trigger momentum was only gathering
contributions from the shoulder and normal jet fragmentation, the admixture
should produce a slope somewhere in between 0.45 and 0.6 GeV/c, depending
on the relative contributions from each. However, the slope in the head region
is ∼ 0.37 GeV/c, nearly the sames as the inclusive single particle spectrum.
One can imagine a few causes for this. It is possible that the shoulder slope
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may vary with the observed azimuthal separation of pairs. Still it is difficult
to explain how the yields could be so soft in the presence of significant in-
vacuum jet fragmentation yield. It remains possible that the low momentum
head component has a source other than back-to-back jet fragmentation. An
obvious but not unique candidate for this kind of away-side production is
correlated yield resulting from the wake of a fast parton. Furthermore, the
disappearance of the head jet fragmentation from high to intermediate pT

is difficult to reconcile with a possible reappearance of the same kind of jet
fragmentation yield at extremely low momentum. It is also difficult to explain
why these soft jet fragments are unsuppressed by the medium. Thus, the
characteristics of the low momentum head region strongly hint at a new source
of physics beyond simple jet fragmentation.

5.2 Near-side Ridge

The emergence of the near-side ridge is shown in Figure 5.15 as a significant
broadening of the near-side distribution in ∆η at lower pair momentum values
in central collisions. In the 2 − 3 ⊗ 2 − 3 GeV/c bin, the Au+Au data are
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enhanced and broadened relative to the p+p near-side distribution. However,
these differences gradually decrease toward higher pT and essentially disappear
for the highest pT selection of 5−10⊗5−10 GeV/c. This suggests that the ridge
component at the highest momenta either disappears or has been overwhelmed
by jet fragmentation.

Though much less dramatic, the overall shape of the near-side is also mod-
ified in the azimuthal direction. A survey of near-side azimuthal widths as
compared to those measured in p+p is shown in Figure 5.16. The p+p widths
decrease with increasing partner pT for all four trigger selections, as expected
from momentum angular ordering within the jet cone. The Au+Au widths
also decrease with partner pT , except at low pA,B

T . For trigger and partner mo-
mentum above 4 GeV/c, the near-side width in Au+Au is consistent with the
widths in p+p. Below the near-side is broader. The widening of the near-side
jet is interpreted as resulting from increased ridge contributions.

The extent of the ridge component’s influence in momentum can also be
measured with the per-trigger yield compared to p+p collisions, using the
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modification factor, IAA. Representative near-side IAA ratios are shown in
Figure 5.17. The near-side ∆φ-integration window is limited to ∆φ ∈ [0,π/3]
to avoid low momentum shoulder yield below π/2, and to minimize uncertain-
ties. The larger integration window is the more sensitive the result will be to
correlated uncertainties. The near-side yield enhancement (IAA > 1) is found
to appear in the same pT range, < 4 GeV/c, as the angular broadening. The
highest pT bins again show consistency with the production levels in p+p. Due
to surface bias, there is no suppression of the sort measured in the away-side at
these momenta. The near-side is also the same in peripheral Au+Au collisions
and p+p.

Measurement of the near-side baryon-to-meson ratio have also been made
for charged hadron triggers, 2.5 − 4.0 GeV/c, and identified partners. These
are shown in Figure 5.18. The measurements show that, similar to the away-
side, the near-side ratios trend towards the inclusive values. This suggests
contributions from a similar bulk-like component. However, unlike the away-
side jet, the near-side jet is unsuppressed. Thus, ratios made for the entire
near-side should not reach the inclusive particle mixture, even in the most
central events.

In all of these measurements, the near-side ridge enhancement is found to
have many of the same properties as the away-side shoulder. Both are more
closely related to the properties of the bulk production than to the in-vacuum
fragmentation of partons. The observed intermediate pT correlations in both
of these new structures imply that strong parton-medium interactions induce
correlations between soft partons, followed by coalescence at hadronization.
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Figure 5.18: Near-side jet pair correlation particle composition in baryon-to-
meson ratio by partner momentum. Figure from [91]

.

The centrality and pT dependence, along with the particle composition, lead
to the conclusion that these structures are medium-induced.

5.3 Direct Ridge-Shoulder Comparisons

By integrating the ∆η-bins that are ridge dominated (|∆η| > 0.5) and fit de-
composing the away-side region into shoulder and head contributions, direct
comparisons between ridge and shoulder can be made that suffer only minor
contamination from other sources over a larger range of centrality and momen-
tum than otherwise possible. This contamination either does not contribute
greatly (as with the ridge bin) or is removed (as with the shoulder fit). The
system size onset of these new phenomena in integrated per-trigger yield as
measured against collision centrality is shown in Figure 5.19. The compari-
son exhibits a remarkable amount of similarity. The direct comparisons are
performed with correlations of inclusive photon triggers and charged hadron
partners. Inclusive photon triggers at the momenta used in this section are
dominated by the copious decay of neutral pions. Direct photon contributions
contribute significantly only at higher momentum values. The opening angle
for the pion decays are small at the relativistic velocities measured here and
do not dramatically broaden the features of the jet distributions in azimuthal
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Figure 5.19: Centrality dependence of integrated ridge and shoulder per-trigger
yields. The shoulder yield is decomposed using the Fit2 method while the ridge
yield is measured with a ∆η selection. [92]

angle. Since both features are relatively constant with ∆η, the integrated
per-trigger yield ∆η-densities are reported to correct for the trivial increase in
yield when integrating over a larger ∆η-window. The overall scale match be-
tween ridge and shoulder component here is largely a function of the particular
momentum selection, but the shape of the onset is not dependent upon these
selections. The falling yield in the most central regions is a common feature of
intermediate pT jet yields first seen in [41] and may be related to a source of
triggers without correlated particles in the most central events. What is not
seen is any indication that the ridge or shoulder creation mechanisms follow
vastly different dependencies with centrality and this is a further indication
that the two mechanisms are related.

