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ABSTRACT

The purpose of the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Labo-
ratory on Long Island, New York is to study Quantum Chromodynamic (QCD) matter under
extreme temperatures and densities. Under these conditions it is expected that normal nuclear
matter will not exist but a quark-gluon plasma (QGP) will form where the constituent quarks
and gluons within the nucleon will not be bound within the size of the nucleon (~ 1 fm). Such
a state of matter is suggested to have been the state of the primordial universe only several us
after the Big Bang.

One of the initial results from collisions of Au+Au ions at nucleon-nucleon center-of-mass
energy, /sy, of 130 GeV that indirectly indicated that a quark-gluon plasma was formed
was the dramatic suppression of single particle spectra compared to binary-scaled single par-
ticle spectra from p+p collisions. This “jet suppression” was predicted and is well repro-
duced by models where outgoing partons lose energy in the quark-gluon plasma via gluon
bremsstrahlung. Further evidence for energy loss comes from two-particle correlations. Two
particle correlations, the subject of this thesis, are distributions where low energy jets are
studied in a heavy ion collisions where many low energy particle production are present by
triggering on a particle with large momentum transverse to the beam direction (pr) and study-
ing the event shape of other particles in the event relative to the trigger. It is observed that
the yield of back-to-back pairs, those offset by 7 radians, are strongly suppressed indicating
that the back-to-back jet loses a significant amount of energy. Further observations from cor-
relations in Au+Au indicate that the the back-to-back pairs are on average not 7w radians from
one another but that a local minimum develops at 7 radians. In all, there is strong evidence

that high-pr jet properties are modified in the hot, dense medium created in central Au+Au
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collisions at RHIC energies.

This thesis represents the first systematic study of jet properties in nuclear collisions. Jet
properties using two-particle azimuthal correlations in p+p collisions serve as a necessary
baseline for the potential modification of jet properties in nuclear collisions. At RHIC ener-
gies d4+Au are not predicted to have high enough energy density to produce a quark-gluon
plasma. Therefore, any modification of properties in these collisions represent the “cold”
nuclear medium effects that will be present in the initial state of A+A collisions at RHIC.
Several observables indicate that jet properties in p+p and d+Au collisions are very simi-
lar. For example, multiple scattering prior to and after the hard scattering will increase the
acoplanarity of di-jets, i.e. how back-to-back are a pair of jets. This has been quantified as
<sin2 ) At Au — <sin2 ¢;j) where ¢;; is the relative angle between the outgoing jets. The aver-
age value from all PHENIX data is 0.004=0.008(stat.)£0.009(sys.). This result is zero within
errors meaning there is no measurable difference between the acoplanarity of di-jets in d4+Au
collisions compared to p+p collisions. This data places a limit on the amount of multiple
scattering that the partons undergo in the initial and final state in d+Au collisions at RHIC.

Jet properties from Au+Au collisions greatly extend the pp reach from the previous jet
studies to test whether the modifications observed at lower pp persist to higher pp. From energy
loss models the back-to-back yield are expected to decrease while the width of the distribution
is expected to increase. The data indicate, from direct measurement from the correlations and
from a measure of zg and pyy distributions, that the conditional yields are suppressed from
peripheral to central collisions while the away-side distribution does not broaden compared to
peripheral Au+Au and p+p collisions. These results are inconsistent with a model of energy
loss by incoherent scattering. However, such energy loss models are able to reproduce the
single particle and pair yield suppression in central Au+Au. It is a challenge now to determine
the correct energy loss model that will incorporate the single particle suppression and elliptic
flow data at high-pr with the data from this thesis, i.e. the suppression of the away-side and

the lack of away-side broadening.



CHAPTER 1. Relativistic Heavy Ion Collisions

The purpose of the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Labo-
ratory on Long Island, New York is to study Quantum Chromodynamic (QCD) matter under
extreme temperatures and densities. QCD is the theory of strong interactions which is re-
sponsible for binding protons and neutrons in nuclei. Under extreme conditions it is expected
that normal nuclear matter will not exist but a quark-gluon plasma (QGP) will form where
the constituent quarks and gluons within the nucleon will not be bound within the size of the
nucleon (~ 1 fm). Such a state of matter is suggested to have existed in the primordial universe
only several us after the Big Bang. Evidence for the existence of a phase transition is based
on lattice calculations. Lattice calculations are numerical solutions of the QCD equations of
motion on a four dimensional lattice of space-time points. Fig. 1.1 shows the energy density
as a function of temperature where a large increase in the energy density is calculated at the
critical temperature. This critical temperature is approximately 170 MeV or, in more familiar

units, about 102K.

1.1 (Strongly-Interacting) Quark Gluon Plasma

In the last year all four RHIC experiments, BRAHMS [Arsene et al., 2005], PHENIX [Adcox
et al., 2005], PHOBOS [Back et al., 2005], and STAR [Adams et al., 2005], simultaneously
submitted a review of the data from the first three years at RHIC, 2000-2003. During this
time p+p, d+Au, and Au+Au collisions at nucleon-nucleon center-of-mass energy ,/syn of
200 GeV were run. These reviews resulted in a conclusion that the matter produced at RHIC
is unique. That is, the matter acts more like a fluid than a dilute gas of free quarks and gluons.

The calculations from the lattice in Fig. 1.1 show that even at 4 times the critical temperature
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Figure 1.1 QCD energy density as a function of temperature.

the energy density is still below the Stefan-Boltzmann limit. This Stefan-Boltzmann limit
describes a dilute gas of non-interacting particles. Since the limit is not reached even at 4 times
the critical temperature, the calculations indicate that the matter is strongly interacting. Two
key experimental elements of this conclusion that the matter is more fluid-like than a gas are
a large energy density at the formation time of the QGP and a strong collective motion of the
bulk of the particles, i.e those particles produced at low transverse momentum.

The lattice calculations conclude that the energy density required for a phase transition to
a QGP is 1 GeV/fm? or 10 times the energy density of normal nuclear matter. This energy
density can be estimated by experiments using the Bjorken energy density [Bjorken, 1983].
This estimate of the energy density is based on two Lorentz contracted disks that interact
and fly apart from one another. The cylindrical region between the disks is the origin of the

produced particles.
1 1dEp

_— 1.1
TR2 71y dy (1.1)

€Bj =

In the above equation R is the nuclear radius, 7y is the formation time of the plasma typically
taken as 1 fm/c for an order-of-magnitude estimate, and y is the rapidity which is related to

the longitudinal velocity of the particle. The energy density is simply the transverse energy



in the cylindrical volume. Using the above formula and data an energy density of at least
15 GeV/fm? is estimated in Au+Au collisions at 200 GeV. This is significantly larger than

required for the expected phase transition.
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Figure 1.2 Schematic diagram of a peripheral nuclear collision. The over-
lap (shaded grey) almond-shaped region is where the nucleons
which participate in the interaction are located. The reaction
plane is defined as the short length of overlap region.

Evidence for strong collective motion of the bulk of the constituents is observable in elliptic
flow. In a non-head-on (peripheral) heavy ion collisions a pressure gradient along the short
axis (reaction plane) of the resulting almond-shaped overlap region results (see Fig. 1.2). This
pressure gradient correlates particles with the reaction plane. The single particle distribution

can be written as a Fourier transform where the 2nd Fourier coefficient is the dominant term.

dN N
dedpr ~ 27 (14 202 (pr) cos (2A9)) (12

The coefficient v9 is a measure of the strength of the correlation with the reaction plane and
is sensitive to the pressure gradients in the overlap region. Hydrodynamic calculations which
assume thermal equilibrium and an input equation of state relating temperature, pressure, and

energy density are able, for the first time, to reproduce the measured ve at RHIC. This fact



possibly indicates that thermal equilibrium is reached and has only been reached at RHIC.
The hydrodynamic calculations lend support to the idea that the medium produced at
RHIC is a thermal system. The vy measurements from RHIC (which are sensitive to pressure
gradients) are larger than expected, indicating that there exist large pressure gradients and
strong collective motion of the elements of the medium. Such collective flow is more indicative
of a strongly interacting fluid than that of a weakly interacting gas. Further, hydrodynamic
calculations that reproduce the data assuming a zero viscosity. Therefore, it has been argued
that the medium produced at RHIC in Au+Au collisions is a perfect fluid. This has also led

some to rename the QGP to sQGP for strongly-interacting QGP.

1.2 Effects of the sQGP
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Figure 1.3 Comparison of ratio of single particle spectra in d4+Au collisions
(open and closed circles) and Au+Au collisions (triangles) com-
pared to binary-scaled p+p collisions.

One of the most exciting results from the first RHIC run of Au+Au at \/syy=130 GeV in
2000 was the discovery of high-pr single particle suppression compared to p+p reactions [Adcox
et al., 2002]. This measurement has been extended to higher pr in a the more recent Au+Au

run at \/syn of 200 GeV in 2002-2003, see Fig. 1.3. One can compare inclusive production in



Au+Au collisions with p+p collisions by forming the ratio

1 d2 NAu+Au
2mpr Newt  dprdy (1 3)

1 d?Np+p
<NCO”> 2mpr Nevt dprdy

Raa =

where (Ngoy) is the average number of nucleon-nucleon (binary) collisions in the overlap region
of the Au+Au collision. The interpretation of R4 4 isif R44 = 1, then the Au+Au production is
an incoherent superposition of p+p collisions. If R4 4 is above 1, then nuclear effects enhance
the production compared to p+p collisions. If Rg4 is less than 1, nuclear effect suppress
the production compared to p+p collisions. It is clear from Fig. 1.3 that in central Au+Au
collisions there is a factor of ~ 5 suppression compared to binary-scaled p+p collisions. This
can be compared to d+Au collision results where no hot, dense nuclear medium is expected
to be produced. Instead of a suppression in d+Au collisions a slight enhancement of particle
production is observed which is consistent with other p4+A measurements at lower energies and
is known as the Cronin effect [Cronin et al., 1975]. The typical interpretation of the Cronin
effect is the multiple scattering of a parton from projectile nucleus through the target nucleus
prior to the hard scattering (initial state), and multiple scattering of the outgoing parton in
the cold nuclear medium after the hard scattering (final state). Because the suppression is not
present in d4+Au collisions the strong suppression in Au+Au is an effect that is unique to the

Au+Au collisions.

1.3 Thesis Organization

The content of this thesis is focused on jet shapes and yields from p+p through Au+Au
collisions in an attempt to characterize the cold and hot, dense nuclear matter effects on
jets. Jets are a correlated spray of hadrons which result from the hadronization of a fast
moving parton. Jets are well-known objects and have been studied extensively in e + e~
annihilation, deep-inelastic lepton-hadron scattering, and hadronic collisions over a very large
energy range. Before the advent of RHIC, jets in A+A collisions had not been directly studied

since the previous A+A collisions at Brookhaven’s Alternating Gradient Synchrotron (AGS)



and the CERN’s Super Proton Synchrotron (SPS) were performed at /syn < 20 GeV. At
these energies high momentum transverse to the beam direction (pr) processes, i.e. processes
producing particles with pp > 2 GeV/c, are extremely rare. At the highest RHIC energy, 200
GeV per nucleon, probing moderate pr jets has become possible. These jets are an especially
useful probe in all nuclear collisions because 1) jets originate from partons which are colored
and will interact strongly with any surrounding medium, 2) the effect of these interactions will
survive the hadronization process of a QGP, and 3) jet production is a hard process, i.e. a
process with large momentum transfer, and is calculable in perturbative QCD (pQCD) so a
comparison with theoretical expectations is, in principle, possible.

In order to do a detailed and quantitative study of jet properties and nuclear effects on these
properties in heavy ion collisions, it is necessary to measure jet production in p+p collisions as
a baseline to define vacuum jet production. Once a p+p baseline has been measured study of
p+A collisions measure effects due to initial state interactions that a single nucleon suffers in
a heavy ion collision. Finally, by comparing the resulting jet production in heavy ion collisions
to p+p and p+A collision, any new final state effects, such as those from due to a QGP, can
be measured.

The outline of this thesis is as follows. The second chapter reviews the necessary theoretical
and experimental results involving jets, including their discovery in e™ + e~ annihilation, to
the introduction of the parton model and its relevance to deep-inelastic scattering, and jets
in p + p(p) collisions at high energy colliders. A discussion of experimental results from fixed
target p+A collisions as well as a theoretical discussion of those results follows. Finally, relevant
results from high-pr and jets in A+A collisions and theoretical work on high-pr and jets in
a QGP are discussed. Chapter 3 introduces the PHENIX detector with a somewhat detailed
discussion of the relevant subsystems, as well as a general discussion of the charged particle
tracking algorithm, triggering in different species, and centrality determination in different
species. Chapter 4 introduces the two-particle correlation method, as well as introducing the
jet quantities we will measure and how they are derived from the two-particle correlation

function. Chapter 5 details the analysis of data from p+p and d+Au collisions in parallel since



the analysis is very similar. The extracted quantities from the correlation functions are shown.
Chapter 6 outlines the analysis of the Au+Au data including all of the correlation functions
and the extracted distributions. Finally, Chapter 7 reviews all of the relevant data and relates
them to the theoretical discussion from Chapter 2. These results are placed in relationship
to similar results to form conclusions about nature of jet modification in p+p, d+Au, and

Au+Au collisions at RHIC energies.



CHAPTER 2. QCD, Hard Scattering, and the Effects of the Nuclear

Environment

This chapter reviews the necessary background for understanding jet production in hadronic
collisions. First, QCD and the expected phase transition is discussed. Next the history of jet
production in et + e, deep inelastic e~ +p, and p(p)+p collisions is reviewed. The data and
interpretation of high-p7 and jet production in p+A collisions are presented. Finally, the data

on jet production in A+A collisions is reviewed while introducing energy loss in a QGP.

2.1 Basics of Quantum Chromodynamics

Quantum Chromodynamics (QCD), the strong nuclear force, describes the interactions
responsible for the binding of nuclei. QCD is a quantum field theory defined by the free
Lagrangian

_— 1 ”
L= s[iy" 0, — mplby — ZFZ Ff},, (2.1)

The Lagrangian is written with the Einstein convention of summing over repeated indices.
1y is the three-component scaler quark field of flavor f. The three components represent the
three color charges red, blue, and green. The flavor f represents the 6 quark flavors up, down,
strange, charm, bottom, and top. A, is one of 8 massless, vector gluon fields. Quarks and

gluons are collectively called partons for historical reasons (see below). The field strength

A

Ly 18 defined as

tensor, F

Fi, = 0,A) — 0,Afl — Vima fAPCABAT (2.2)



The fABY are the structure constants of the SU(3) symmetry group, the group which defines
the QCD Lagrangian. A,B,C are summed from 1 to 8. «; is the strong coupling “constant”
which defines the strength of the interaction.

From the Lagrangian, the Feynman rules are defined, see Fig. 2.1. The first term in Eqn. 2.2
with Eqn. 2.1 defines the vertex for the interaction of two spin—% quarks with a spin-1, massless
gluon in analogy with Quantum Electrodynamics (QED). The square of the field strength
tensor results in a three and a four gluon vertex. These vertices have no analogy in QED and

are responsible for the non-Abelian nature of QCD. That is, unlike the neutral photon which

does not interact with itself, the gluons have color and can interact with themselves.

Figure 2.1 Two quark (left), three gluon (middle), and four gluon (right)
vertices. In perturbative calculations these vertices are propor-
tional to as.

Applying the Feynman diagram approach is useful only for a perturbative process. For any
given interaction, there are infinitely many diagrams that can be written and calculated. Every
vertex of every diagram is proportional to the coupling constant. If the coupling constant is
small, then a converging power series can be written. Those diagrams with the fewest vertices
dominate and are calculated. This process is known as perturbative QCD (pQCD). As was
shown by Gross and Wilczek [1973] and Politzer [1973], QCD exhibits asymptotic freedom.
That is, o is not constant but is a decreasing function of Q2, the momentum transfer of the

process.