Furthermore, the momentum spectra of correlated partners within the ridge
and shoulder selections in central collisions can also be compared. The result
of using these selections is shown in Figure 5.20. The near-side ridge spectrum
is compared to the entire near-side jet fragmentation spectrum from proton-
proton collisions while the away-side shoulder separation is compared to the
entire away-side jet fragmentation spectrum also taken from p+p. Already
the spectra for the medium response structures appear softer than their p+p
jet fragmentation counterparts. The spectrum of each of the medium-induced
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Figure 5.20: Per-trigger yield momentum spectra within the ridge and shoul-
der: Ridge-dominated momentum spectra (solid circles) compared with near-
side jet fragmentation in p+p collisions (open circles) and Shoulder extracted
momentum spectra (solid squares) compared with away-side jet fragmentation
in p+p (open squares). Both medium-induced structures are softer than the
p+p counterparts. [92]
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components is fit to an exponential and the inverse slope of each is thereby
extracted. The ridge dominated spectrum is found to have and inverse slope
of 0.44 ± 0.04 and the shoulder separated spectrum has an inverse slope of
0.36±0.02. Errors reported are total errors and include both the uncorrelated
statistical uncertainties and the correlated (due to reaction-plane resolution)
background subtraction uncertainties. The inclusive single hadron spectral
slope is also calculated at the same momentum and found to be 0.32 ± 0.02.
This is plotted for comparison through the lowest momentum shoulder mea-
surement (dotted line). The shoulder spectrum is closest to the slope of the
inclusive particles while the ridge is slightly harder (though still softer than
p+p). The slight difference in spectral slopes between the two medium-induced
components is intriguing and may be a significant clue to how the shoulder
and ridge relate to one another.

5.4 Non-Fragmentation Trigger Complications

The ridge-shoulder similarities found in many of the measurements described
above may result from trigger particles arising from the medium response
rather than from jet fragmentation. The ridge and shoulder structures are
most clearly visible in intermediate momentum correlations where trigger par-
ticles are known to have contributions from sources other than pure jet frag-
mentation. It is possible that the mechanism that produces the ridge and
the shoulder is connected instead to these sources and not directly with jet
fragmentation.

The underlying mechanism, depicted in Figure 5.21, for the new structures
may be two-sided in relative azimuthal angle, separated by 120◦, where each
side is broad in pseudo-rapidity. An example of this kind of production would
be a Mach cone-like structure from inside the bulk, from which no fast parton
survives to fragment at the surface. An underlying mechanism of this kind
could be a source of trigger particles at intermediate momentum. A trigger
from one-side of the signal will pair with partners from the same side at 0◦ and
with pair with partners from the other side at 120◦. The same-side pairs will
create a ridge-like structure at ∆φ = 0 and the opposite-side pairs will create
a shoulder-like structure at ∆φ = 120◦. In such a scenario, the striking ridge-
shoulder similarity indicates they arise from the same underlying structure.
Interestingly, the boost received from selecting a trigger particle from a two-
sided medium response may be sufficient to explain the additional hardness of
the ridge spectrum; this is the only characteristic that differs between the two
structures. Furthermore the traditional picture of a surface hard scattering,
with a penetrating away-side parton, must still contribute at some level. Sur-
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120°

Figure 5.21: Illustration of two-sided medium-response production: Pairing
between such a response may be responsible for the appearance of ridge and
shoulder production.

face parton fragments paired with away-side Mach cone-like particles will also
contribute near 120◦, as this angle divides 360◦ evenly. If the pairs at 120◦

in the measurements are produced partly by the away-side of a surface biased
jet, and partly by one-lobe of two-sided production from the bulk, models that
consider only the first scenario may over-estimate the amount of energy within
the shoulder on a per-parton basis. A shock wave consistent with our data,
only considering triggers from fragmentation, requires that 75-90% of the par-
ton’s lost energy be transferred to the collective mode [51, 93, 94]. However,
since not all triggers are from jet fragmentation and therefore per-trigger yields
need not be the same as per-jet yields, the actual requirement for a per-trigger
result may be much less. A three-particle correlation should be less sensitive
to two-sided production from deep within the bulk (as three-fold production
directly from the bulk appears less likely), but may still suffer angular aver-
aging from triggers that are not jet fragments. It is worth recalling that none
of these possibilities require absence of other, more traditional, mechanisms
of ridge and shoulder production in some events. Even if ridge and shoulder
are produced by separate means but appear within the same events, two par-
ticle correlations of the kind presented here would mix the ridge and shoulder
characteristics as triggers are drawn from each of component.

Unfortunately, comparisons at fixed partner momentum with trigger parti-
cles that vary from low momentum to high momentum add increased complex-
ity to the interpretation and do not clarify the issue of triggering on non-jet
fragments. Varying of the trigger particle momentum changes the surface bias,
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Vacuum Static medium: Flowing medium:

(reference) Broadening Anisotropic shape

Figure 5.22: Illustration of radiated gluon coupling to longitudinal flow: En-
ergy loss during transit of a fast parton both broadens and distorts the corre-
lation of final-state particle production. [50]

the momentum transfer in the initial scattering, and the amount of jet frag-
mentation contributing to the near- and away-side jet. Jet finding algorithms
are unlikely to clear up the issue, as these examine much higher average mo-
mentum transfers than two-particle correlations at intermediate momentum.
As such, the relative weakness of medium response structures with higher mo-
mentum triggers may reflect variations due to an increase in average initial
parton energy, rather than the change of trigger mix.

5.5 Insights from Theory

A wide variety of phenomenological models for modifications on the near-side
and the away-side of the jet pair correlations have been proposed. In general,
most proposals involve a response or coupling of the medium to a traversing
fast parton.