2 2 _ as (17
Qs (Q s ) = 1+ 331_227an055 (,u2) n (QZ/Nz) (2.3)

In the above equation, ny is the number of quark flavors, 6 in the standard model, and p? is



10

the arbitrary renormalization scale. This renormalization scale defines the scale at which we
lose information on the high-energy aspects of the theory. For a sufficiently high Q? process,
the coupling constant, via Eqn 2.3, becomes small enough for a perturbative calculations. This
has been measured from data. Fig. 2.2 is a compilation of the data revealing the decreasing

coupling with increasing momentum transfer.
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Figure 2.2 The QCD coupling constant as function of y = @ from mea-
sured data from et +e~ annihilations. There is a clear decrease
as a function of increasing momentum transfer. (Compiled from
Eidelman et al. [2004])

To gain further insight, the above result can be rewritten as

as (@) = 12m 5 (2.4)

(33 —2nyf)In (F)
where A has the qualitative definition of being the momentum scale at which the QCD coupling
constant is large and thus where the perturbation series does not converge. The value of A can
be found from data on ag vs Q2, see Fig. 2.2. This value is around 100-200 MeV /c. If Q% > A2,
then the coupling is small and the process can be calculated perturbatively. Such processes

are called hard processes. If Q2 ~ A2 then the process cannot be treated perturbatively. In
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this thesis jets with energies of several to tens of GeV are considered. These processes are in
the hard regime and the partonic interactions are calculable with pQCD.

The coupling constant of the theory, ay, is not constant but depends on the momentum
transfer of the process being measured, Q2. By the uncertainty relation a process that is hard
(i.e. with high-Q?) probes short distance scales. For a soft (low-Q? process), the distance
scale that is probed is large. Thus at short distance scales the partonic interactions can be
considered without regard to their confinement within a hadron. This results in the seemingly
paradoxical conclusion that quarks and gluons behave as free particles under hard processes.
However, there is no evidence that they are free at smaller momentum scales. Soft processes

create the hadrons that are measured by experiment from the free color charges.
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Figure 2.3 QCD potential (points) calculated from the lattice see Bali and
Schilling [1993]. The solid line is a fit to the measured values
with the form given.

This conclusion is further illuminated by results from lattice calculations. Such calculations
of the QCD potential between two quarks [Bali and Schilling, 1993] is shown in Fig. 2.3. At

large separation the potential is approximately linear. This implies a constant force rather
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than a force diminishing with distance. As a pair of partons separate, the energy in the field
increases to the point where there is enough energy to produce partons from the vacuum.
This is one qualitative argument for the experimental result of confinement of partons within

hadrons.
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Figure 2.4 Free energy of a heavy quark pair as a function of the separation
in lattice units calculated from the lattice at several different
temperatures [Blaschke et al., 2005].

The potential shown in Fig. 2.3 is calculated at zero temperature. At high temperatures
the potential is modified. Such a modification is shown in Fig. 2.4 where the free energy
of a heavy quark pair is plotted as a function of separation for different temperatures. The
dashed line indicates the free energy at zero temperature. As the temperature increases the
asymptotic behavior begins to change. That is, the linear slope begins to decrease and turn
over. At a temperature of about T, the QCD potential at large distances has a zero slope
resulting in a zero force between the heavy quark pair. Thus, they become asymptotically free
at high temperature. This is entirely different than the linear rising potential and constant
force resulting at zero temperature and causing confinement. What is truly remarkable is
that lattice calculations indicate that the critical temperature is approximately 170 MeV, a

temperature that is accessible to modern accelerators. The purpose of RHIC is to use nuclear



13

collisions to produce matter at a temperature above the T, so as to study this phase transition.

2.2 Parton Model and Factorization

A brief history of QCD will aide in introducing several ideas that are important in jet
production in heavy ion collisions. This history resulted in the experimental evidence for the
structure of QCD. The history is not a temporal one but a systematic review of experimental
results from the more simple systems and their theoretical implications as a background for

studying jet production in nuclear collisions.

2.2.1 et + e~ Collisions
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Figure 2.5 Event average charged particle multiplicity in et +e~, e + p,
and p + p(p) collisions (Compiled in Eidelman et al. [2004]).

The simplest collisions to study QCD are in electron-positron annihilation where the dom-
inant Feynman diagram for hadron production is e™ + e~ — ¢ + ¢ (see Fig. 2.5) which is
purely an electromagnetic or weak process depending on the center-of-mass energy and is cal-

culable in perturbative QED or GWS (Glashow-Weinberg-Salam, eletroweak) theory. Because



14

of confinement the outgoing quarks are not detected but hadrons are produced from them.
Fig. 2.5 shows the event-averaged charged particle multiplicity in e™ + e~ collisions. At none
of the measured energies is the charged hadron multiplicity from e™ — e~ annihilation exactly
2. In fact, it is much larger than this. In leading order the two outgoing quarks produce many
hadrons on average.

These charged hadrons are produced from the soft process responsible for quarks becoming
hadrons, as discussed previously. Because it is a soft process, the resulting hadrons will have
a very small transverse momentum with respect to the jet, i.e. nearly collinear with the jet.
Therefore, the already back-to-back, quark-anti-quark pair produces many hadrons very close
to themselves, resulting in a spray of back-to-back hadrons called di-jets. This process of the

parent quark evolving into several hadrons is called fragmentation.
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Figure 2.6 Sphericity (see text) of et + e~ events at SLAC [Hanson et al.,
1975] for two different center of mass energies. The full line is a
jet simulation and the dotted line is a phase space simulation.

The first evidence for di-jet events came from et + e~ collisions at /s < 10 GeV at SLAC

in the mid 1970’s. They defined a global event variable, the sphericity, as

_ 3 (Zip%i)min (25)

221'1712

where the sum is over all particles in the event. An axis is chosen to minimizes the transverse

momentum of the particles with respect to that axis. This axis approximates the jet axis.



Figure 2.7 Event display from OPAL indicating two back-to-back sprays
of hadrons.

The sphericity quantifies how isotropic the event is with respect to the jet axis. If it is a
completely isotropic, the sphericity is one. If there is a strong correlation with the measured
axis, the sphericity tends to zero. Fig. 2.6 shows data from the SLAC-LBL collaboration at the
SPEAR storage ring [Hanson et al., 1975]. At the lowest center-of-mass energy of the collision,
the distribution favors a more uniform, random production of hadrons in the available phase
space. At the higher center-of-mass energy, the data favors a more directed production along
the jet axis.

As the center-of-mass of these collisions increases, clear di-jet signals become visible.
Fig. 2.7 shows an event display from the OPAL collaboration at LEP where the center-of-
mass energy is 91 GeV. There are clearly two back-to-back sprays of hadrons in this event.

Not only are event shapes measured in e™ 4 e~ collisions, but hadron cross-sections as well.
These collisions are an especially clean environment to measure properties of jet production
because all of the hadrons come from jets and the jet energy is exactly known. Since et — e~
is an annihilation process, all of the center-of-mass energy is converted into final state particle
production. In the case of di-jets, because of momentum conservation, the jet energy is half of

the center-of-mass energy (1/s/2). Therefore, the production of particles of energy Ej can be
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Figure 2.8 Left: Production of hadrons as a function of x, the fractional
energy of the hadron with respect to the jet energy. There is
a scale factor included in each of the center-of-mass energies.
Right: Scaling of the fragmentation functions over a broad en-
ergy range. Data was compiled in Eidelman et al. [2004].

measured as a fraction of jet energy,
2E},
r=—
Vs

The measured hadronic cross-sections for a large range of center-of-mass energies is plotted in

(2.6)

Fig. 2.8. These distributions cannot be calculated from first principles because fragmentation
is a non-perturbative process. However since fragmentation is a long distance process as

compared to the hard scattering, the cross-section factorizes as

ld;'h — Z(}qDZ (z) (2.7)

o dz

That is, in leading order, the probability to produce a hadron h is determined by the cross-
section to produce a quark ¢, 6%, and the probability for the quark, ¢, to fragment into hadron
h with momentum fraction x of the parent quark, Df; (z). The quark cross-section is deter-

mined by perturbative calculations. The test that fragmentation factorizes from the underlying
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process is that these fragmentation functions can be applied universally in all collisions and
not just et — e~ collisions. This universality is partly seen in the right panel of Fig. 2.8 where
the /s dependence of the hadronic cross sections are shown for different z-ranges. These

distributions are nearly independent of /s.
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Figure 2.9 Left: An example of a beam view of a three jet event from
TASSO at PETRA at DESY with /s between 13 and 32
GeV [Brandelik et al., 1979; Barber et al., 1979]. Right: A
third jet is due to a radiated hard gluon from one of the final
state quarks.

Annihilations of electron and positions are also useful in studying higher-order QCD. The
next-to-leading-order (NLO) pQCD diagrams involve a gluon being radiated from the final
state or coupling the outgoing quark-anti-quark pair. If the radiated gluon is hard so that it
does not interfere with the long range fragmentation and it is an external leg, it will fragment
as well and produce a third jet of hadrons. Fig. 2.9 shows such an event in e™ + e~ collisions.

In calculations of the cross-section, perturbation theory only works when the gluons are
hard. Any soft gluons will be collinear with the quark from which it is radiated. In leading
order the cross-section for the gluon radiation is inversely proportional to the gluon momentum

and so the cross-section is divergent for soft gluons. Such soft gluons are not distinguishable
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from the fragmentation process. A scale is set for the gluons, the factorization scale, which
defines the momentum scale that separates the short distance, hard, perturbative physics with

the long distance, soft, non-perturbative physics.

2.2.2 Deep Inelastic Lepton-Hadron Collisions

Xp

P

Figure 2.10 Schematic diagram of deep inelastic scattering of electrons off
a proton. An electron with momentum k interacts with a
parton in the proton with momentum fraction x of the proton
and recoils with momentum k’. The struck parton produces a
jet of hadrons.

The next simplest interaction where one can test QCD is deep-inelastic scattering of hadrons
by leptons, Fig. 2.10. The focus in this section is on e~ +p — e~ + X collisions. The
fundamental interaction is an elastic scattering of e~ + ¢ — e~ + ¢ where the scattered electron
is detected and the liberated quark fragments into a jet. This is a direct measure of the
proton interior since it is sensitive to the kinematics of the quark structure of the proton. The

cross-section is dependent on, at most, the momentum transfer of the interaction

Q*=—¢" = (k- k) (2.8)
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and the fraction of the proton’s momentum

r=—= (2.9)

that the struck quark carries. The cross-section can be written in terms of the product of two
tensors, one defining the leptonic vertex e~ — v* + e~ and the other in terms of the hadronic
vertex v* + p — X. The former tensor is determined from QED. By symmetry arguments
and available vectors to create tensors, the later hadronic tensor is written in terms of at most
two scalar functions (as coefficients of vector products) of  and Q? called structure functions,

Fy (z,Q%) and F, (z,Q?). These scalar functions define the partonic content of the proton.
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Figure 2.11 Left: Fy structure function for different = values as a function
of Q? [Friedman and Kendall, 1972]. Bjorken scaling is clearly
seen. Right: Data from SLAC on the ratio of the two struc-
ture functions. The dashed line represents the Callan-Gross
relationship. Data compiled from Bodek et al. [1979].

These experiments were first performed in SLAC in the late 1960’s where the structure
functions were extracted from the measured cross-sections [Bloom et al., 1969]. Bjorken had
suggested if the proton substructure was point-like the structure functions would be indepen-
dent of Q? [Bjorken, 1969]. This was shown from the SLAC data [Breidenbach et al., 1969)].

Further, Callan and Gross showed that if the constituents are spin-1/2 particles the structure
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functions are not independent [Callan and Gross, 1969].

j2) (x Q2> = 2 (:17 QQ) (2.10)

Fig. 2.11 shows the structure function Fh(x,Q?) for different ranges in x as a function of
Q? [Friedman and Kendall, 1972] and the experimental observation of the Callan-Gross rela-
tionship [Bodek et al., 1979].

The structure function can be written as a sum of contributions of the different quarks.
It is customary to define the parton distribution functions (PDFs) as ¢! (x, Q?) which is the
probability of finding a given parton a in hadron h. These distributions for a proton are shown
in Fig. 2.12 for Q?> = 10 GeV?. At high-x the valence quarks, u and d, are dominant while at

lower-x the gluons and the sea quarks become important.

o6 b —__ MRST2001, =10 GeV?
05 [ J
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Figure 2.12 Parton distribution functions for several partons in the pro-
ton [Eidelman et al., 2004].

To describe these results Feynman Feynman [1969] and Bjorken Bjorken and Paschos [1969]
independently proposed the parton model. This model provides a basis to calculate the cross-
section for various quantities. For example, the total cross-section for electron-proton scattering

can be written as

1
o= | v buaca L @) (2.11)
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The total deep-inelastic scattering cross-section is expressed as the elastic scattering of an
electron and parton a convoluted with the probability of finding parton a¢ at a momentum
fraction x of the proton. This formula factorizes the soft-QCD processes which are responsible
for the partons being bound within the proton and the process of the hard scattering. Since
the PDF's represent soft process, a long distance phenomena, due to confinement of the partons
within the proton, they will factorize from the hard elastic electron-parton scattering, a short

distance phenomenon.

2.2.3 Hadronic Collisions

The next collisions that can be studied are hadronic collisions. These are fundamentally
different from the previous collisions because they will involve predominantly strong processes
for particle production and these collisions will be sensitive to the gluon at leading order. One
of the advantages of the previous collisions is precise information on the energy of the primary
hard collisions. The et + ¢~ annihilation all of the beam and target energy goes into the
final state. In e~ + p collisions the recoiling electron can be measured to determine the Q2.
Because the hadrons are composed of constituent particles, hadron-anti-hadron collisions will
not totally annihilate. In high-energy hadronic collisions one measures the results of parton-
parton interactions with little information on the initial partons from the final state hadrons.
Even so, the parton model can be used to evaluate cross-sections in hadronic collisions by

assuming a factorization between the hard and soft processes. Namely,

o = D" Gabed @ ) (za) @ ¢} (25) @ D (2) (2.12)
a,b,c,d

That is, the cross-section to produce a hadron h from a p+p collision is the probability that
two partons a and b, one within each proton, produce a parton ¢ that subsequently fragments
into a hadron h. The hard process o454 is a short distance process that does not interfere
with either the PDFs or the fragmentation function.

The usefulness of the parton model is that the full QCD can factorize as well. One typically

introduces a factorization scale that will define the boundary between soft and hard processes.
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2.3 Jet Production in (p)p+p Collisions

For a complete discussion of the history of jet measurements and two-particle correlations in
(p)p+p collisions in relationship to heavy ion collisions see a recent review talk by Tannenbaum
[2005].

In the 1970’s when the first high-energy (1/s > 5 GeV) hadronic collisions were performed
it was uncertain if the hadronic collisions were sensitive to strong partonic interactions instead
of, for example, electromagnetic interactions. The prediction from the parton model, which
persists today, was introduced by Feynman, Field, and Fox Feynman et al. [1978]. The picture
is that of four jets from the hadronic collisions and is illustrated in Fig. 2.13. Two partons, a
and b, one from each of the incoming hadrons, interact to produce two outgoing partons ¢ and
d. The probability of finding parton a in hadron A is given by the parton distribution function,
&% (Ta, kra) (Eqn. 2.11) where kp, is the parton’s transverse momentum with respect to the
hadron momentum. The outgoing partons fragment with a fraction z of the parton’s momen-
tum via the universal fragmentation function, D?(z, jr)(Eqn. 2.7) where jr is the fragments
transverse momentum with respect to the jet axis. The remnants of the incoming hadrons
break up into two other jets of hadrons with low transverse momentum.