The measured medium-induced structures may be the result of influence
on the fast partons or their radiated energy to the collective motion of the bulk
fluid. These theories would explain the elongated appearance of the near-side
ridge through a coupling of partons to longitudinal flow. Examples of this
idea appear in [50, 58–60]. The authors of [50] describe the ridge formation
through the coupling of radiated gluons, produced during the energy loss of
a near-side parton, to the bulk flow as depicted in Figure 5.22. The authors
of [59] give a similar cause for the ridge formation where the thermalization
and recombination among shower and thermal partons creates a surplus of
energy density that is stretched into large relative pseudo-rapidity separations
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Figure 5.23: A deflected jet survival model for the away-side shoulder modifi-
cation: Partons the deflect from near the surface survive to produce final-state
pairs at large angles from π. [44]

by longitudinal flow, the small azimuthal opening angle is a result of the boost
from radial expansion. In other models, such as that put forward in [60], the
near-side parton imparts the energy loss directly into momentum kicks against
fluid elements in the bulk, which are also stretched by longitudinal flow. The
model in [58] relies also on the expansion of an density fluctuation near the
edge of the medium. Other models for the ridge formation involve more direct
deflection of fast partons. Deflection of fast partons into large angles may
require incorporation of plasma instability effects as was done in [55]. The
models that result in large degrees of thermalization of the deposited energy
will be better able to describe the soft particles within the ridge enhancement.
Recombination of jet shower partons with the bulk medium will be required in
any deflected jet scenario in order to match the baryon-to-meson composition
of the ridge. These models typically seek to explain the ridge and shoulder
mechanisms through separate means (if the shoulder is considered at all) and
may not be able to describe many of the similarities shown above. The back-
splash model [57] in which the energy in the ridge results from the away-side
parton should exhibit some correlation between the ridge and shoulder as the
parton momentum is shared directly between the two.

The away-side peak could, in principle, be the result of parton deflection
by a small number of large interactions with the nuclear medium. A sizable
transverse deflection can lead to a broadening of the away-side jet and the
eventual development of an offset peak. It is argued in [44] that a random
multiple scattering of the leading parton, combined with energy loss, can re-
sult in the double peaked structure of the away-side. Figure 5.23 shows that
the model can reproduce the away-side data for some selection of surviving
deflected jets. However, in general, the deflection angle decreases with the
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Figure 5.24: Away-side shoulder measured in three particle correlations in a
trigger oriented polar reference frame. Comparison with conical and deflected
distributions that reproduce the two particle correlations favor a conical profile.

hadron momentum, as required by kinematics of the scatterings. This is not
compatible with the observation of the trigger pT independent peak angle val-
ues and constant spectral slopes within the shoulder region. Furthermore, a
simple large angle deflection of a parton will result in a hard spectrum and
a more fragmentation-like particle ratio than the measurements of the shoul-
der, unless subsequent thermalization and hadronization with the medium also
occurs. The appearance of a conical profile in preliminary three particle corre-
lations, shown in Figure 5.24, is also incompatible with the regular appearance
of deflected jets in heavy ion collisions. The two peaks in Figure 5.23 are the
result of the trivial symmetry in the two particle method and won’t appear on
an event-to-event basis.

An away-side peak with a conical profile, like those measured in the three
particle results, may arise from Cherenkov gluon radiation [45]. But such a
mechanism should also disappear for high energy gluons, implying that the
peak angle D should approach zero with increasing momentum of associated
hadrons, as shown in Figure 5.25. The model in this case does show produc-
tion at large angles for low momentum gluons. However, the model shows a
rapidly falling trend to lower angles at the same momentum. Again, this is
not supported by the data in the intermediate momentum region.

The medium may induce gluon radiation at large angles by mechanisms
other than Cherenkov radiation [46, 47]. The first model can also reproduce
large angles similar to the measured angles, but gives a path-length depen-
dence counter to the measured centrality dependence. The improved calcula-
tion in the latter includes the Sudakov form factors, and the authors in this
instance can qualitatively describe both the away-side jet shape and its cen-
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Figure 5.26: A large angle radiation model for the away-side shoulder mod-
ification which shows a decreasing angular dependence for increasing path-
length. [46]
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trality dependence at intermediate pT , by splitting the leading parton into two
semi-hard gluons which then fragment into hadrons. This model assumes a
transport coefficient of q̂ ∼ 5− 10 GeV2/fm. A smaller q̂ would substantially
reduce the predicted split angle. Such models can reproduce the observed
peak if the density of scattering centers is large and the gluon splitting suf-
ficiently asymmetric [47]. However, the predicted radiation is very sensitive
to the treatment of geometry, expansion, and radiative energy loss framework
used. The detailed measurements displayed here that show a consistent away-
side shape across two systems and two beam energies constrain many of these
options.

It has been proposed that the lost energy and momentum can be absorbed
by the medium and converted into collective Mach shock [51, 52]. In this
picture, the fluid elements are boosted along the Mach angle [95] and then
hadronize via coalescence. The Mach angle depends only on the sound speed
in the medium, and is thus independent of pT , consistent with the data. The
boost also produces a harder slope for the partners, qualitatively consistent
with experimental observations. The results on the baryon and meson de-
pendence of the correlation pattern are also consistent with the above picture.
The propagation of such a shock wave is a general feature of hydrodynamics in
both the QCD [96] and the AdS/CFT formulations [97,98] indicating that it is
an expected feature of quark-gluon plasma under a wide variety of conditions.

If the away-side shoulder indeed arises from a sound wave, its location at
approximately one radian away from the nominal jet direction implies a speed
of sound intermediate between that expected in a hadron gas and quark-gluon
plasma [51]. A first order phase transition between the plasma and hadron
phase would cause the with speed of sound to drop to identically zero. This
region was postulated [51] to reflect sound waves and cause a second away-side
peak located at about 1.4 radians away from ∆φ = π. No clear evidence for
a distinct peak is seen in the data, but should not be expected if the phase
transition is a cross-over through a mixed phase.

If the coupling among partons in the medium is large, then the high momen-
tum parton may also induce non-sound wave collective plasma excitations [48].
The AdS/CFT correspondence [99], i.e. the strong coupling limit, predicts a
wake of directional emission from a hard probe with a peak angle somewhat
larger than in the data [97].

An important issue is whether the density wave correlations can survive
the underlying medium expansion. It was shown that the interplay of the
longitudinal expansion and limited experimental η acceptance preserves, and
even amplifies, the signal of directed collective excitations [93]. Furthermore,
recent results such as those in [96] have shown that the preservation of a Mach
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signal is heavily dependent upon the viscosity of the medium. A low viscosity
environment, no more the five times the conjectured bound, is required to
preserve the Mach signal into final-state hadrons.