The CERN Interacting Storage Ring (ISR) collided p+p with center-of-mass energies rang-
ing from 23 - 63 GeV. The initial results from these collisions were single particle inclusive
production (p+p—h+X, h is a particular hadron) cross-section at mid-rapidity, that is at 90°
in the collision’s center-of-mass. At low-pp particle production is from soft processes which are
not calculable from perturbative methods. What was observed was an exponential spectrum
which indicated a “thermal”-like spectrum indicating that the particle production may be gov-
erned by statistical constraints. The mean-pr of these spectra was found to be independent of
the energy of the collision and have a value of approximately 0.350 GeV/c [Rossi et al., 1975].
This scale is near A from Eqn. 2.4, which is what it should be since it is a non-perturbative
process.

At higher pr the cross-section for 7° [Busser et al., 1973] and 7% [Alper et al., 1975

production becomes a power-law distribution instead of an exponential. Such a distribution was
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Figure 2.13 Parton model interpretation of high-py jet/particle produc-
tion from Feynman, Field, and Fox Feynman et al. [1978].
The left panel is a center-of-mass reproduction of what the
model assumes. That is, four jets are formed from an inelas-
tic hadron-hadron collision. Two are from the hard scattering
(towards and away) and two are from the break of the hadrons
(beam and target). The right panel is a schematic of theoret-
ical calculation.

predicted to occur from the parton model for high-pp particle production but is independent
of whether the underlying interaction is an electromagnetic or a strong process [Berman et al.,
1971]. The data could be reliably reproduced with the form

Ao

B = 7] (er) (2.13)

where x7 = 2’% is the fraction of transverse momentum to the total available energy. The data
favored a power of approximately 8. This was not in keeping with the parton model which
predicted a power of 4. When full QCD is employed to calculate the single particle production,
this exponent varies with /s and xp. At higher-py particle production, this exponent is similar
to that predicted from QCD [Angelis et al., 1978]. The QCD prediction was a variation of the
exponent around 5-6 but not as high as 8 at the lower, high-py particle production.

This discrepancy could be reconciled once transverse momentum of the partons within the

nucleon, known as k7, was included. This k7 was initially ignored by Feynman, Field, and Fox



24

since, based solely on uncertainty arguments, the magnitude of kr was expected to be only a
few hundred MeV which is small compared to the momenta that was measured in the high-pp
spectra. Evidence for kr much larger than this was found by the CCHK collaboration from
measurements of two-particle correlations [Della Negra et al., 1977].

In the CCHK analysis only events with at least one charged track in the acceptance having
pr above 2 GeV/c were considered. The momentum vector of the highest py particle of the
event defined the trigger or towards direction (see Fig. 2.13). In a simple picture of 2—2
scattering, the outgoing jets will have the same energy and be directed oppositely, i.e. coplanar
jets. To test this simple picture they assumed that the trigger particle, which fragments at
high-z, is approximately the jet pr and direction. The associated jets were measured from
distributions of particles produced at 180° 4 40° in azimuth from the trigger direction, the
away-side. The coplanarity of jet was quantified by defining p,.:, the associated particle’s pr

transverse to the trigger particle pr.

I

Pout = |pT,tmg pT,assoc| (214)
DT trig

A low value of pyy: would be expected from coplanary jets with only a small (~ A) trans-

verse momentum. To measure the fragmentation they defined xp which is the fraction of the

associated particle pr along the trigger particle direction.

DT trig * DT,
g = — rzg2 assoc (2‘15)
pT,trig

When the trigger jet approximates the jet energy, x g approximates z of the associated particle.

Naively it was expected that the acoplanarity of the di-jets would be small, near (|pout|) =
VT () = 0.3 GeV/e, similar to the (pr) of soft particle production. They found for
particles with 2 >0.5, (|pout|) = 0.53£0.02 GeV /c, significantly higher than expected. Further
by Monte Carlo they showed that this is could be explained by the transverse momentum of

the partons prior to the hard scattering. Utilizing a formula from Feynman et al. [1978], pout



25

and xp are approximately related by

(Phus) = ok ((7y) +2(k},)) + (i) (2.16)

The y-subscripts indicate only one component of the two-dimensional vectors, fT and k. Also,
jT is the transverse momentum of a fragment with respect to the jet axis, which is expected
to be near A as well. If < j%y> is ignored the data indicate that the Gaussian RMS would be
\/@ ~ 1.3 GeV/c. This is much larger than expected and of the same order as the measured
high-py spectrum. This transverse momentum is large enough to smear the measured outgoing
hadron spectrum such that the measured spectrum has an exponent from the zp scaling is
larger than 5-6.

Indirect evidence for jet production at ISR energies was observed by other correlation
analyses similar to CCHK. The CCOR collaboration at the ISR whose spectrometer had full

azimuthal coverage extended the work done by CCHK with both its coverage and pr reach

due to higher luminosities from ISR [Angelis et al., 1980].
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Figure 2.14  Left: Center-of-mass energy dependence of 1/(j2) from CCOR
at the CERN ISR. Right: Trigger pr and /s dependence of

Vo).

Using high-pr 7 triggers from 3-11 GeV/c, both (/(k%) and |/(j2) were extracted via
Eqn. 2.16 as a function of trigger pr and as a function of \/s. First, they found that \/(j%)

was independent of the trigger pr and /s. This is expected since fragmentation is a universal



26

process independent of the underlying process to produce the partons which subsequently
fragment. They also found that y/(k%) is large and increases with increasing trigger pr and
increasing /s (see Fig. 2.14).

Other evidence for jet-like structure of high-pr events came from rapidity distributions of
the away-side particles. The associated particle production is broad in rapidity but two peaks
were observed one at the opposite rapidity to the trigger direction and one near the same
rapidity of the trigger [Darriulat et al., 1976]. This is exactly what is expected for for jets
which are tightly collimated in both ¢ and n. Still, it was not until the early 1980’s when the
CERN ISR p+p collider running at a significantly higher /s (=560 GeV/c) that unequivocal
evidence for jet production in hadronic collisions was seen. An example of a jet event is given

in Fig. 2.15.

Figure 2.15 Event display from UA2 at the ISR p+p collisions producing
a pair of back-to-back jets [Banner et al., 1982].

Jet measurements in p(p)+p collisions have been made from +/s of 31 GeV up to 1.8 TeV
at CERN ISR and at the Fermilab Tevatron [Affolder et al., 2001; Abe et al., 1996; Abbott
et al., 2001]. Such measurements of jet production are used in global fits to constrain parton

distribution functions. They are also used to probe physics beyond the standard model since
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they represent the hardest probe available and thus probe the smallest distance scales. At

the present time NLO pQCD is able to describe the single-jet cross-section at all energies (see

Fig. 2.16).
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Figure 2.16 Inclusive jet production from CDF and a NLO calculation [Abe
et al., 1996]. Errors on the data are statistical only. The
difference between the data and theory are within the quoted
systematic errors.

2.4 Jet Production in p+A Collisions

In parallel to early experiments at the ISR, Fermi National Accelerator Laboratory (Fer-
milab) produced proton beams for fixed target experiments. Studies of high-py particle pro-
duction off nuclei were performed. Naively one would expect particle production to increase
with A, the mass number of the nucleus. This would be true if the nucleus was an incoherent
superposition of nucleons and no nuclear effects are present. The Chicago-Princeton collab-
oration measured the pr dependence of high-pr particle production in protons scattering off

Beryllium, Titanium, and Tungsten targets [Cronin et al., 1975]. The cross-sections were fit
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The resulting exponents, «, for proton and positive pions are shown in Fig. 2.17. There
are three important observations from this data 1) there is a difference between the particle
production of pions (mesons) and protons (baryons), 2) at low pr there is a suppression of
particle production relative to the incoherent nucleon-nucleon collisions, and 3) at high pp

there is an enhanced particle production relative to the incoherent nucleon-nucleon collisions.
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Figure 2.17 Left: Single particle production cross-section dependence on
the atomic mass, A, from Eqn. 2.17 for single positive pions
(closed circles) and protons (open circles) as a function of pr.
Data from Cronin et al. [1975]. Right: The ratio of positive
pion cross-section per nucleon in a tungsten target compared
to beryllium target. Data from Antreasyan et al. [1979] and
Straub et al. [1992].

An alternative quantity that reveals the similar results is R4,p which is defined as the
ratio of single particle cross-sections in p+A collisions to p+B collisions and normalized by the

number of nucleons.
Edo?/d*p Ap

Ra/p = FdoB [dp A, (2.18)

Fig. 2.17 shows this ratio for tungsten and beryllium targets for two different center-or-mass

energies. At the lowest pr we see a suppression of particle production in p4+W collisions
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compared to p+Be. At mid-py the ratio is above one, implying an enhancement of particle

production. At still further higher pr the ratio decreases to unity.
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Figure 2.18 Comparison of ratio of single particle spectra in d+Au colli-
sions (open and close circles) and Au+Au collisions (triangles)
compared to binary-scaled p+p collisions.

This ratio has been measured at RHIC in d4+Au collisions where the production of particles
in d4+Au is compared to p+p. This is plotted in Fig. 2.18. The ratio for 7° production is
consistent with this picture of a suppression at low ppr, enhancement at mid-pr, and unity
at high-pr. From lower \/syn (center-of-mass of the nucleon-nucleon system) data there is a
decrease of the peak of the ratio with increasing \/syy [Straub et al., 1992].

The enhancement of particle production at mid-pr was reproduced in parton models by
including multiple scattering of the outgoing partons within the nucleus [Kuhn, 1976]. This
process is akin to a charged particle multiple scattering through a material. Multiple scatter-
ing will broaden the momentum distribution of the outgoing partons enhancing the mid-pr
spectrum. The effect decreases away at high pp since the successive multiple scatterings are
soft and the additional momentum is small compared to the initial momentum. This multiple
scattering model was adapted to include the observed differences between pion and kaon en-
hancement, but not that difference with protons [Lev and Petersson, 1983]. It also predicted

that the jets from which the high-pr particles were produced would be more acoplanar. That
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is, as the partons propagated through the medium the multiple scattering would increase the

partons k.
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Figure 2.19 Plotted is extracted 1/<k:%y> from di-jets production in p+A

collisions. E609(left) [Corcoran et al., 1991] measured jets in
p+A collisions and E683 (right) [Naples et al., 1994] measured
measured jets in y+A and w+A collisions. The E683 data
follows the curve for @ = 0.32 £+ 0.08 for the v beam and
o = 0.39 + 0.15. Within errors this is consistent with A!/3
dependence expected from multiple scattering.

Fermilab fixed target experiments began measuring jet production off of nuclear targets in
the late 1980’s and early 1990’s. These experiments focused not only on the measurement of
the jet cross-sections and « but also the planarity of the di-jets. The first such measurement to
study the planarity of reconstructed jets from p+A collisions was the E557 collaboration [Stew-
art et al., 1990] using a proton beam of 800 GeV corresponding to a center-of-mass energy
VsnN = 38.8 GeV/c. They compared the relative azimuthal angle between di-jets in p+p,
p+C, and p+Pb. They found a systematic broadening above the increasing background with
the larger nuclei, hinting at a mechanism that increases the acoplanarity of the di-jets.

At lower beam energy two different experiments (E603, E683) measured jet production
with ~, m, and proton beams [Corcoran et al., 1991; Naples et al., 1994]. Fig. 2.19 summarizes

the results. These experiments found a substantial increase in 4/ <k%y> with atomic mass. The
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E683 results for <k%y> are offset from the true value due to the identification of the jets.
The jet identification is affected by the increased multiplicity of the underlying event. This
offset was simulated to be independent of A but depends on the composition of the beam. The
m-beam offset is ~ 3 GeV/c and 7-beam offset is ~ 1 GeV/c. When these offsets are taken

into account, </<:%y> are very similar between two different beams and the proton beam data

from E609. Any extra ,/<k:%y> in y+A collisions must be due to multiple scattering of the
final state partons since the v does not multiple scatter as it traverses the nucleus. Therefore,
any increase in acoplanarity is due to interactions of partons in the final state. All three data
sets being consistent with one another implies that the initial state has little to no effect on
the increase of the measured k.
The data from the photon and pion beam was also fit to a functional form to determine
the A dependence.
(k2,) = Co+Ci(A—1)" (2.19)

Here Cy is <k:%y> in p+p collisions and C is the rate of change of <k:%y> with A. The

expected increase in <k:%y> should be A'/3 since the amount of multiple scattering is pro-
portional to the length traversed in the nucleus. The fitted values of a are 0.32+0.08 for the
photon beam and 0.39+0.15 for the pion beam. Both are consistent with an AY/3 dependence
expected from multiple scattering.

Renewed theoretical interest in the Cronin effect came with the advent of RHIC and LHC.
Since, in heavy ion collisions multiple scattering from each of the partons from the hard scat-
tering may be significant. A recent review [Accardi, 2002] summarized the theoretical devel-
opments in multiple scattering in the nucleus prior to the d4+Au run at RHIC in 2003. The

general result from several models was that there is an increase in kr that is related to

A(kr) = (W) ., — (k)

— ous (Varm) T (0) (2.20)
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where T (b) is the nuclear thickness function of the overlapping nuclei with impact parameter
b and o5 is the multiple scattering cross-section. This cross-section depends on the theoret-
ical model. The expected A'/3 dependence enters in T (b) and the /s dependence is in the
cross-section. Further these models assume that it is in both the initial and final state that

contributes to the increase in jet acoplanarity due to multiple scattering.

2.5 Jet Production in A+A Collisions

Heavy ion collisions have a long and interesting story [Baym, 2004]. Using heavy ion
collisions to study a phase transition in QCD was first discussed some 30 years ago. Heavy
ion collisions were first performed at the Berkeley Bevalac during the 1970’s and 80’s. These
were fixed target experiments where the heavy ion beams were incident at about /syn of
2 GeV/c. These experiments were focused primarily on determining the equation of state of
QCD matter at extreme densities. This was motivated by astrophysical interest in the core
structure of neutron stars where the energy density was about 1 GeV/fm3 or about 4 times
the normal nuclear matter energy density. Because of the energy and the goals of the collider,
only soft, bulk properties (i.e. multiplicity, flow, and strangeness production) were measured.
For a history of the results from the Bevalac to RHIC see Stock [2004].

Beginning in mid-80’s the Alternate Gradient Synchrotron (AGS) at Brookhaven provided
heavy ion beams for fixed target experiments. Soon after the CERN’s Super Proton Syn-
chrotron (SPS) began providing heavy ion beams for fixed target collisions as well. These
accelerators produced center-of-mass energies that were < 20 GeV /nucleon and, at those ener-
gies, high-pr particle cross-sections are still small. It was not until the mid-to-late 1990’s that
a measurement of high-pr cross-sections was performed at the SPS. Even then, many mea-
surements at the SPS and the AGS were focused on bulk properties of the final state matter in
a quest to discover the QGP. As a result before RHIC there is little data on high-pr particle
production and no data on jet production from heavy ion collisions.

When no new final state interactions are present, A4+A should reveal the same phenomena

as p+A collisions, i.e. the Cronin effect. At sufficiently high temperature one expects a quark-



33

gluon plasma (QGP) to form. One of the earliest signatures of the formation of the quark-gluon
plasma was that of jet energy loss [Bjorken, n.d.]. Initially this energy loss was predicted to be
due to elastic scatterings within the medium. The multiple elastic scatterings in the medium
have the natural consequence of increasing in the acoplanarity of di-jets [Appel, 1986; Blaizot
and McLerran, 1986]. It was shown, however, that, because the energy loss due to elastic
scattering is small, this acoplanarity may not be an ideal probe of the quark gluon plasma.
Because of the soft background jet finding would be difficult and reasonable experimental cuts
on finding jets would mask the signature [Rammerstorfer and Heinz, 1990)].