It is not clear how a Mach signal could survive in lower beam energy col-
lisions where viscosity should play a larger role due to the longer time spent
in the hadron gas phase. Since the data show modifications extending down
to low beam energies (see Figure 5.28), a hypothesis more robust against vis-
cosity may be required to explain the data. The figure also includes CERES
collaboration measurements of per-trigger yields in central Pb+Au collisions
for 1 < pB

T < 2.5 < pA
T < 4 GeV/c [100]. This measurement was carried out at√

sNN = 17.3 GeV at the SPS, for 0.1 < η < 0.7 in the center of mass (CM)
frame. The equivalent pseudo-rapidity window of 0.6 is close to the value of
0.7 for PHENIX. Thus, the jet yields from both experiments can be compared
after applying the correction of 0.7/0.6 = 1.17. The offset peak angle in the
CERES data appears (visually) to be consistent with the PHENIX data. This
demonstrates that the beam energy independence of the peak position extends
downward to much lower beam energies. In contrast to the PHENIX results,
the CERES data show a less dramatic local minimum at ∆φ = π than gen-
erally appears for these momenta in the PHENIX data. This change, which
isn’t readily apparent in the statistically challenged 62.4 GeV/c result, sug-
gest that weaker jet quenching at lower energies may allow a greater degree
of normal back-to-back jet fragmentation to fill this region in the away-side.
It is conceivable, however, that other nuclear effects, especially the Cronin
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effect [101], may also broaden the away-side jet shape. Further detailed study
of the collision energy dependence during the upcoming beam energy scan at
RHIC should better trace out this dependence and should allow spectral stud-
ies of the away-side medium response like those shown above as a function of
beam energy. Should the away-side shoulder prove to be a Mach cone excita-
tion of the medium, the signature will provide an additional constraint on the
viscosity of these systems and will challenge our understanding of the hadron
gas phase at lower beam energies.

Other models [102] indicate that a conical profile from a non-equilibrium
region immediately surrounding the parton may be responsible for the signa-
tures in the data. If so, the angle is not related to the speed of sound, but
is instead a general feature of impinging partons. Here the appearance of the
conical signature across such a wide range of beam energies will be a more ro-
bust feature of the theory, but won’t be connected to a fundamental property
of the medium such as the speed of sound.

Many of the models discussed in this section are quite qualitative in na-
ture. These models typically focus on either jet shape or jet yield, near-side or
away-side, high pT or low pT . The fact that both near- and away-side distri-
butions are enhanced and broadened at low pT with the same extent for pT " 4
GeV/c and share so many of the same seemingly uncorrelated characteristics
suggests that the modification mechanisms for the near- and away-side are
at the very least related if not singular. More complete model frameworks
including both jet quenching, medium response and trigger conditions may
be required to fully understand the parton-medium interactions and provide
better theoretical guidance in the decomposition of the jet correlations into
distinct sources.
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Chapter 6

Conclusions & Prospects

6.1 Fast Parton Energy Loss

Away-side jet suppression has been shown to increase with increasing trigger
angle with respect to the reaction plane in mid-central Au+Au

√
sNN= 200

GeV collisions. This dependence demonstrates that the surviving back-to-
back pairs in mid-central collisions originate predominantly from partons that
have crossed a portion of the nuclear overlap region and not from unmodified
partons emitted tangentially to the overlap surface that had no opportunity to
interact with the medium. The current central collision measurements do not
constrain the away-side jet suppression trend with respect to reaction-plane
angle in central events and a reversal of the kind seen in [88] may still be
present in the data.

The spectral slopes of back-to-back high pT triggered jet fragments have
been shown not to change from p+p to peripheral to central heavy ion colli-
sions. Consequently, a fraction of partons in mid-central collisions must cross
the nuclear overlap region with very little energy loss, and then fragment nor-
mally in the vacuum. How these partons get through the nuclear overlap
region poses new questions. It is possible that a window of time exists prior
to the formation a medium that impedes the passage of fast partons. If this
is the case, the single parameter formation time model in [88] must be deeply
related to how the early stages of the matter evolve, perhaps even to the ther-
malization mechanism. For example, plasma instabilities could reasonably be
expected to impede the passage of fast partons after a short formation time.
However, the survival of back-to-back partons is likely also related to fluctua-
tions in the event-to-event sampling of the initial distribution of bulk medium
geometry. A realistic modeling of these fluctuations should also be explored,
and constraints from the data presented here applied.
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The steepness of away-side suppression onset as a function of trigger angle
with respect to the reaction plane measured in the data presents a difficult
challenge for theories that predict only a weak dependence of away-side sup-
pression with respect to the reaction plane. Predictions that otherwise describe
the average level of nuclear suppression for single hadrons, RAA, and away-side
hadron pairs, IAA, in heavy ion collisions may be able to describe the away-side
jet yield with respect to the reaction plane angle by implementing initial state
descriptions that give the bulk medium additional anisotropy. These data will
play an important role in constraining the initial geometry of heavy ion col-
lisions. The geometric distribution of bulk medium is a topic of considerable
interest as it is an important input for the determination of the medium vis-
cosity from flow measurements; the data reported here provide valuable new
constraints along these lines.

6.2 Medium Response to Fast Partons

The angular correlations of intermediate transverse momentum hadrons from
jets in mid-central and central Cu+Cu and Au+Au collisions at

√
sNN= 62.4

and 200 GeV have been shown to exhibit new features not found at higher
momentum nor in smaller systems. The away-side jet distribution is seen
to be broadened, non-Gaussian, and peaked away from ∆φ = π in central
and mid-central collisions. The away-side shape depends on the number of
participants in the collision, and not strongly on the beam nuclei or energy.
The near-side jet distribution is also modified, showing a long extension in ∆η.
The evolution of the jet shape suggests four distinct contributions to the jet
pairs:

• “jet”: near-side jet fragmentation around ∆φ ∼ 0

• “head”: away-side jet fragmentation around ∆φ ∼ π

• “ridge”: medium-induced production around ∆φ ∼ 0

• “shoulder”: medium-induced production around ∆φ ∼ π ± 1.1

As discussed above, the fragmentation components arise from jets that suffer
small energy loss due to surface bias (near-side jet) or via nuclear overlap
crossing partons with little energy loss (away-side head). However, while jet
fragmentation dominates the near- and away-side pairs only at high pT , jet
fragments are not limited to this region and this source of hadron pairs extends
to lower momenta where it competes with the medium-induced structures.
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The ridge and shoulder are associated with hot dense nuclear matter. They
are not initial state effects, since jet pair correlations in d+Au collisions have a
normal shape, similar to that observed in p+p collisions. These new structures
contribute significantly to the jet pair correlations where pA,B

T " 4 GeV/c, as
evidenced by the nuclear modification of jet pair yields within this region.
The production of ridge and shoulder does not appear to be a failure of the
two-source model due to significant jet disturbance of the bulk medium nor
coupling of jets to elliptic flow as the modified jet shape does not change from
mid-central to central Au+Au collisions.