By considering radiated gluon energy loss, that is bremsstrahlung of the parton through
the medium, a larger suppression of high-pp particle production was predicted [Gyulassy and
Plumer, 1990] as well as a large acoplanarity of di-jets [Baier et al., 1999]. As an example
from QED, the energy loss, AE, due to photon bremsstrahlung is proportional to the length
that the charged particle traverses in the medium. However, in QCD the total energy loss is

proportional to the square of the length traversed in the medium [Baier et al., 1997].
AE o« —pi2L? /N = —aGL? (2.21)

The different length dependence is due to the additional contribution in QCD due to the
radiated gluon interacting with the medium. In Eqn. 2.21 A = 1/ (o¢p) is the mean free path
of the parton in the medium where p is the medium’s color-charge density, which is dominated
by gluons, and o is the elastic scattering cross-section of the parton with the medium.

It is useful to introduce the transport coefficient ¢ which describes the opacity of the
medium, a large § the medium is more opaque, less transparent. The transport coefficient is
defined as § = p?/\ where p is the average momentum transfer in the parton-medium collision.
Not only is ¢ related to the energy loss but it is also related to the broadening of the di-jets in
the nuclear medium. Because of multiple scattering in the medium, the acoplanarity of the jets
will increase. This increase in the measured partonic kr proportional to the length traversed

and the transport coefficient.

A <k%> = 4L (2.22)
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Therefore, because of energy loss of a fast parton in the QGP, one expects a shift to lower
values in the spectrum of high-ppr particles from the collision and an increase in kp of the

partons from back-to-back jets.

< 3¢ .
< C A Pb-Pb— %X @ w=17.3 GeV (0-1% central)
(1 m rC * o+ o 2eX @5y, = 31.0 GaV (min.bias)
2'5__ Au-Au — 104X @ﬁ, 120 GeV (0-10% central)
C @ AusAu = 224X @ 5y, = 200 GeV (0-10% central)
2—
Fosie
| SRS B e
05- “‘g‘;‘* é”, — ‘ ‘
C | : ?\ .l’ ® ‘ |+ é |
° 2 4 6

8 10

pr (GeV/c)

Figure 2.20 Comparison of R4a (see Eqn. 1.3) from 7° production in
a+a at ISR (stars) [Angelis et al., 1987], Pb+Pb at SPS
(triangles) [Aggarwal et al., 2002], and Au+Au at RHIC
(squares and circles) [Adcox et al., 2002; Adler et al., 2003b].
For the SPS data the p+p baseline spectrum was reana-
lyzed [d’Enterria, 2004].

The suppression of high-pr particles as predicted by energy loss models was discovered at
RHIC. The spectrum in Au+Au collisions was measured and compared to p+p collisions at

the same energy by the nuclear modification factor, R44.

1 d’Naya
27TpTNevt dedy (2 23)

1 4> Np+p
<N00”> 2mpr Newt dprdy

Raa =

where (N,oy;) is the number of binary nucleon-nucleon interactions there are for a given Au+Au
event selection. This quantity is plotted in Fig. 2.20 for 7° production from ISR [Angelis et al.,
1987], SPS [Aggarwal et al., 2002], and RHIC [Adcox et al., 2002; Adler et al., 2003b]. In the
a + « collisions the ratio is above one, indicating an enhancement of particle production at

moderate pp which is the Cronin effect. At the CERN energies with Pb+PDb collisions a slight
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suppression is seen but the ratio is near one at the highest pr measured. As the center-of-
mass energy (per nucleon) increases to RHIC energies a clear, persistent, suppression of 7°
production compared to binary-scaled p+p collisions is observed out to very high py.

One successful theory in predicting the single particle results at RHIC is reaction operator
approach of Gyulassy, Levai, and Vitev (GLV) Gyulassy et al. [2000]; Gyulassy, Levai and
Vitev [2001]. In this approach the energy loss is calculated as an expansion in the opacity of
the medium where opacity is defined as x = u/\. By varying the gluon density in the medium

the measured Ra4 from RHIC and SPS is reproduced (see Fig. 2.21).
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Figure 2.21 Comparison to the SPS and RHIC data from GLV [Vitev and
Gyulassy, 2002] energy loss model for different gluon densities.

Further data on energy loss can be obtained in two-particle correlations, which is the
subject of this thesis. In two particle correlations one measures the relative azimuth, A¢, to
probe the physical correlations between pairs of particles. These correlation will be sensitive
to jet correlations since jet pairs are found close in A¢ and di-jet pairs are offset by 180° in

A¢. Another source of correlation include the harmonic correlation of particle production due
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to a differential pressure gradient resulting from an asymmetric overlap region between the

colliding nuclei (see Section 4.3 for complete details).
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Figure 2.22 Left: Correlations of pairs of unidentified charged hadrons in
two different momentum ranges in both p+p and Au+Au mea-
sured by the STAR experiment [Adler et al., 2003a]. The p+p
is modulated by the measured elliptic flow in Au+Au colli-
sions. Right: Ratio of near-(A¢ ~ 0) and far-side (A¢ ~ )
pair per trigger yields in Au4Au compared to p+p (see
Eqn. 2.24) as a function of Au+Au centrality as measured
by the STAR collaboration [Adler et al., 20034].

The STAR collaboration at RHIC measured these A¢ correlations between pairs of uniden-
tified charged hadrons where one particle (the trigger) had pr between 4 and 6 GeV /c and the
other (the associated) had a pr from 2 GeV/c up to the trigger pr. These correlations were
measured in both p+p and Au+Au collisions [Adler et al., 2003a] and are plotted in Fig. 2.22.
From these correlations the number of pairs per trigger particle within a specified A¢ range
is measured. Ranges were chosen to compare the yield within the jet, around A¢ = 0, and
within di-jets, around A¢ = 7, in both p+p and Au+Au collisions. The ratio of these data is

plotted as I44.
Au+Au
1 deair
dpr

dNP+P

pair

dpr

(2.24)

Nt'rig
This quantity is plotted in Fig. 2.22 as a function of centrality for two different trigger momen-

tum bins. In both trigger pr ranges a suppression of the away side pairs per trigger and this
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suppression increases with increasing centrality. The centrality is measured by the number of

participating nucleons N,q¢ in the overlap region.
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Figure 2.23 Pair per trigger A¢ distribution from pairs of unidentified
charged hadrons in Au+Au collisions at different centralities.
These distributions are shown after the subtraction of the flow
component [Adler et al., 2005a].

Such correlations suffer from a “trigger bias” where the trigger particle is emitted near the
surface of the overlap region and suffers little to no energy loss. The corresponding jet opposite
to the trigger traverses most of the medium and can loose a significant amount of energy. The
near-side yield is at (or above) the yield in p+p collisions while the away-side is suppressed
due to energy loss.

Study of the shape of the away-side correlation should be sensitive to the multiple scattering
due to this energy loss. The PHENIX collaboration has studied the shape of the far-side
correlations at low to moderate pp [Adler et al., 2005a]. These correlations showing only the
jet contribution are plotted in Fig. 2.23 for different Au+Au centrality bins. The correlations

are constructed from pairs of unidentified charged hadrons where the trigger is between 2.5-
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4 GeV/c and the associated particle is between 1-2.5 GeV/c. In the far-side, the structure
changes with centrality to a local minimum forming at A¢ = 7.
fragments from the away-side jet, which propagates through more of the medium than the

near-side, are not back-to-back on average and not just broadened.
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Figure 2.24  Left: Comparison of the single unidentified charged hadron
spectrum in d+Au (circles and triangles) and Au+Au (stars)
as compared to binary-scaled p+p collisions. Right: Compar-
ison of unidentified charged hadron pair correlations in p+p,
d+Au, and Au+Au collision. Data measured by the STAR
collaboration [Adams et al., 2003]

Furthermore, these effects on the single particle suppression and the pair yields and cor-
relation shape do not seem to be present in d4+Au collisions [Adler et al., 2003¢; Back et al.,
2003a; Adams et al., 2003]. Fig. 2.24 shows an example of R4 from Au+Au contrasted with
that quantity in d+Au collisions. The d+Au ratio shows an enhancement at moderate pr
consistent with the Cronin enhancement seen at lower /s. This is in stark contrast to the
observed Au+Au suppression. Further two-particle correlation measurements shown in the
right panel of Fig. 2.24 show evidence for a clear far-side distribution that is similar to p+p.
That is, it is neither suppressed nor a strongly modified as that in Au+Au. Taken together
these data result in the conclusion that strong energy loss in Au+Au occurs in the final state
at RHIC.

More information on jets in A4+A collisions is found by examining high-pr processes and

requiring particle identification. Fig. 2.25 shows the proton-to-pion ratio as a function of pr
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for different Au+Au centrality bins [Adler et al., 2003d]. The proton-to-pion ratio increases
with increasing centrality and in the most central Au+Au collisions, the ratio is at 1. There

are as many protons as pions produced.
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Figure 2.25 Ratio of protons to pions (anti-protons to negative pions on
the right) as a function of pr for different Au+Au centrality.
Open points are results using the identified charged pions as
the denominator. The filled points are results using neutral
pion production as the denominator.

This result can be contrasted with e™+e~ gluon and quark jets. In these jets, there is purely
fragmentation in vacuum. The fragmentation favors pions (mesons) to protons (baryons). This
can be understood by the breaking of the color field connecting the two outgoing quarks, the
string. As the two partons move away from one another the increase of energy in the field (see
Fig. 2.3) will more easily produce a qq pair instead of a di-quark pair. The former results in a
two valence quark meson whereas the latter forms a three valence quark baryon. A proton-to-
pion ration of about 0.2 is measured in e™ — e~ annihilation. The data show that in a central
Au+Au collision the ratio is five times this value indicating another production mechanism is
present which augments baryon production.

The leading model which provides a mechanism to explain the changing proton-to-pion
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ratio [Fries et al., 2003] as well as the magnitude of the identified particle flow strength, vo, is
recombination [Molnar and Voloshin, 2003]. If partons are relatively close in phase space, they
coalesce to form hadrons. Because of the copious production of particles in Au+Au collisions,
finding partons near one another in phase space is more probable than in other collisions. To
see how this explains the extra particle production at moderately high pr consider a steeply
falling spectra of partons. There is an interplay between two mechanisms to produce a given
hadron at moderately high py. First is the fragmentation of a higher ppr parton to a lower
pr hadron. The second is the coalescence of two or three partons at lower pr to produce a
hadron with roughly 2pr or 3pr. At moderate pp, recombination will be important since the
probability to find two partons at 2 GeV/c to produce a 4 GeV/c meson is similar to the
probability of fragmenting a 6 GeV/c parton into a 4 GeV/c hadron. Further the difference
between baryon and meson production is explained from recombination because three partons
at 2 GeV/c will produce a proton at 6 GeV/c whereas it takes two partons at 3 GeV/c to
produce a meson at 6 GeV/c. The probability to find three 2 GeV/c as compared to two 3
GeV /c partons is given by the steeply falling spectrum. At higher and higher pp the effect of
recombination will become smaller and smaller due to the steeply falling spectrum.

To summarize, there are many effects in high-pr particle production that have been ob-
served in RHIC, high-pp suppression in Au+Au that is absent in d4+Au collisions, suppression
of away-side pair correlations in Au+Au that is not present in d+Au, and a baryon-meson
production anomaly. All of these effect the interpretation of high-pr particle production in

A+A collisions.

2.6 Summary

The overall goal of this thesis is to present for the first time a systematic study of jet
properties from p+p to d+Au to Au+Au collisions. As discussed the first jet measurements
from nuclear collisions are available at RHIC. They pose a unique probe to study the matter
produced in the nuclear collisions. The jets are readily produced in the collisions and interact

strongly with the surrounding medium.
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In the end hadronic fragments of the jet are measured in the detector, thus there are a non-
perturbative effects in jet properties. These are taken care of by a study of p+p collisions which
represents the absolute baseline for the study of jets from nuclear collisions. The jets from p+p
collision will have, by definition, no modification and represent the vacuum fragmentation and
vacuum acoplanarity.

For d+Au collisions one of the main goals is to test the multiple scattering model at higher
\/s. This is done by measured both the acoplanarity of jets to directly measure in the increase
between p+p and d+Au collisions. This is also tested by measuring the xg distribution of
the away-side distribution. These distribution are related to the fragmentation function. It
is possible that radiation due to the multiple scattering in medium could affect the measured
fragmentation function. The final test is d4+Au centrality dependent measurement of the
acoplanarity. This will directly test the length dependence of the multiple scattering model.
The d+Au data also provide a critical baseline for jet modification that are predicted to be
present in A+A collisions at RHIC.

Finally, in Au+Au collisions, the resulting final state, whatever it may be, could produce
further measurable effects on jets. A direct measurement of broadening of the away-side jet
structure is made by pushing the data to the highest pr available. This results in possibly
measuring the away-side jet when it is not completely suppressed. The broadening is measured
directly by measuring the width of the distribution and by measuring p,: distributions where
Dout 1S the magnitude of the associated pr perpendicular to the trigger pr. This broadening
can be compared directly to broadening in d+Au collisions to extract the contribution from
Au+Au collisions directly. The conditional yield from the away-side is also measured to ex-
tend the pp reach of previous measurements. The yields are measured from xp distributions.
The measurement of both the width and yields from the away-side distribution will put new

constraints on energy loss models in Au+Au collisions.
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CHAPTER 3. PHENIX Experiment

This chapter introduces the PHENIX detector. Each subsystem relevant to this analysis
is discussed in some detail. Global event characterization such as triggering on events from
different collisions and the determination of the centrality or the impact parameter of the heavy
ion collisions is explained.

The PHENIX detector is a large, multipurpose detector with several integrated subsys-
tems used for event characterization, charged particle tracking, particle identification, electro-
magnetic calorimetry. These subsystems are arranged in two central spectrometer arms and
two muon arms at forward and backward rapidity. The central arms cover a total azimuthal
range of 7 radians and are located at pseudorapidity of || < 0.35. The forward spectrometer
arms are located at each end of the central spectrometer. They cover 27 in azimuth and || of
1.2-2.2 units. This analysis utilizes the central spectrometer arms and the subsystems which
comprise these arms are covered in the following sections. Figure 3.1 is a beam view cross-
section of the PHENIX central arms which were used in the analysis. A complete overview of

the whole PHENIX detector is found in Adcox et al. [2003].

3.1 Global Detectors and Event Characterization
Event characterization is necessary for both p+p and heavy ion collisions to
1. Determine if a collision has occurred.
2. Determine if a collision should be triggered on.

3. Determine the initial time of the collision for time-of-flight (TOF) measurements.
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Figure 3.1 The two central spectrometer arms of the PHENIX experiment
used to collect the unidentified charged hadrons, electrons, and
photons.

4. Determine the collision point (in the case of PHENIX, the vertex point along the beam

direction).

5. Determine the collision centrality in heavy ion reactions.

3.1.1 Beam-beam counters

In PHENIX the Beam-Beam Counters (BBCs) [Allen et al., 2003] are used in all aspects
of event characterization. The BBCs are sets of 64 Cherenkov counters symmetrically placed
144 cm along the beam line and cover 27 in azimuth and 3 < |n| < 3.9 units of pseudorapidity.
The BBCs are part of the global level-1 trigger system which determines if a collisions has
occurred (see Section 3.1.6 and Section 3.1.7).

The BBCs determine the event vertex from the average time difference between leading
particles reaching each BBC. The inital time of the collision is necessary for time-of-flight
measurements for particle identification. The timing resolution of the BBC is 52 + 4 ps for an
individual element, which results in 40 separation of pions and kaons up to 2.4 GeV/c in the

TOF wall located 5 m from the beam line.



44

The multiplicity in the BBC is also useful in heavy ion reactions to aid in determining the

centrality of the collisions. This is discussed later in Section 3.1.4 and Section 3.1.5.

3.1.2 Zero-degree calorimeters

The zero-degree calorimeter (ZDC) [Adler et al., 2001] is a common detector among all
RHIC experiments in order to characterize nucleus-nucleus collisions. The ZDCs are located
at the edge of each of the dipole magnets, which diverge the beams from the interaction region.
Each ZDC covers 27 in azimuth and are + 2 mrad from the beam line.

The ZDCs are hadronic calorimeters which measure very forward (spectator) neutrons from
a collision. These neutrons are sensitive to peripheral heavy-ion collisions (see Section 3.1.5
and Section 3.1.7) and as a general luminosity monitor for RHIC itself. From the timing
information one can determine the event vertex of the collision in a similar manner as the

BBC.

3.1.3 Centrality Definition

In heavy ion collisions, the amount of overlap of the nuclei is quantified as the centrality
of the collision. An example of a non-overlapping nuclear collision is shown in Fig. 3.2. In this
figure the nuclei are assumed to be spherical (as is the case for the Au nucleus) and travelling
in the direction into and out of the page.

Centrality can be related to the impact parameter, b, which is the vector connecting the
center of the two nuclei. Centrality can also be quantified by the nucleons that participate
in the overlapping, shaded area, Np.+. These participating nucleons undergo several nucleon-
nucleon collisions, N, and centrality can be defined from this as well.

This last quantity, N, can be calculated from the nuclear overlap function, T4 4(b). If the
nucleon-nucleon cross-section is oy, then Ny is related to T4 (b) as (Neoy) = onnTa4(b).
To define T'4 4(b) more precisely it is necessary to define the nuclear thickness function, 74 (b).
This is the number of nucleons per unit area that a single nucleon interacts with as it traverses

the nucleus. If the beam travels along the z direction into a nucleus A that has a number
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Figure 3.2 Schematic diagram of interacting nuclei. The overlap (shaded
grey) region is where the nucleons which participate in the in-
teraction are located. The remaining nucleons are labelled as
spectators. The distance between the two nuclear centers is la-
belled, b, the impact parameter. The overlap region is typically
denoted by a function T'44(b).

density, n4, then

Ta(b) = /dz na(VB + 22) (3.1)

For p(d)+A collisions this function would define the “overlap” of the nuclei. For two heavy nu-
clei both thickness functions from each nuclei must be included. This nuclear overlap function

between two nuclei is defined as
Tua(b) = /d2§TA (5)Ta (5 1) (3.2)

where the vector §is centered on one of the two nuclei and the integration is over the overlap
region.

All of these quantities, Npart, Neoir, Ta(b), and Ty g(b), can be determined from the Glauber
model of high-energy collisions. In this model, the nucleons in a nucleus are have some distri-

bution. The nucleons travel in straight line trajectories along the direction of the nucleus. It
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assumes that the nucleon-nucleon cross-section is the same for nucleons in a nucleus as in free
space and that these are not modified by the fact that a nucleon may have previously inter-
acted. By making further assumptions about detector response it is the possible to determine

the mapping of a detector to Npart, Neoit, Ta(b), and Tap(b).

3.1.4 Centrality Determination in d4+Au Collisions

Centrality selection in d+Au collisions is determined from the BBC in the direction that
the Au nucleus travels. To determine the centrality, it is necessary to know the minimum
bias trigger (see below) efficiency, which is 88.5%. This corresponds to the fraction of the
total inelastic cross-section that the trigger is sensitive to. This was determined from the
assumption that the BBC multiplicity in the Au-going direction is a weighted sum of negative
binomial distributions (NBD) [Tannenbaum, 2001]. Each NBD represents the BBC multiplicity
distribution for a given Npq,;. The weight is determined by the probability for a collision to
have a certain Np,+ and is found by a Glauber model. The difference between the assumed
form of the distribution and the measured form of the distribution is taken to be the efficiency.
For more details see Milov et al. [2003].

The BBC multiplicity distribution is shown in Fig. 3.3. This distribution is broken up
into bins corresponding to some percent of the distribution. The highest BBC multiplicity,
the lowest fraction of the distribution, corresponds to the most central collisions. For each of
the centrality selections the weighted average of the contribution from the different NBDs are
known from the Glauber Monte Carlo. Therefore, one can determine the (N y;) and (T'4(b))

which correspond to a given centrality bin. These values are given in Table. 3.1.

Percent oinel | (Neon) | (Ta(b))(mb™)
0-20% 154+1.0 | 0.367 +0.024
20-40% 10.6 £ 0.7 | 0.252+£0.017
40-88% | 4.7+£0.3 | 0.112+0.007

Table 3.1 Table of the mean number of collisions for d+Au, N, versus
the percentage of the total inelastic cross section and the nuclear
overlap function T4 (b).
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Figure 3.3 Total charge distribution on the Au-going side Beam-Beam
Counter (BBC) for d+Au collisions and the centrality selection
(see Table 3.1).

3.1.5 Centrality Determination in Au+Au Collisions

The determination of centrality in Au+Au utilizes the Beam-Beam Counters (BBCs, see
Section 3.1.1) and the Zero-Degree Calorimeters (ZDCs, see Section 3.1.2). In peripheral
Au+Au collisions there is little nuclear overlap and few neutrons are produced along the beam
line since most of the spectators are heavy fragments swept away from the ZDC acceptance.
For a central Au+Au collisions with large nuclear overlap, there are few spectator neutrons
remaining from the collisions to deposit energy in the ZDC. In mid-central (or mid-peripheral)
collisions there several spectator neutrons on the ZDC. As a function of centrality one expects
a peak in the ZDC distribution at mid-central (mid-peripheral) collision. The multiplicity in
the BBC is an increasing function of centrality as in d+Au collisions (see Fig. 3.3). A plot of
the correlation between ZDC energy and BBC charge multiplicity is shown in Fig. 3.4. This
distribution is then divided into centrality classes by the “clock” method. This method is
illustrated in Fig. 3.4 where each of the slices of the distribution correspond to some fraction
of the whole distribution. Similarly as for the d+Au centrality a Glauber model is then used
to determine the average number of participating nucleons and the average number of binary

collisions which correspond to a given centrality range. These values are given in table 3.2.
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Figure 3.4 Correlation between deposited neutral in the
Zero-Degree (ZDC) charged particle
multiplicity in the Beam-Beam Counters (BBCs) and the

charge

Calorimeters and

corresponding centrality slices.

Percent oy (Npart) (Neon) (T'aa(b)) (mb_l)
0-20% 279.44+4.0 | 779.2 £75.2 18.55 £ 1.27
20-40% 1404+ 4.9 | 296.8 £ 31.1 7.06 £ 0.58
40-60% 60.0 £ 3.6 90.6 £11.8 2.16 £0.26
60-92% 14.5+25 14.5 £+ 4.0 0.35+0.10

Table 3.2 Table of the mean number of participating nucleons, Npar, bi-
nary collisions, N, and the nuclear overlap function, T4 4(b),
versus the percentage of the total inelastic cross section in
Au+Au collisions.

3.1.6 Level-1 Triggers in p+p and d+Au

The triggering in PHENIX was performed with several different Level-1 triggers in p+p
and d+Au collisions. The minimum bias trigger, that trigger which requires little physics
requirement except that a beam-beam interaction occurred, required at least one hit in each
of the BBCs and that the collision vertex (computed online) satisfies |zyertex| < 30 cm. It was
sensitive to 88.5% of the total inelastic d4+Au cross section (see Section 3.1.4).

PHENIX also employed a series of Level-1 triggers to select electrons, photons and, with
lower efficiency, high-pr hadrons. These triggers are called the ERT triggers and they utilized

the Ring Imaging Cerenkov (RICH) (see Section 3.4.1) for electron identification, together
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with the Electromagnetic Calorimeter (EMC) (see Section 3.4.2). The RICH identifies charged
particles within its fiducial volume by the cerenkov light the particles emit if they are travelling
faster than the speed of light in the region. Cerenkov cones of light are reflected onto a series
of photo-multiplier(PMTs) tubes for readout. The EMC has a long radiation length to absorb
the energy from electromagnetic interactions within the material. The EMC is broken up into
towers corresponding to a single PMT readout. The ERT triggers were produced by summing
signals from tiles, where a tile was 4x5 photo-multipliers (PMTs) in the RICH and either 2x2
or 4x4 PMTs in the EMC.

The electron trigger was defined by the coincidence between the minimum bias trigger and
the RICH and EMC 2x2 trigger. The threshold for the RICH tile was 3 photo-electrons and
the EMC threshold varied between 400-800 MeV. Three different thresholds were available
for the 4x4 photon triggers. These thresholds differed between the PbGl and PbSc and varied
within and between the p+p and d4+Au runs. The lowest threshold setting is about 1.4 GeV

and was most sensitive to hadronic showers in the EMC.

3.1.7 Level-1 Triggers in Au+Au Collisions

Because of the exceptional performance of the PHENIX data acquisition system, PHENIX
wrote out nearly all of the 2004 Au+Au data as minimum bias. The minimum bias trigger
required at least two hits in each of the BBCs, a coincidence of signals in each ZDC, and
a z-vertex as computed online of less than 30 cm from the center of the interaction region.
The minimum bias trigger is sensitive to 92.21%8% of the total inelastic cross-section [Adler
et al., 2005¢]. The central value was determined from a PISA (PHENIX Integrated Simulation
Application) simulation of the BBC response to simulated Au+Au events from HIJING (Heavy
Ion Jet Interaction Generator) [Wang and Gyulassy, 1991]. The error on this efficiency is a
systematic error due to the response of the ZDC at peripheral collisions and the BBC at central
collisions. In peripheral collisions, there are few neutrons that are not bound within a heavy
fragments that are swept out of the ZDC acceptance. In peripheral collisions, there are small

signals with large fluctuations in the ZDC. In the BBC, because of the multiplicity in central,
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fully-overlapping, events, the BBC can become saturated. Small variations in the detector

response becomes important.

3.2 PHENIX Central Magnetic Field

The PHENIX magnetic field [Aronson et al., 2003] is a combination of four different mag-
nets, two for the central arms, and one for each of the muon arms. The muon magnets only
slightly affect the central arm field and only at the edge of the central arm, thus the focus in
this section is on the central arm magnets. To maximize the pp sensitivity of PHENIX an axial
field configuration was chosen, that is the field is along the beam line and any particle that is
emitted radially bends in the azimuthal direction where the Drift Chamber (see Section 3.3.1)
has excellent r-¢ resolution. There are two different fields that can operate independently, an
inner and outer coil. These have been run in the “+4” and “+-” configuration where the
“++4” configuration results in the largest magnetic field of about 9 kG at the center of the
interaction region, decreasing radially outward, and becoming negligible with a strength of a
few hundred Gauss at about 2.2 m, the center of the Drift Chamber. The “4-" configuration
results in a field that is zero at the center of the interaction region, peaking at 3.5 kG at around

1 m from the beam line, and decreasing until it is negligible at around 2.2 m.

3.3 Charge Particle Tracking

3.3.1 Drift Chamber

The Drift Chambers (DCH) [Mitchell et al., 2002] are located in both PHENIX central
arms and cover the entire ¢ and 7 coverage of the central arm. They are located at a radial
distance from 2.0 - 2.4 m from the beam line. At this position the DCH is almost entirely out
of the PHENIX central magnet and only a residual field of about 0.6 kG exists at the front
face of the detector with the field strength decreasing radially through the detector.

There are two planes of wires, X1 and X2, located along the beam direction (z-direction)

which are used for r-¢ determination of a track. Four other planes of wires, Ul, U2, V1, and
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V2, span the z direction but at + 6° relative to the z-direction and yield information on the
z-direction of the track.

Extensive simulation of the electric field was performed. The fine-tuned adjustments to the
field result in single wire efficiency of 95%, singe wire resolution of 165 pm, and a two-track

resolution of 2 mm.
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Figure 3.5 Left: Pixel arrangement of a pad. Right: Definition of a cell
based on the pads. In both the z direction is left to right and
the r-¢ direction is up and down.

3.3.2 Pad Chambers

Tracking is also carried out with three different sets of multi-wire proportional chambers
known as the pad chambers (PCs) [Mitchell et al., 2002]. They are labelled PC1 for the inner
most located in both arms directly behind the DCH, PC2 for the intermediate chamber located
only in the West Arm (see Figure 3.1) behind the RICH, and PC3 for the outer chambers
located in both arms in front of the EMC. These detectors are have a single set of sense wires
along the z-direction. These are segmented into pixels 8.2 mm along z by 8.4 mm in r-¢. A
pad is formed by an the formation of pixels shown on the left panel of Fig. 3.5. A cell is formed
by three adjacent pads, see the right panel of Fig. 3.5.

The resulting performance of the pad chambers are greater than 99.5% tracking efficiency
in the high-multiplicity Au+Au environment and a z-resolution of 1.7 mm. The two-track

resolution for PC1 and PC3 is 4 cm and 8 cm, respectively.
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3.3.3 Track Reconstruction

inclination angle

/ .
X1/ "u\ i = particle

reference circle
R =220 cm

DC West Arm

Figure 3.6 Circle defined by the DCH reference radius, 2.2 m which is the
center of the detector. The angle of inclination at the DCH
reference radius, «, is related to py of the track.

The PC1 and the DCH form the basis for the track model for PHENIX. The DCH measures
azimuthal position of the track, while PC1 determines the polar angle, i.e. the z information.
The algorithm for the charged particle tracking is the combinatorial Hough Transform [Mitchell
et al., 2002]. Fig. 3.6 shows the relevant definitions of quantities used in the track model. The
process is for each pair of hits in the DCH the azimuthal angle and the angle of inclination, «,
of the straight line between the hits and a reference radius in the drift chamber is calculated
and histogrammed. The angle of inclination is proportional to the pr of the charged particle.
Pairs of hits belonging to the same track cluster in ¢-a space. Those hit pairs define a track.
In the end the efficiency for track reconstruction is > 99%.

Track matching is done to the outer detectors, i.e. PC3. Part of the hits on the outer
detectors are from electron conversion after the DCH or from decays of particles near the
DCH. Therefore, requiring track matching between the DCH-PC1 track with an outer detector

removes such background. This is discussed in detail in Section 5.1.2.1.
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3.4 Electromagnetic Detection

3.4.1 Ring Imaging Cherenkov

The Ring Imaging Cherenkov detector [Aizawa et al., 2003] is a ethane-filled volume that
detects charged particles that pass through with 8 > 1 in the medium. Electrons radiate above
18 MeV/c and pions radiate above 4.9 GeV/c. Particles above the threshold velocity emit a
cherenkov cone with a half angle dependent on their velocity. This cherenkov light is reflected
off of the back of the RICH by a set of mirrors that focus the light onto a series of PMTs to be
read out. The fast readout of the PMTs allows the RICH to be part of the Level-1 triggering.

Electrons are determined by matching DCH-PC1 tracks to the outer detectors (PC2 and/or
PC3), to the EMC (see the next section) cluster of an electromagnetic shower, and to a RICH
cerenkov ring. Further rejection of background results from requiring the high momentum
electron candidate have an energy-to-momentum ratio ~ 1. A similar procedure is employed
for charged pion detection. A DCH-PC1 track matches to an outer detector hit and to a RICH

ring. Further a match is made to a hadronic shower in the EMC.