The away-side shoulder component exhibits a largely pT - and centrality-
independent peak in the pair distribution at a fixed azimuthal separation of
≈ 120◦. The momentum spectra and particle composition of the shoulder
indicate that it more closely resembles the properties of the bulk matter than
the fragments within an unmodified jet. The position of the near-side ridge
component is also independent of pT and centrality. The momentum spectra
within the ridge is also more like that of bulk matter than that found within
jet fragments. The near-side composition trends towards bulk values when the
ridge component is present, and indicates that the new process does not have
a jet fragmentation composition of baryons and mesons.

While the general features of the observed modifications on both the near-
and away-side in the measured two particle correlations shown here can be
qualitatively accounted for by a number of phenomenological models, most
have in common a strong medium response to the energy deposited by a pass-
ing fast parton. The ridge and the shoulder may be independent responses
of the medium to energy and momentum deposited by the passing partons
though separate mechanisms. However, the comparisons shown here exhibit a
high degree of similarity and indicate that a single mechanism may in fact be
producing both structures.

Theories that describe the away-side shoulder modification via Cherenkov
gluon radiation or by deflection of away-side partons have difficulty properly
describing the momentum dependence of the away-side maximum position and
particle composition. Other large angle radiation models can describe the data
qualitatively, but depend in detail on many of the system properties. These
models which depend on the system expansion and energy loss settings may
have difficulty explaining the high degree of similarity across beam energies as
well as comparisons of Au+Au and Cu+Cu collisions of similar participating
nucleons. Models that describe the shoulder as a collective excitation meet
many of these criteria and are found in widely different formulations of the
deconfined medium. The survival of these signals into the final state then
becomes the key question. Recent experimental and theoretical results lean
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towards production from non-equilibrium dynamics in a region immediately
surrounding the fast parton as conical flow from Mach shock waves diminishes
with viscous effects.

6.3 RHICII

Beam luminosity increases at RHIC are part of the ongoing efforts to produce
larger yearly data samples, and promise to improve studies of the kinds made
here. Stochastic cooling of beams at RHIC is already showing promising re-
sults, with slower beam luminosity decreases over the course of a fill. The
capacity to run RHIC at higher luminosities for longer fills is expected to al-
low the collection of many more times the data than is currently measured at
RHIC on a yearly basis. Even further increases in statistics will be possible
with electron cooling to narrow the beam profiles. If full RHICII luminosities
are achieved (scheduled for 2012), the programs at the collider will have sta-
tistical samples of hadron correlations at intermediate pT (" 8 GeV/c) that
are very competitive with the LHC heavy ion program [68]. Annual projec-
tions for events containing single neutral pions or direct photons are shown
in Figure 6.1 for RHICII and the LHC. The predictions are based on NLO
pQCD and are scaled to the projected yearly minimum bias collision sample.
Observed suppression of neutral pions is taken as 0.2 for both RHICII and
the LHC. The similarity between the RHICII and LHC predictions at lower
momentum is the result of both the beam improvements mentioned above and
the advantageous length of dedicated heavy ion annual operations at RHIC.

The larger data sets will be a windfall for pair analysis. The current limi-
tation on pair analysis made at high momentum is simply statistical precision.
Pair analyses using high momentum π0 decay are not yet largely complicated
by photon merging, which limits the single π0 measurements to 20−25 GeV/c.
Higher momentum pair correlations could be studied given the projected in-
crease in statistics. Even, charged hadron partner correlations have also not
yet encountered limitations from background contamination by lower momen-
tum tracks. For instance, the energy loss study shown here is limited only by
the statistical precision of the available data.

Studies at lower momenta will also benefit from additional statistics to
allow studies of a wider range of dependencies within the same measurement.
But perhaps more importantly, the improved statistics will allow identification
of both trigger and partner particles in the intermediate momentum range,
where baryon-to-meson particle ratios diverge from high momentum values.

The larger data sets will also produce challenges for the experiments to
collect the most meaningful portions of the projected luminosities. The lumi-

152



 (GeV/c)   T
minp

0 5 10 15 20 25 30 35

Tm
in

 >
 p

T
A

nn
ua

l Y
ie

ld
 p

310

410

510

610

710

810

910

1010
|<1.0η|

0π
LHC 

γ
LHC dir-

-jetγLHC 

0π

RHICII 

γ

RHICII dir-

 (GeV/c)   T
minp

5 10 15 20 25 30 35

310

410

510

610

710

810

910

1010
PHENIX Central Arms

0π

RHICII 

γ

RHICII dir-

-hγ

RHICII 

Figure 6.1: RHICII projections: Single particle annual yields above a threshold
momentum as compared to future LHC heavy ion operations. [68]

nosity increases for heavy ions will require more aggressive triggering; some-
thing now commonplace at the large luminosities in p+p operations, but more
challenging with the high particle multiplicities in heavy ion collisions. Use of
these triggered data sets for correlation measurements will require careful con-
sideration during the event mixing process, but will be a typical requirement
of future correlation analyses at RHIC.

6.4 Silicon Vertex Detector

PHENIX is following an upgrade path that extends the detector’s physics reach
by the addition of several new detector subsystems. For jet pair correlation
studies, the chief upgrade looming is the addition of the silicon vertex barrel
(VTX) and end caps (FVTX) to the center of the detector, a region currently
occupied by both the HBD and RXPN detector subsystems.