3.4.2 Electromagnetic Calorimeter

The Electromagnetic Calorimeter (EMC) [Aphecetche et al., 2003], consists of 8 sectors,
6 of which are Lead-Scintillator (PbSc) sampling calorimeters and 2 are Lead-Glass (PbGl)
Cherenkov counters.

The PbSc has alternating lead and scintillator tiles front to back. An electromagnetic
interacting in the lead produces a spray of electrons and photons which scintillate in the
scintillator and the resulting light is readout from PMTs. The PbSc has excellent timing
resolution of about 100 ps for electrons and photons nearly independent of the incident energy.
It’s energy resolution from beam tests is 8.1%+/E(GeV)$2.1%.

The PbGI was commissioned and used successfully in the CERN SPS WA98 experiment.
Light is read out by PMTs. The PbGl has excellent energy resolution of 5.9%/1/E(GeV)®0.8%

and has a timing resolution of about 300 ps.
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Electromagnetic showers are primarily identified by time-of-flight (TOF) and shower shape.
Because electrons are light and photons are massless, they are the first to arrive at the EMC.
After correcting for the flight time from the interaction point to the EMC and the start time
from the BBC, a peak at t=0 is seen for photons and electrons. Heavier hadrons show up as

long tails at long times in the distribution.

p=2GeVic

EEML‘f © > 05 GEV

S
iy, T
e T
| Al | i |
Ty e i
B s TR TR R
R e ) TR T
I ! NI
‘I EINL|
| ny-
A

W% cut for e’s

@ 2 4 L} 8 10 12 14 16 18 20

IND

Figure 3.7 PbSc shower shape x?/NDF for 2 GeV/c electrons and pions.

In the PbSc, the shower shape is corrected for the impact angle and the energy of the
photon. To quantify the shower shape in the PbSc the x? variable is defined [David et al.,
20004,

[fjmeas _ EPTed 2
X2 — Z ( ) 5 % ) (33)

i i

where E is the energy measured at tower i, EY red is the predicted energy for an electro-
magnetic particle of total energy ., E;"°*, and o; is the predicted fluctuation in energy in a
tower i. This x? value is useful for the discrimination of electromagnetic from hadron showers.
A typically x? cut of 3 corresponds to a S/B of 9/1 for electromagnetic/hadronic showers (see
Fig. 3.7).
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CHAPTER 4. Experimental Measurement of Jets in Heavy Ion Collisions

This chapter details the experimental procedure in measuring jets. First, two-particle
correlation function and the experimental method to measure these are given. The different
sources of physical correlations in hadronic and heavy-ion collisions, namely elliptical flow
and di-jet correlations are discussed. The chapter ends with a discussion of fundamental

relationships that are used to quantify these sources of correlation from the correlation function.

4.1 Correlation Functions

In a typical high-energy experiment, the fact that jets are highly collimated in ¢ and 7
space is exploited and reconstruction of these jets are possible event-by-event. Typically there
is a seed or trigger that indicates the presence of a jet in an event and a cone algorithm [Abe
et al., 1992; Akers et al., 1994] or kr algorithm [Catani et al., 1991] is used to build a jet
from the shower of fragmented hadrons. Such methods are especially easy to implement in
et + e~ where the jets are unambiguous even at relatively low energy (see Fig. 2.9). This
method has also been successful at high-energy p(p)+p collisions. If the jet energy is low, the
resulting fragments can become indistinguishable from the underlying background event. This
background clouds the energy distribution within the jet.

In heavy ion collisions this underlying background is even larger because there are tens to
hundreds of nucleons interacting in a given event. The resulting background level is tremen-
dous. At /syn of 200 GeV/c, the top RHIC energy, the mean multiplicity of particles (both
charged and neutral) in p+p collisions is approximately 30 in the full 47. The PHENIX de-
tector has roughly one third of full coverage, thus an average multiplicity of 10 particles for a

given p+p event is incident on PHENIX. At mid-rapidity the average number of particles for
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a very peripheral Au+Au event is about 20 particles, whereas in the central event the average
is about 600 particles [Adler et al., 2005¢|. The multiplicities can easily swamp any low energy
jet.

To measure jets at lower energies which is also useful for measuring jets in a high-multiplicity
background, a technique was pioneered at the CERN Interacting Storage Ring (ISR) to sta-
tistically measure particles from jets. This technique relies on the fact that fragmentation
products from the jet are tightly correlated in ¢ and in 7. Therefore, if two particles fragment
from the same jet, they will be near in A¢ and An, the relative ¢ and n of the pair of particles.
If the hadrons fragment from two different jets in a 2—2 scattering, they will be back-to-back
in ¢ and 7. Because the partons from the beam and target have a distribution in longitudinal
momentum, the spread in An is rather large. At midrapidity in the center-of-mass of the
beam-target collisions where the PHENIX detector is located, the partons will have roughly
the same x, the fraction of longitudinal momentum fraction of the hadron carried by the par-
ton. If there is a large difference in the x of the two partons, the system will be boosted along
the longitudinal direction and the outgoing jets will not be back-to-back in 7.

The method to statistically study jets is known as two-particle correlations [Wang, 1992,
1993]. If two particles produced in a given event, one at ¢4 and 14, and one at ¢p and 7p,

the correlation between the two particles is written as

. Prob (¢A7¢B)7]A777B)
C(A¢,An) = Prob (¢a,na) Prob (é5,78) b

Prob(¢a, ¢5,n4,np) is the probability of finding both particles in a given event. Prob(¢4,n4)
and Prob(¢p,np) are the probabilities of finding a particle at ¢4,n4 or finding a particle
¢B,NnB, respectively, in a given event. Under the assumption that detector effects are taken
out, the resulting single particle distributions (Prob (¢, 7)) will be uniform in ¢ after averaging
over many events. At midrapidity the n distribution is roughly flat in p+p [Alner et al., 1986],
d+Au [Back et al., 2004], and Au+Au collisions [Back et al., 2003b], especially over the 7
coverage of PHENIX which is less than 0.35 units. The joint pair distribution (Prob (A¢, An))

does not have to be uniform in ¢ or n, and indeed will not be uniform in ¢ and 7 if jets are



o7

present.
The advantage of the correlation function technique is it is independent of the rate of jet

production and depends solely on the strength of the correlations of the jets.

4.2 Experimental Construction of the Correlation Function

The PHENIX detector does not have uniform azimuthal coverage, so the raw single particle
distributions are not uniform in azimuth. Further, the raw joint pair distribution is not the true
distribution since it also has acceptance is folded into it. These distributions must be corrected
by the shape of the PHENIX acceptance in order to correct the distribution. Experimentally,

one defines the correlation by
dQNrcal

pair

C (Mg, An) = 2220 (4.2)

pair

dA¢dAn
The numerator of Eqn. 4.2 is the raw joint pair distribution in the detector. The denom-
inator is the raw mixed pair distribution, where each of the particles from the pair is taken
from different events (see Section 4.2.1). Ideally the mixed pair distribution does not contain
physical correlations, only information about the acceptance and the efficiency of the pairs.
Constructing the correlation function in this way removes the acceptance and pair efficiency
from the raw pair distribution. Therefore, the correlation function from Eqn. 4.2 is proportional

real pair distribution.
deair

C(A¢,An) m

(4.3)

The one vital assumption that is made in Eqn. 4.3 is that the two-particle efficiency factorizes
into the product of the two single particle efficiencies. Great care must be taken such that this
is the case. That typically means that if a cut is applied to real pairs, i.e. detector resolution
cuts, the same cut must be applied on the mixed pairs.

In correlation analyses, a range of momentum is defined for each particle. Typically the
trigger particle is the particle in the highest momentum range and the associated particle
is the particle in another lower momentum range. Any combination of ranges is possible since

the pair distribution is symmetric with respect to the particles. Fixed correlations are defined
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as both trigger and associated particle having the same ppr range. Assorted correlations are
defined as both particles having different pr ranges. Events can be further subdivided into
centrality bins and reaction plane bins. So for all events that have a pair of particles, one in
the trigger and one in the associated bin, and are in the centrality and reaction plane bin, the
real joint pair distribution is filled. It is in this way that jets are not directly reconstructed

but only statistical correlations of the fragmented particles produced by jets are measured.

4.2.1 Mixed Event Techniques

The purpose of the mixed event distribution is to completely remove all physical sources of
correlation so that the only source of correlation is the pair acceptance and efficiency. There
are several techniques that exist to reconstruct the mixed event background.

Regardless of the mixing technique, it is important that the events that are used to mix are
a pure minimum bias sample, otherwise acceptance effects from, e.g. a preferential direction of
the reaction plane, can bias your sample. A minimum bias event is saved in a trigger buffer if
it has a trigger particle in it or it is saved in an associated buffer if an associated particle is in
it. The event is saved in each of the buffers if it contains both a trigger and associated particle.
If the event has neither a trigger nor an associated particle it is useless to use for an acceptance
or efficiency estimation, and the events are discarded without a loss of information. Ideally
the statistics in the mixed pair distribution should be no less than 10 times the statistics in
the real pair distribution. This reduces the fluctuations in the mixed distributions such that
the statistical error is not a dominant error in the final correlation function.

The technique that is employed in this thesis is known as the “rolling-buffer” technique. A
list of N events are kept that have a similar acceptance. That is, they must be within some
range of z-vertex of the collision and within some range of particle multiplicity. Both of these
are important since the magnetic field can change the acceptance as a function of z-vertex
and the multiplicity changes the single particle tracking efficiency. When both the trigger
and associated buffer are full, then the top event from the trigger buffer is correlated with all

similar events (i.e. those with similar z-vertex and multiplicity) from the associated buffer.
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After this, the head event in both buffers are removed and the buffers are shifted to make
room for the next event. This is the general method, but there are variations. For instance,
the number of events in the buffer is not fixed and is typically guided by requiring a factor of
10 more statistic in the mixed distribution than the real distribution. The number of particles

that are correlated from each mixed event is not fixed and can vary as well.

4.2.2 Normalization

The correct normalization of the correlation function is necessary in order to extract the
correct yield of pairs. What has been done recently at RHIC is to report per trigger yields,
where the correlation function is divided by the number of triggers and an appropriate nor-
malization A is used. The normalization satisfies (where the subscript “pair” from is dropped

now on)
1 d°N

Novig dAGdAT NC (Ag, An) (4.4)

The normalization constant has been derived in [Jia, 2005]. After n integration the normaliza-

tion is , ;
1 dN _ Ry JdA¢ dilVqu dilVqu (4.5)
Ntrig dA¢ Nt,m'g eassocQA(i) dilvAmq;z

Here Ra,, is the correction for the jet yield to an eta range of 41 unit. This is easily done in
p+p and d+Au collisions since the jet widths are the same in A¢ and An. This is not included
in Au+Au collisions because the jet on the near side has a ridge structure and not a peak in
n [Adams et al., 2004a]. Qa4 is the azimuthal range of the correlation function which is either
7w or 2w depending on if the full range is folded. The associated single particle efficiency is

€assoc and the number of measured triggers is Nt,m'g‘

4.3 Sources of Correlations

Physical correlations in position and momentum space can occur from many sources in-
cluding Hannbury-Brown-Twiss (HBT) correlations and decay. The HBT correlation is due

to the wavefunction overlap of bosons. It is strongest at low transverse momentum near a few
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hundred MeV where the relative momentum of the particles is low. In this analysis particles
that have a transverse momentum above 1 GeV/c are considered where the HBT correlation
is negligible.

Decay from both long and short lived particles introduce correlations as well. An example
is the K? decay to two charged pions. Moderate pr kaons decay into moderate py pions that
exhibit a near angle, A¢ = 0, correlation. The decay correlations in the near angle have been
studied by simulation [Ogilvie and Rak, 2001] and directly by data from p+p collisions [Con-

stantin, 2004]. At pr > 1.5 GeV/c the contribution from decays is negligible.

Out of
Plane
spectators
Reaction _
Plane b In Plane

participants

Figure 4.1 Schematic diagram of interacting nuclei. The grey-shaded, al-
mond-shaped overlap region results in a stronger pressure gra-
dient along the short axis, the reaction plane, compared to the
long axis. This difference results in elliptic flow.

In A+A collisions, a source of physical correlations arises due to elliptic flow. When two
spherical nuclei undergo a non-central collision, the resulting overlap is an almond shape (see
Fig. 4.1). In such collisions a reaction plane is formed by the beam direction and the impact
parameter. A pressure exists within the almond-shaped overlap region and a larger pressure
gradient is present along the reaction plane (in plane) as compared to the long side of the

almond (out of plane).
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The resulting particle distribution is not ¢ symmetric but depends on the orientation with
respect to the reaction plane. Typically the azimuthal distribution of single particles is written

as a Fourier series

d(QZU_V\I,) = ]2\%)(1+v1 cos(¢ — W) +2vpcos (2(p — W) +...) (4.6)

where the v, coefficients represent the strength of the correlation with respect to the reaction
plane. By the symmetry of the overlap region (see Fig. 4.1) the dominant terms are the even
coefficients. The most dominant of those even terms is the v9 term, and it is known as elliptic
flow [Adams et al., 2004c].

Since each of the particles in the event are correlated with the reaction plane, they will be
correlated with one another in a very straightforward manner. This correlation can be seen by

writing the definition of the two-particle correlation

AN 27 2w dN dN
vl Abadop g a3 (Ad = 64— 05) (4.7)

Substituting Eqn. 4.6 and gives

dN

27 2 NA
A5 - | [ doadong? (1+ 205 cos (264 - W)

VB (14 20 cos (2065~ ¥)) 8 (A6 — 64 — 6p)

2w
= JE;AW];ZB/O da[l + 208 cos(2(pa — W) + 208 cos(2(pa — Ap — ) +
45wy cos (2(¢a — ) cos (2(¢a — Ag — T))]
NiN 2m
= (2A77)2B 27 + 4v5‘v23/0 dpa (cos®(2(pa — U)) cos(2A¢) +
cos(2(¢a — ¥))sin(2(¢4 — ¥)) sin(2A¢))]
= N‘;]TVB (1 + 20§ 0f COS(QAgb)) (4.8)

The resulting pair distribution which the same correlation shape as the single particle distri-

bution with respect to the reaction plane but with the modification that the strength of the
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modulation is the product of the single particle’s vs. The resulting distribution will peak at
A¢ = 0 and 7, which is similar to the qualitative feature of the jet and di-jet correlations.

It is assumed that the correlation function has two sources. The first is from jets, with the
accompanying underlying event. In p+p and d+Au collisions this background is assumed to be
isotropic. In the case of A+A collisions, the elliptic flow introduces a harmonic cos(2A¢) shape
on the background. In such a two source model, the correlation function, or more precisely

the pair per trigger distribution, can be written as

1 dN
Ntrig dA¢ B

B(1 + 205903%5°¢ cos(2A¢)) + T (Ag) (4.9)

where B is the underlying isotropic background, véﬁg and v§°%°¢ are the trigger and associated

particle’s elliptical flow, and 7 (A¢) is the shape of the jet plus di-jet distribution. To determine
the functional form for the jet distribution, we must introduce some fundamental ideas about

fragmentation.

4.4 Fundamental Relationships

To study jets in depth, the model that that is used is an extension of that suggested by
Feynman, Field, and Fox in a series of papers [Field and Feynman, 1977; Feynman et al.,
1977, 1978] in the late 1970’s which addressed the results from CERN Interacting Storage
Ring (ISR) p+p experiments at high-pr at midrapidity. Fig. 4.2 and Fig. 4.3 introduce the

necessary variables that are accessible to two-particle correlations.

4.4.1 Near-angle Jet Correlations

Fig. 4.2 shows the transverse plane of a single event where two hadrons fragment from a
single jet, pr ¢rig is in the trigger momentum range and pr gssoc is in the associated momentum

range. The trigger hadron momentum is written for a single event as

PTytrig = \/thrigq% + j%y,trig (410)
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Figure 4.2 Schematic of an event where two fragmenting hadrons are pro-
duced in the ppr ranges of interest from the a single jet.

where the parent parton has momentum g7, the fragment has some fraction 24,4 along the
parent parton direction, and the fragmented hadron has a component transverse to the jet
direction known as jT. This fT has components in the transverse and longitudinal directions.
The transverse component is denoted as jr,. This jpr, is empirically given a Gaussian dis-
tribution but has power-law tails at very large magnitude due to hard gluon radiation [Adler

et al., 2005b]. Similarly, the associated particle momentum is written as

PT,assoc = \/ngsocq% + j%y,assoc (411)

What is measured by two-particle correlations is the angle between the fragments, A¢y.
The subscript N is used here to denote the near angle correlation. This angle can be written

in terms of the angles that each fragment makes with respect to the parent jet direction

APN = dtj + ¢aj (4.12)

The angles on the right-hand side of Eqn. 4.12 can be written in terms of the pr and the jr,
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of the fragments.

-2 2 .9
]Ty,assoc = pT,assocSHl Cbaj (413)

-2 2 : 2
ITytrig = PTtrigS ¢tj (414)

It is necessary to square the quantities because the event averages will eventually be taken and,
in the case of a Gaussian distribution, the mean is zero but the root-mean-squared (RMS) is

non-zero. Taking the sine of Eqn. 4.12 and multiplying by pr ¢ssoc gives

PT,assoc Sin(AQZ)N) = PT,assoc Sin(¢tj) COS(¢aj) + PT,assoc Sin(¢aj) COS(thj) (415)

Squaring and writing entirely in terms of sines so that Eqn. 4.13 can be used yields

2 . 9 2 . 2 2 2 . 9 2
PT,ass0c S (A¢N) = PT,assoc S (¢tj) COS (¢aj) + PT,ass0c S (¢aj) CoS (¢tj)
+2p%,assoc Sin(¢aj) COS((f)a]’) Sin(¢tj) COS(¢U)
2 . 2 2 . 2 2 . 9 . 9
= PT,assoc S (¢tj) + PT,assoc SN ((Zsaj) - 2pT,assoc Sin (¢aj) Sin (ff’tj)

1 . .
+§p%’,assoc Sln(2¢aj) Sln(2¢tj> (416)

Taking the event average and substituting Eqn. 4.13 results in

)

<p%,assoc SiIl2 (A(bN)> = <p%,assoc Sin2 (¢aj )> + <pT assoc sin

?(¢g
2<pTaSSOC sin (gba])sm (045) > %< assoc Sl 2¢aj)sm(2¢tj)>

Hw bqw

. K pT,assoc . JTy,assoc/ Ty trig assoc]Ty trig
- <JTy,assoc> + —5 J Ty trig
pT,trig pT trig
~ (33y) + (2hihy) (4.17)

The terms of order < j%y> have been neglected since jo ~ A ~ 0.4 GeV/c. Further there is

an assumption that the trigger and associated jr, after event averaging will be the same. The
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notation
_ PTassoc
DT trig

o (4.18)

has been introduced. Since the jr, distribution is approximately Gaussian, it follows from
Eqn. 4.17 that prassocSin A = poue, v is Gaussian distributed. However, for small angles
sin(A¢) ~ A¢ and the angular distribution is approximately Gaussian. From the correlation
function the RMS of the near angle Gaussian distribution is determined and related to the

RMS of jry. By making several approximations to Eqn. 4.17, it is found that

<pT,assoc> <pT,tm'g>

(4.19)

<pT,assoc>2 + <pT,assoc>2

<j%y> - UN\/

where oy is the RMS of the near-angle A¢ distribution. The different approximations for

Eqn. 4.19 are detailed in Appendix A.

4.4.2 Away-Side Jet Correlations

’ jet,

Figure 4.3 Schematic of a single event which produces one fragmented
hadron from each pair from a di-jet.

The study of the away-side correlations is much complex. Initial state partons that par-
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ticipate in the hard scattering are confined within the hadron and, by simple uncertainty
arguments, have some distribution of transverse momentum in the center-of-mass frame of the
hadron-hadron collision. In the frame in which the partons that participated in the hard scat-
tering were collinear, the outgoing partons from the interaction will have the same momentum
and be exactly back-to-back. However, the initial state transverse momentum of the partons
boosts this system into the center-of-mass frame of the hadron-hadron collision, causing the
outgoing parton momenta to be different and for the partons not to be back-to-back, i.e. they
are acoplanar. This transverse momentum of the partons is called kr and is entirely in the
transverse plane (see Fig. 4.3). This partonic transverse momentum is assumed to be Gaussian.
Similar to the analysis of the near angle, the far angle can be analyzed.

The first collaboration to systematically study away-side correlations in hadronic collisions
was the CCHK collaboration at the ISR [Della Negra et al., 1977]. They introduced pyy: to

study away-side correlations. It is defined as (see Fig. 4.3)

Pout,FF = PT,assoc SID(A(Z)F) (420)

This observable defines the associated particle’s momentum transverse to the trigger direction
and is directly related to the acoplanarity of the di-jets.
This observable can be used to determine the relationship between the far angle and k.

This is seen by first writing the far angle in a given event as (see Fig. 4.3)
Adp = ¢jj + baj + btj = ¢jj + Agn (4.21)
Squaring and taking the sine of this and following the mathematics, it is found that

sin A¢r = sing@;;cos Agn + cos ¢j;sin Agy
Passoe SI0° AOF = PTassoc SI0” 65 €05” AGN + P assoc COS” 65 5in” Agy
+%P:2r,assic sin(2¢;;) sin(2A¢y)
(D) = (Phassocsin® ¢;(1—sin® Apy) )
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+ (Phassoc(1 = sin® 655) sin Mg ) (4.22)

One component of the kr vector is (see Fig. 4.3)
2kTy = QT ass0c SN @5 (4.23)

where g7 4ss0c 1S the parent parton momentum of the associated particle. With this definition

and Eqn. 4.17, it follows that

(hur) = (20 )+ () + (k)
T,assoc
2
- <qf y > (%) + (223%,))
T,assoc
2 2
= <2Z'gssock%y> + <]72“y> + <-T%L.772“y> - <4Z§SOCkTy> (<J%y> + <$%L]72“y>)(424)
.assoc

Inspecting the above result, pyu: r is the quantity that is Gaussian distributed because jr and
kr are Gaussian distributed. If the far-angle distribution is not very wide, the far-angle can
be approximated as a Gaussian. To go further to relate the far-angle RMS to the RMS of kr,
requires knowledge of (zgssoc)-

Eqn 4.24 can be directly compared to the result of Feynman et al. [1978] in Eqn. 2.16.
The result derived here is a more exact formulation. No approximations about the jet pp
being the same between the trigger and associated jets is made. With a large value of kp
low-pr jets will not have the same py. The lack of approximation has the consequence that
the associated fragmentation variable zgs50. must be determined which is a difficult. Further,
there is a “cross-term” between < j%y> and <k:%y> which is the result of not making any small
angle approximations. This final term will contribute a fraction of the other second and third
terms. The associated jet momentum must be not less than 2kr, for a given event. Therefore

k7.,

4
the term ———%

T,assoc

is less than one. How much less than one depends on the magnitude of kp.
To summarize, the jet function is approximately two Gaussian distributions, one centered

at A¢ = 0, the near side that is defined by jr, via Eqn. 4.19, and one at A¢ = m, the far side
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that is defined by the convolution of jr, and k7, via Eqn. 4.24.

Ag? (Agp—m)?
S -3 S — =2
N e 20N + F 2¢7F

e
V2mon V2top

J (A¢) = (4.25)

4.4.3 Di-jet Acolpanarity

An alternative variable that can quantify the di-jet acoplanarity is the angle between the
jets, ¢;;. Following the derivation as above the angle between the jets can be written in terms
of the measured near and far angle relative azimuth, Eqn. 4.21. Taking the sine of both sides
and squaring it is similar to removing the pr gss0c dependence from Eqn. 4.22. We have the

following after squaring each side and taking the event average
<sin2 A¢>F> - <sin2 ¢jj> n <sin2 A¢N> —9 <sin2 ¢>jj> <sin2 A¢N> (4.26)

This can be rearranged to find <sin2 ¢jj>

(sin? g35) = (S A0F) — (s’ Ao (127)
1 —2(sin® A¢n)

The left-hand side is a partonic quantity related to hadronic variables and contains all of the
information about k7. When the jets are nearly back-to-back, ¢;; ~ zero, so <sim2 ¢;j) is near
zero. As the di-jet distribution becomes more acoplanar <sim2 ¢;;) increases. Because of jr
this quantity is never exactly zero.

To relate the quantities on the right-hand side of Eqn. 4.27 it is assumed that the angles
are Gaussian distributed. This is not exactly true as was argued above but by inspection of
the correlation functions this is a reasonable approximation. Quantitatively it is good to less

that 2% (see Appendix A). Since the angles are small the sine term can be expanded.

<sin2 A¢> = <<A¢ - émﬁ + %OA& T .. >2>

— <A¢2> - % <A¢)4> + % <A¢6> +... (4.28)
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The first term, (A¢?) = 02, is the square of the measured RMS. For a Gaussian distribution

the higher even moments are related to the RMS by
(22") = 20— 1)1 (z?)" = (20— 1)llo™ (4.29)
In this case the higher powers are

(2¢") = 3(A8?) =30" (4.30)

(A¢°) = 15 <A¢2>3 = 150° (4.31)

These are substituted into Eqn. 4.28 and the expansion in terms of the Gaussian RMS of the
angle is

2
<Sin2 A¢> =0’ - o'+ gaﬁ (4.32)

This approximation is good to 2% for o < 0.5 rad and 0.6% for o < 0.2 rad. The final result is

2 4 2 _6 2 4 2 _6
<SlIl ¢jj>:

1—2(012\,—0?\7—1—%0?\,)

(4.33)

In high-pr p+p, d+Au, and Au+Au collisions the acoplanarity is quantified in terms of

Eqn. 4.33.

4.4.4 Fragmentation Functions

The other that the CCHK collaboration at the ISR introduced is zg [Della Negra et al.,
1977] defined as
_ ﬁT,trig ) ﬁT,assoc (4 34)

Ip
|p%,t7’ig‘

which is the fractional momentum of the associated particle along the trigger direction. This

observable is meant to substitute for z, the fraction of the fragment’s momentum along the
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parent parton direction. This g can be related to the z of each of the fragments

_ PT,assoc COS A¢r ~ Zassoc (435)

DT trig Ztrig

TE

This approximation is reasonable when k7 is not large enough to cause a large difference
between the two parent parton momenta. Ideally the D(z) could be measured by fixing zig
and varying the associated momentum.

To see how the zp distributions, that is the conditional yield as a function of xg, are
related to the fragmentation function it is instructive to see how the measured single particle
spectrum can be related to the fragmentation function. To do so we must write the single
particle spectrum similar to Eqn. 2.12.

First, the distribution of partons in the final state is defined as

i dohard

Jalar) = ar dar

(4.36)

This distribution represents the hard parton cross-section for all of the different channels which
produce an outgoing parton at gr. The fragmentation function is defined as usual

_ do frag

D(z) P

(4.37)

This fragmentation function is the effective fragmentation function which describes the prob-
ability of a parton to produce the single particle in question. The single particle distribution

follows from these definitions.

do = daharddafrag

= qrfq(qr)derD(z)dz

d
- (f) VLD (z)az (4.38)

To find the pr distribution the integral over z is performed. The lower limit of z is z7 = 2pr//s

since the parton cannot have a lower momentum than the fragment. The upper limit is 1, the
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kinematical limit. Therefore, the single inclusive spectrum can be written as
1 do L dz pr
~ 2 [ (E) pe (439)
prdpr  Jap 2 z
Assuming some form for the final state parton distribution, f; (¢7), a fit to the data extracts
the fragmentation function.

Following the same arguments as above the pair cross-section, which is proportional to

1/NirigdN/dpT assoc, can be written as

do = dahaTdderag,trigderag,assoc

= Qqu (QT) dQTD (Ztrig) dztrigD (z(zssoc) dzgssoc

_ PT trig fq <pT,tmg> PT,tng (Ztrig) dztrigD <pT,assoc Ztrig) PT,assoc Zirig (440)

Ztrig Ztrig Ztrig DT trig DT trig

The last line follows when assuming that ¢r is the jet momentum for both jets, that is, no kr
introduces any difference between the outgoing jet momentum. The integration over z.;4 can

be performed with the same limits as before yielding the pair cross-section.

d*o 1 dztri }
_ / trig fq (pT,trzg) D (Ztrig) D <pT,assoc Ztrig) (441)
T

de,trigde,assoc T.trig ~trig Ztrig PT trig

In this distribution the interpretation of the f, function changes to that distribution which
produces two (azimuthally) back-to-back partons both with g7. Each of the fragmentation
functions represent the probability for a parton to fragment to the trigger and the associated
particle. In principle they should not be the same function when dealing with different particle
types for the trigger and associated particles.

Finally, this pair distribution proportional to 1/NijgdN/dpr assoc can be related to the
xp distribution by relating 1/NiyigdN/dpr assoc t0 1/NiyrigdN/dxp. By the definition of zg,

Eqn. 4.34

b,
rp = /2% cosA¢p
PTtrig
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_  PT.assoc (cos ¢jjcos Apy — sin ¢j; sin A¢pn)

PTtrig
T
~ PT,assoc cos Ay
DT trig
T .
n Plassoc [1 o2 Ady
PTtrig
pr Jt
~ Dlassoc |y _JTy (4.42)
PTtrig PT assoc

This is a good approximation only when kp is small, which was also used in deriving the
pair distribution. Therefore, the xg distribution can be related to the prgssoc distribution

approximately as
1 dN ~ PT trig 1 dN
Ntrig drgp \/1 — j%y/p%,assoc Ntrig de,assoc

(4.43)

Therefore, the g and prgssoc distributions are proportional to the pair cross-section in
Eqn. 4.41. This means these distributions are proportional to an integral containing the prod-
uct of the trigger and associated fragmentation functions. These were derived with the kp = 0.

Adding k7 is in principle possible but the effect of kr should be in the f;(gr) distribution.
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CHAPTER 5. Di-jets in p+p and d+Au Collisions

This chapter discusses the analysis of two-particle correlations in p+p and d+Au collisions
at /syn = 200 GeV/c. These data were collected in consecutive runs under similar running
conditions from December 2002 to May 2003. Jet properties from two-particle correlations and
extracted quantities from these correlations are given. These results are reported in a recent

publication [Adler et al., 20055].

5.1 Experimental Method

5.1.1 Run Selection

In order to use the mixed event technique for the two-particle correlations, it is necessary
to have a set of stable runs that do not have large fluctuations in acceptance. These runs
have the most easily reproduced and stable acceptance. The acceptance depends on the types
of particles that are correlated. In p+p collisions, neutral pions are used as triggers and
unidentified charged hadrons are used as the associated particles. These correlations were also
performed in d4+Au collisions, along with correlations between pairs of charged hadrons. Since
charged hadrons are used in all analyses, the acceptance of the charged particle tracking was
studied. This was done by studying the run-by-run dependence of several quality assurance
(QA) variables.

First, the difference in the mean number of tracks per event between the two central arms
of PHENIX as a function of run number was chosen. This is plotted in Fig. 5.1 for tracks with
pr > 1 GeV/c in d+Au collisions. Most of the runs in the data set fall along a band near
zero, but about a dozen runs show a large excursion from the typical set of runs. The reason

for a fluctuation within a run is potentially due to a change in the drift chamber acceptance,
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Figure 5.1 d+Au run-by-run dependence of the east-west difference in the
mean number of tracks per event for tracks with reconstructed
pr > 1 GeV/c.

e.g. a section of the drift chamber having high voltage problems. Several high-voltage trips is
one cause for stopping a run during data taking and would significantly change the charged
particle tracking. This cause typically only affects the end of a run but we have removed the
entire run to be conservative.