The VTX, shown in Figure 6.2, will be constructed out of two layers of
silicon pixel sensors followed by two layers of silicon strip sensors. The pixel
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Figure 6.2: Silicon vertex detector construction: Charge sharing in the silicon
strip sensor design (left). Cutaway view of the VTX barrel and end caps
(right).

sensors are a traditional design of a grid of pixels elements. These pixel designs
are also being used by the Alice experiment. The strip sensors have two
interlaced sets of read-out channels, also shown in Figure 6.2, arranged onto
a grid. The sensors are designed to allow the charge from passing tracks to
diffuse across both sets of channels, but not so much as to overlap between grid
segments. One set of of the two is read out along the grid, giving X information.
The other set is read out by connecting the strips on a diagonal, giving the
stereo U information. In this way, the strip design can locate the passing
charged tracks with fewer channels, and lower cost than in a traditional pixel
chip design. The inner layers are pixel sensors as the finer spacing between
collection areas is needed to maintain detector performance under the higher
occupancy found there.

The detector will have nearly complete azimuthal coverage as only small
gaps are present between the east and west arms. And it will have extended
η-coverage forward up to pseudo-rapidity of ±1.0. Being positioned prior to
the majority of the magnetic field, the detector will have only ∼ 10% stand-
alone momentum resolution at mid-range momenta. However, the additional
coverage for charged particles will greatly aid multi-particle correlations; as
many analyses use large momentum bins, the stand-alone resolution is suffi-
cient. The new coverage is especially needed for three-particle correlations,
where the current limited acceptance of PHENIX makes it difficult to detect
both legs of a Mach cone-like structure on the away-side of a trigger. The VTX
also greatly improve the coverage for two particle pairs with 90◦ separation
in relative azimuth. To review, the VTX detector will offer complete three

154



particle coverage, will greatly increase the statistical precision of two-particle
measurements, and extend the reach well into ridge dominated ∆η values.
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Appendix A

Mathematics

This section details the definition and derivation of the mathematical quanti-
ties not included explicitly in the body of this dissertation.

A.1 Sum Rule for Correlations

A relation of great utility, “The Sum Rule for Correlations”, described in [103]
and re-composed for the definition of the correlation function used in this
document is:

∫
C(∆φ)d∆φ =

εAB
mix

εAB
same

∫
d∆φ (A.1)

A.2 Acceptance Correction

The definition of the acceptance correction follows from the requirement that:

d〈nAB
same〉

d∆φ
=

d〈 AB
same〉

d∆φ

Acc(∆φ)
(A.2)

Symbol definitions are given in Section 3.4 and 3.5. The acceptance correction
is known from the proof in [53] to take the shape of the mixed event pair
distribution. This fact is introduced with an unknown scale, α, which will be
solved for here.

d〈nAB
same〉

d∆φ
=

d〈 AB
same〉

d∆φ

α
d〈 AB

mix〉
d∆φ

(A.3)
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By integrating over ∆φ:

∫
d〈nAB

same〉
d∆φ

d∆φ =
1

α

〈 AB
same〉

〈 AB
mix〉

∫ d〈 AB
same〉

d∆φ

d〈 AB
mix〉

d∆φ

〈 AB
mix〉

〈 AB
same〉

d∆φ (A.4)

And recognizing the definition of the correlation function:

〈 AB
same〉

εAB
same

=
1

α

〈 AB
same〉

〈 AB
mix〉

∫
C(∆φ)d∆φ (A.5)

By introducing the “Sum Rule for Correlations” given above:

1

εAB
same

=
1

α

1

〈 AB
mix〉

εAB
mix

εAB
same

∫
d∆φ (A.6)

And solving for the unknown scale:

α =
εAB
mix

〈 AB
mix〉

∫
d∆φ (A.7)

Thus, the acceptance correction is determined to be:

Acc(∆φ) =
d〈 AB

mix〉
d∆φ

εAB
mix

〈 AB
mix〉

∫
d∆φ (A.8)

A.3 Correlation Function Framework

For the purposes of illustrating their origin, a derivation of the correlation
function framework beginning with the two source assumption is given here.

d〈nAB
jet 〉

d∆φ
=

d〈nAB
same〉

d∆φ
−

d〈nAB
bg 〉

d∆φ
. (A.9)

Which in per-trigger yields is:

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
1

〈nA〉

[
d〈nAB

same〉
d∆φ

−
d〈nAB

bg 〉
d∆φ

]
(A.10)
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By rewriting the background into its harmonic form and truncating flow at
second order:

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
1

〈nA〉

[
d〈nAB

same〉
d∆φ

−
〈nAB

bg 〉∫
∆φ

(1 + 2〈c2〉 cos (2∆φ))

]
(A.11)

The background pair rate is given by the mixed pair rate corrected for the
centrality bin bias (ABS method) such that:

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
1

〈nA〉

[
d〈nAB

same〉
d∆φ

− ξ
〈nAB

mix〉∫
∆φ

(1 + 2〈c2〉 cos (2∆φ))

]
(A.12)

Now including the definitions of measurable quantities on the right side.

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
εA

〈 A〉




d〈 AB

same〉
d∆φ

Acc(∆φ)
− ξ

〈 AB
mix〉

εAB
mix

∫
∆φ

(1 + 2〈c2〉 cos (2∆φ))



(A.13)

Then by inserting definition of the detector acceptance correction.

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
εA

〈 A〉




d〈 AB

same〉
d∆φ

d〈 AB
mix〉

d∆φ

〈 AB
mix〉

εAB
mix

∫
d∆φ

−ξ
〈 AB

mix〉
εAB
mix

∫
d∆φ

(1 + 2〈c2〉 cos(2∆φ))



 (A.14)

By simplification, the “event-normalized” framework defined as in [53] with
measured pair yields is found.

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
εA

εAB
mix

〈 AB
mix〉

〈 A〉
∫

d∆φ

× [C ′(∆φ) − ξ (1 + 2〈c2〉 cos(2∆φ))] (A.15)

Now following through to the “pair-normalized” framework by multiplying by
one.

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
εA

εAB
mix

〈 AB
mix〉

〈 A〉
∫

d∆φ

[
〈 AB

same〉
〈 AB

mix〉
〈 AB

mix〉
〈 AB

same〉

]

× [C ′(∆φ) − ξ (1 + 2〈c2〉 cos(2∆φ))] (A.16)
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And carrying through with the definition of b0:

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
εA

εAB
mix

〈 AB
same〉

〈 A〉
∫

d∆φ
[C(∆φ) − b0 (1 + 2〈c2〉 cos(2∆φ))] (A.17)

The mixed pair multiplicity factorizes and the trigger efficiency cancels to
become:

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
1

εBκ

〈 AB
same〉

〈 A〉
∫

d∆φ
[C(∆φ) − b0 (1 + 2〈c2〉 cos(2∆φ))] (A.18)

And finally substituting in the definition of J(∆φ), the jet pair correlation
working equation is determined as:

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
1

εBκ

〈 AB
same〉

〈 A〉
∫

d∆φ
J(∆φ) (A.19)

Bringing in the “Sum Rule for Correlations”, shows the connection using fully
corrected values:

1

〈nA〉
d〈nAB

jet 〉
d∆φ

=
〈nAB

same〉
〈nA〉

J(∆φ∫
C (∆φ) d∆φ

(A.20)
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Appendix B

Figures

This section contains for completeness full sets of supporting figures from which
only representative figures were shown in the body of this dissertation.
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Figure B.1: Complete set of correlation functions for π0 triggers 4-7 GeV/c
and h± partners 3-4 GeV/c at 0-20% centrality for various trigger φs selections.
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Figure B.2: Complete set of correlation functions for π0 triggers 4-7 GeV/c
and h± partners 4-5 GeV/c at 0-20% centrality for various trigger φs selections.
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Figure B.3: Complete set of correlation functions for π0 triggers 4-7 GeV/c and
h± partners 4-5 GeV/c at 20-60% centrality for various trigger φs selections.
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Figure B.4: Complete set of jet pair correlations for π0 triggers 4-7 GeV/c and
h± partners 3-4 GeV/c at 0-20% centrality for various trigger φs selections.
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Figure B.5: Complete set of jet pair correlations for π0 triggers 4-7 GeV/c and
h± partners 4-5 GeV/c at 0-20% centrality for various trigger φs selections.
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Figure B.6: Complete set of jet pair correlations for π0 triggers 4-7 GeV/c and
h± partners 4-5 GeV/c at 20-60% centrality for various trigger φs selections.
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Appendix C

Tables

This section contains for supporting data tables for selected figures shown in
the body of this dissertation.

Table C.1: Integrated near-side PTY 0-20% for partners 4-5 GeV/c.

φS PTY σPTY +σα −σα +σAC −σAC +σFC −σFC

0.131 0.195 0.018 0.200 0.190 0.195 0.196 0.194 0.196
0.393 0.221 0.019 0.225 0.217 0.221 0.222 0.220 0.222
0.654 0.230 0.020 0.231 0.228 0.230 0.230 0.229 0.231
0.916 0.192 0.019 0.190 0.193 0.192 0.192 0.191 0.193
1.178 0.202 0.019 0.198 0.206 0.203 0.202 0.202 0.204
1.440 0.193 0.019 0.187 0.198 0.193 0.193 0.192 0.195

Table C.2: Integrated near-side PTY 20-60% for partners 4-5 GeV/c.

φS PTY σPTY +σα −σα +σAC −σAC +σFC −σFC

0.131 0.244 0.018 0.250 0.239 0.244 0.245 0.244 0.245
0.393 0.240 0.016 0.244 0.236 0.240 0.240 0.240 0.241
0.654 0.214 0.019 0.216 0.213 0.214 0.214 0.214 0.215
0.916 0.233 0.021 0.232 0.235 0.233 0.233 0.233 0.235
1.178 0.228 0.025 0.223 0.232 0.228 0.228 0.227 0.229
1.440 0.207 0.019 0.201 0.212 0.207 0.207 0.206 0.208
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Table C.3: Integrated away-side PTY 0-20% for partners 4-5 GeV/c.

φS PTY σPTY +σα −σα +σAC −σAC +σFC −σFC

0.131 0.046 0.020 0.050 0.040 0.045 0.047 0.045 0.047
0.393 0.001 0.020 0.002 0.001 0.001 0.002 -0.000 0.002
0.654 0.052 0.022 0.054 0.051 0.052 0.053 0.052 0.054
0.916 0.024 0.022 0.023 0.024 0.024 0.024 0.023 0.026
1.178 -0.014 0.021 -0.013 -0.015 -0.014 -0.015 -0.015 -0.012
1.440 0.053 0.024 0.048 0.057 0.054 0.053 0.053 0.055

Table C.4: Integrated away-side PTY 20-60% for partners 4-5 GeV/c.

φS PTY σPTY +σα −σα +σAC −σAC +σFC −σFC

0.131 0.075 0.016 0.081 0.066 0.075 0.075 0.075 0.076
0.393 0.055 0.017 0.059 0.051 0.055 0.055 0.055 0.057
0.654 0.038 0.014 0.039 0.037 0.038 0.038 0.038 0.040
0.916 0.034 0.017 0.033 0.034 0.034 0.033 0.033 0.035
1.178 0.060 0.017 0.055 0.063 0.060 0.059 0.059 0.062
1.440 0.024 0.016 0.022 0.026 0.025 0.024 0.023 0.026

Table C.5: Integrated near-side PTY 0-20% for partners 3-4 GeV/c.

φS PTY σPTY +σα −σα +σAC −σAC +σFC −σFC

0.131 0.230 0.015 0.234 0.225 0.230 0.230 0.229 0.232
0.393 0.230 0.016 0.233 0.227 0.230 0.231 0.227 0.232
0.654 0.219 0.015 0.220 0.218 0.219 0.219 0.218 0.221
0.916 0.238 0.017 0.237 0.239 0.238 0.238 0.237 0.242
1.178 0.260 0.016 0.256 0.264 0.260 0.260 0.259 0.263
1.440 0.194 0.015 0.190 0.198 0.194 0.194 0.193 0.197

Table C.6: Integrated near-side PTY 20-60% for partners 3-4 GeV/c.

φS PTY σPTY +σα −σα +σAC −σAC +σFC −σFC

0.131 0.251 0.012 0.254 0.247 0.250 0.251 0.247 0.253
0.393 0.220 0.013 0.222 0.218 0.220 0.221 0.219 0.224
0.654 0.247 0.012 0.248 0.246 0.246 0.247 0.243 0.249
0.916 0.221 0.017 0.220 0.222 0.221 0.221 0.220 0.225
1.178 0.238 0.012 0.235 0.241 0.238 0.238 0.237 0.242
1.440 0.216 0.012 0.212 0.219 0.216 0.216 0.213 0.220
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Table C.7: Integrated away-side PTY 0-20% for partners 3-4 GeV/c.

φS PTY σPTY +σα −σα +σAC −σAC +σFC −σFC

0.131 0.044 0.017 0.048 0.040 0.044 0.045 0.044 0.047
0.393 0.010 0.018 0.010 0.009 0.008 0.011 0.006 0.011
0.654 0.028 0.017 0.028 0.027 0.027 0.028 0.027 0.030
0.916 -0.004 0.020 -0.004 -0.004 -0.004 -0.004 -0.005 -0.001
1.178 -0.008 0.017 -0.007 -0.008 -0.007 -0.008 -0.008 -0.004
1.440 0.027 0.017 0.024 0.029 0.027 0.027 0.026 0.029

Table C.8: Integrated away-side PTY 20-60% for partners 3-4 GeV/c.

φS PTY σPTY +σα −σα +σAC −σAC +σFC −σFC

0.131 0.070 0.013 0.075 0.063 0.070 0.071 0.066 0.072
0.393 0.040 0.013 0.043 0.038 0.040 0.041 0.039 0.045
0.654 0.035 0.013 0.036 0.034 0.034 0.036 0.031 0.038
0.916 0.045 0.020 0.043 0.046 0.045 0.044 0.043 0.049
1.178 0.039 0.012 0.036 0.041 0.039 0.039 0.038 0.043
1.440 0.005 0.011 0.004 0.005 0.005 0.005 0.002 0.009
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Table C.9: Composite linear goodness of fit

PTYπ/2

PTY0
χ2 +σα −σα

-0.326 111.50 96.38 123.42
-0.323 108.17 93.40 120.03
-0.319 104.89 90.48 116.64
-0.315 101.66 87.61 113.25
-0.311 98.47 84.77 109.87
-0.307 95.34 81.99 106.53
-0.303 92.25 79.24 103.25
-0.299 89.22 76.55 100.01
-0.294 86.23 73.89 96.84
-0.290 83.30 71.30 93.70
-0.285 80.41 68.73 90.62
-0.281 77.57 66.23 87.59
-0.276 74.79 63.77 84.62
-0.271 72.05 61.36 81.69
-0.266 69.37 58.99 78.82
-0.261 66.73 56.68 76.00
-0.256 64.15 54.41 73.22
-0.251 61.62 52.19 70.51
-0.246 59.15 50.02 67.84
-0.240 56.72 47.90 65.24
-0.235 54.35 45.83 62.68
-0.229 52.03 43.81 60.18
-0.223 49.77 41.84 57.73
-0.217 47.56 39.92 55.34
-0.210 45.40 38.05 53.00
-0.204 43.30 36.24 50.72
-0.198 41.24 34.47 48.49
-0.191 39.26 32.76 46.33
-0.184 37.31 31.10 44.21
-0.177 35.44 29.49 42.16
-0.169 33.61 27.94 40.16
-0.162 31.85 26.44 38.22
-0.154 30.13 24.99 36.34
-0.146 28.48 23.60 34.51
-0.138 26.89 22.27 32.75
-0.130 25.35 20.99 31.04
-0.121 23.88 19.77 29.40
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-0.112 22.45 18.60 27.80
-0.103 21.10 17.50 26.29
-0.093 19.81 16.45 24.82
-0.083 18.57 15.45 23.42
-0.073 17.40 14.52 22.08
-0.063 16.28 13.64 20.79
-0.052 15.24 12.83 19.59
-0.041 14.25 12.08 18.44
-0.029 13.33 11.38 17.35
-0.017 12.48 10.75 16.33
-0.005 11.68 10.19 15.37
0.008 10.96 9.68 14.49
0.022 10.30 9.24 13.67
0.036 9.70 8.86 12.91
0.050 9.18 8.55 12.23
0.065 8.73 8.31 11.61
0.081 8.34 8.13 11.06
0.097 8.02 8.02 10.59
0.114 7.78 7.98 10.18
0.132 7.60 8.00 9.85
0.150 7.50 8.10 9.59
0.170 7.48 8.27 9.40
0.190 7.52 8.50 9.29
0.211 7.64 8.82 9.25
0.234 7.84 9.20 9.29
0.257 8.12 9.66 9.40
0.281 8.47 10.20 9.60
0.307 8.90 10.81 9.87
0.335 9.42 11.50 10.22
0.363 10.01 12.27 10.66
0.394 10.69 13.12 11.17
0.426 11.44 14.05 11.77
0.460 12.29 15.06 12.45
0.496 13.22 16.16 13.22
0.535 14.24 17.34 14.08
0.576 15.34 18.60 15.02
0.620 16.53 19.96 16.05
0.667 17.82 21.40 17.17
0.717 19.20 22.93 18.39
0.772 20.67 24.55 19.69
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0.830 22.23 26.27 21.09
0.894 23.90 28.08 22.59
0.963 25.66 30.00 24.19
1.038 27.52 32.00 25.88
1.121 29.48 34.11 27.67
1.212 31.54 36.31 29.57
1.312 33.71 38.62 31.56
1.423 35.99 41.03 33.67
1.547 38.37 43.55 35.88
1.687 40.87 46.18 38.20
1.845 43.48 48.92 40.64
2.025 46.20 51.77 43.18
2.233 49.04 54.74 45.84
2.475 52.00 57.83 48.62
2.761 55.08 61.04 51.51
3.102 58.28 64.36 54.52
3.519 61.60 67.80 57.66
4.039 65.06 71.37 60.92
4.704 68.63 75.06 64.31
5.586 72.34 78.88 67.82
6.812 76.18 82.83 71.46
8.631 80.14 86.91 75.24
11.612 84.23 91.12 79.46
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