Choosing those runs that deviate significantly from the typical set of runs can be done
systematically by projecting the distributions onto the y-axis to obtain a distribution of runs
that fall at a given mean. For many runs, this distribution is Gaussian and a cut of several o
can be used. These will pick out the outliers above a given o. Those runs that deviate by a
large number of o, are easily picked out by eye. This is what has been done in this analysis.
Making a strict cut is not necessary since mixing only occurred within a single run and not
across run boundaries where conditions can fluctuate more than within a single run.

Next, the average pr of reconstructed charged tracks in both of the arms was studied. This
is shown in Fig. 5.2 for the East and West arms for tracks with py > 1 GeV/c. Many of the
runs lie along a line near 1.5 GeV/c, with only a handful of runs that deviate significantly.
The result of many more or many fewer than usual high-py particles in the event could be
caused by a problem in the magnetic field. Any run that deviated significantly was removed
completely.

Another run QA check was the mean centrality for a given run. Fig. 5.3 shows this distri-
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Figure 5.2 d+Au run-by-run dependence of the (pr) with reconstructed
tracks with pr > 1 GeV/c in the East arm(left) and West

arm(right).
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Figure 5.3 d+4Au run-by-run dependence of the mean centrality for events
with at least one reconstructed track with pr > 1 GeV/c.

bution. There is a band of typical runs at a mean centrality of 44%. This is expected since the
centrality should be a flat distribution between 0% and 88%. Several runs show a large devia-
tion from the mean. Any problem with the measured centrality could be a problem with the
BBC since it is the only subsystem that determines the centrality in d4+Au (see Section 3.1.4).
Any problem with the BBC could result in an incorrect determination of the z-vertex or tg,
both of which are important for detecting the photon decays from the 7¥ triggers used. Those
runs with a large deviation from the average are excluded.

During each of the p+p and d+Au runs there was a portion of the running period where
additional thin material was placed in the central arms to convert photons into electrons for

use as a background measure for single electron analysis. These runs have a reduced number
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of reconstructed 7° triggers since only the vy decay channel is used. It also would introduces
a large amount of background to the charged hadrons. As a result, these runs were removed
from the analysis.

The data for the 7°-h correlations were collected using ERT triggers (see Section 3.1.6).
These triggers were relatively stable during the d+Au and p+p runs, but there were some vari-
ation in gains and thresholds of the triggers. A detailed study of the ERT trigger performance

was done by Bauer et al. [2003], and a list of runs that failed the study’s QA tests are removed.

5.1.2 Single Particle Selections

The single particle selections are used to produce the highest quality input to the pairs as

possible.

5.1.2.1 Charged Hadron Selections

Charged hadron selections are made on several levels from rejection of low-quality tracks to
removal of remaining background by using additional information from other detectors. First
the track model (see Section 3.3.3) is based on Drift Chamber (DCH) hits in a series of wires
giving r-¢ information (X wires) associated with z information from Pad Chamber 1 (PC1).
The U and V plane wires in the DCH are used for confirmation of z information from PC1. A
series of bits encode the planes of wires hit and the quality of the z information and is called
the drift chamber quality.

The Drift Chamber Quality bit pattern is

bit 0 - X1 plane used in the track model

bit 1 - X2 plane used in the track model

bit 2 - UV hits associated with a track

bit 3 - unique UV hits in a track

bit 4 - PC1 confirmation hit found
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e bit 5 - unique PC1 confirmation hit found

The highest quality track has a value of 63, corresponding to all bits true. The next highest
quality track is 31, which corresponds to all bits true except the final bit. For these tracks there
is good z information, but the PC1 hit is ambiguous. The absolute minimum quality track
is 7 which corresponds to both X1 and X2 used and a UV hit is found but it is not unique.
That is, the z information is shared with at least one other track and no PC1 information can
distinguish the z information. A cut on high quality tracks is made by requiring the DCH

quality to be 63 or 31.

good track phiDC hCgIDchPhi

Entries 2.777456e+07
Mean 1.601

W RMS 1.438

P I
4
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Figure 5.4 Example of azimuthal position of pr > 1 GeV high-quality
tracks in the DCH. In both arms there are gaps where fewer
tracks are reconstructed.

To remove areas where the acceptance fluctuates, a fiducial cut on the ¢ at the DCH is
made. The distribution is shown for high-quality tracks with pr > 1 GeV/c in Fig. 5.4. Both
East and West arms are visible with a nearly flat distribution of tracks. There are three
gaps within each arm where there are very few tracks that are reconstructed. These areas
correspond to intermittently dead areas of the drift chamber. These regions are not sampled
in the analysis by requiring that tracks are outside these regions in the DCH. Specifically a
track is kept if is is within the following ¢ ranges at the DCH: -0.55 < ¢ < -0.19 rad, -0.045
< ¢ < 0.013 rad, 0.2 < ¢ < 0.37 rad, 0.44 < ¢ < 0.95 rad, 2.21 < ¢ < 2.45 rad, 2.55 < ¢ <
2.93 rad, 3.01 < ¢ < 3.22 rad, 3.34 < ¢ < 3.7 rad.

The previous cuts were at the track level to remove low quality tracks from the analysis and
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select a stable sample of charged tracks. The rest of the cuts remove remaining background
to the unidentified charged hadrons and remove electrons from the sample of charged tracks.
Since the DCH is almost entirely outside of the magnetic field high-pr tracks in PHENIX have
a nearly straight pattern of hits in the DCH. However, there can be straight tracks which
are not true high-py charged tracks. The major backgrounds to high-py unidentified charged
hadrons are photon conversions to e™e™ pairs near the DCH, which result in two nearly straight
tracks, and decay of strange mesons and hyperons near the DCH. Because of the proximity of
conversion or decay of the daughters to the DCH, these charged particles produce a high quality
straight tracks in the DCH having a large pr. These backgrounds have been studied in great
detail with simulation and real data [Adler et al., 2004]. The resulting measured signal-to-
background (S/B) of high-pr tracks is approximately 10 for 4-5 GeV /c tracks, approximately
2 for tracks between 5-7 GeV/c, and approximately 1 for tracks about 7 GeV/c. Only charged
tracks below 5 GeV /c are considered as associated particles.

To remove large amounts of background below 5 GeV /c and to remove the electron (positron)
tracks from the data, a cut on signals from the Ring Imaging Cherenkov (RICH) is made. If
an electron traverses the active area of the RICH there is a corresponding cherenkov photon
ring that is associated with the track. A cut requiring that a track does not have an associated
RICH ring removes the electrons/positrons from the charged track sample. It is important to
note that charged pions would begin to radiate cerenkov photons with the COs gas in the RICH
at a momentum of about 4.9 GeV/c. Therefore, this cut is only useful to remove electrons
from charged tracks for pr < 5 GeV, which is where the S/B for charged tracks is already
reasonable.

To remove low momentum conversions and decays requires further information from the
outer detectors in the PHENIX central arms. If a track is truly at lower momentum it multiple
scatterings more through the material in the central arm than a true high-py track. This
multiple scattering results in a larger separation between the track projected to the detector
and the position of the hit associated with the tracks. These track residuals are calculated in

the tracking algorithm by calculating the separation in ¢ and in z from the detector hits to
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straight line projections of DCH/PC1 tracks. These distances are then recast as the number
of Gaussian o, where the o is the detector resolution added in quadrature to the ppr-dependent
multiple scattering through the material in the PHENIX central arm. In that way, requiring
a 20 matching cut on the residuals results in approximately 95% confidence that the track
matches the outer detector hit. Any track that has a matching hit wider than that is likely a
fake track that has an additional gaussian smearing due to the it being a low-pr track. In the

d+Au and p+p analysis a 2.50 radial matching cut at PC3 is applied by

opcs = /0% poy + 0% pey < 25 (5.1)

The final background cut is a cut on z position at the DCH. At the outer edge of the DCH
fiducial region are the supports for the DCH and the muon magnet. This material produces
a large amount of charged particle background that are directed into the outer edges of the
DCH. The DCH active region is symmetric about the center of the interaction region along
the beam direction 80 cm on either side. Excluding tracks from the outer 5 cm removes this
background.

All of these cuts are similar to those that are made for the single unidentified charged par-
ticle analysis. Therefore, the tracking efficiency and momentum resolution should be similar.

The momentum resolution of these tracks is dp/p = 0.7% @ 1.0%p.

5.1.2.2 Photon Selections

Photons are detected in the Electromagnetic Calorimeter (EMC) which is comprised of
both PbGIl and PbSc technology. To determine high quality photons, a series of cuts based on
the shower shape and the timing is used.

First, a total cluster energy cut is applied by requiring a cluster has more than 500 MeV.
This is done because, for both calorimeters, the timing resolution is constant for deposited
energy above 500 MeV. Further, those photons below 500 MeV do not contribute significantly
to the yield of 7° above 5 GeV/c, the minimum trigger pr that is used in this analysis.

Using data those towers that were “hot”, “warm”, and “dead” were determined. Hot
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towers are those with an unusually high number of hits per event. Those that are warm have
an unusually high number of hits per event but not as much as the hot towers. Dead towers
are those that have unusually low number of hits per event. Each tower has two 8-bit values
containing the information on hot, warm, and dead towers called deadmap and warnmap. In
the analysis if a cluster was dead, hot, or warm, it was excluded as a photon candidate.

To assess if a cluster in the EMC is an electromagnetic shower, a cut on x? (see Section 3.4.2)
is applied for PbSc clusters. This cut is based the shower-shape difference between electrons
(photons) and hadrons in an electromagnetic calorimeter. Selecting clusters with y? < 3

produces an approximate electron(photon)-to-hadron signal-to-background of 9.
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Figure 5.5 Example of time-of-flight (TOF) distribution for a single run
in the EMC. This distribution has been corrected by the initial
collision time as measured from the BBC and corrected for the
flash point so that photons lie at TOF = 0 ns. A long tail in this
distribution is the result of hadronic showers in the calorimeter.

The final selection to identify photons is the time-of-flight (TOF) cut. Photons are the
first to reach the EMC and their arrival is reflected in the large “flash” peak in the timing
distribution shown in Fig. 5.5. Run-by-run and sector-by-sector timing distributions were made
and the flash peak was fitted with a Gaussian. These fitted mean and o are stored for each
run and sector. The TOF cut is made by requiring a TOF within 20 of the fitted mean. This
typically results in |[TOF| < 2 ns.

Because the pair per trigger distributions are studied, it is not necessary to know he effi-

ciency of these photon cuts. The reconstructed 7¥ peak is a strong indication of the purity of
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the sample.

5.1.3 7" Reconstruction

The 70 triggers are measured via their v decay channel. All photons in a given event that
pass the single particle cuts are paired and the invariant mass and the pair pr are calculated.

The only further cut for the photon pairs was a cut on the energy asymmetry

|Ey — B
— ntl) 5.2
“ B+ By (52)

This asymmetry is 0 when both photons share the energy of the parent 7¥ equally and 1 when
one of the photons decays with all of the parent 7° momentum. The asymmetry distribution
should be flat since the decay products have equal mass. An asymmetry « <0.7 in this analysis
is applied in this analysis which is approximately where the distribution is uniform [David et al.,
20000]. The M;,, distributions for different pair pr are plotted in Appendix B. A clear 7°
peak is present at the 70 mass.

To determine the background to the invariant mass distribution, mixed events were con-
structed in the same way as they were constructed for the correlation functions. Photons from
different events with similar conditions, i.e. centrality and z-vertex, were paired, and a sep-
arate invariant mass histogram was filled. The background was normalized to the real event
invariant mass distribution by requiring that the integrals in the range from 0.200 GeV/c?
to 0.300 GeV/c? of the two distributions were equal. This normalized background was then
subtracted from the real distribution leaving the 7% peak near M;,, = 0.135 GeV/ c2. In the
data a small, linear, residual background is observed that decreases with increasing invariant
mass. To account for this, the subtracted distribution is fitted with a Gaussian and a linear
background term in the region near the 7° mass peak.

To obtain the purest 7¥ sample, all pairs of photons that reconstructed within 20 of the
fitted peak mass are selected as triggers. This was done by determining the peak and o of the
Gaussian 7° peak as a function of pr and centrality. The fitted peak and o are shown in Fig. 5.6,

where the peak+20 as a function of pair py are plotted for different d+Au centralities. These
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Figure 5.6 Peak +20 of photon pairs. Upper left is for 0-20% central d+Au
collisions, upper right is 20-40% central, lower left is 40-60%
central, and lower right is 60-88% central. Pairs of photons
within this invariant mass range bounded by the solid line are
selected as 79 triggers.

distributions are each parameterized by second order polynomials with different coefficients for
each centrality bin. For a 20 cut, the mass range is typically 0.100 GeV/c? to 0.150 GeV /c?
and is nearly independent of centrality and pr.

Not all photon pairs that fall within the mass region are real 7° triggers. From the invariant
mass distribution, the 7% signal-to-background is determined. Fig. 5.7 shows the signal-to-
background ratio as a function of pair pp for different d+Au centrality classes. There is a
steady rise as a function of momentum to a plateau and then a slight drop-off above 5 GeV/c.
The drop off could possibly be due to the overlap of electromagnetic showers in the PbSc which
becomes important around 6 GeV/c.

The background is from combinatoric pairs where each of the photon candidates likely come
from two different hadronic, and mostly 7°, decays. Since the hadronic yield drops with pr,
so does the decay background. The decrease in the background is faster than the decrease in

the signal since the background is two hadronic decays, as opposed to a single hadronic decay.
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Figure 5.7 Signal-to-background within the 7% mass window determined
from the real and mixed event M;,,, distributions as a function
of pair pr for different d+Au centrality classes.

Hence, the signal to background ratio increases with pp.

There is a larger combinatoric background in the most central collisions than in the most
peripheral collisions simply due to the higher (N,y;). This (N.y) decreases with centrality and
thus the combinatoric background decreases for peripheral collisions. The 7% yield does not
show a strong centrality dependence [Back et al., 2003a]. Therefore, the signal to background

ratio for central collisions is lower than the most peripheral collisions.

5.1.4 Event Mixing

As discussed briefly in the previous chapter, when building a correlation function via the
mixed event technique (Eqn. 4.2), it is important that the pair efficiency factorizes to cancel
the product of the single particle efficiencies. This is accomplished by removing any effects
that would ruin this factorization. Two types of problems that need to be removed are 1)
temporal variation of central arm acceptance and 2) two-particle resolution effects at different
detectors.

The first effect, temporal variation of the central arm acceptance, can be due to various
detector failures within and between runs. These can be high-voltage problems, front-end
electronics issues, etc. In the p+p and d+Au analysis mixing occurs only within a run and

never across run boundaries. This eliminates variations between runs. To minimize effects
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within runs, quality cuts are applied to the runs used (see Section 5.1.1) and the mixing buffer
depth is chosen to minimize the variation within the run.

Choosing an event buffer depth is influenced by both statistics, i.e. having ten times the
statistics in the mixed compared to the real distribution, and the length of real time that the
buffered events cover. Ideally, the detector would not fluctuate on any time scale but detector
failures can cause some acceptance changes on a several minute time scale. Consider 7 GeV/c
70 production in p+p collisions from ERT triggers. These occurred at a rate of roughly 1
particle every 10000 triggered events. The event rate for the ERT triggers is roughly 1 kHz.
Therefore, there is about 1 particle every 10 seconds. To fill a buffer with at least a few hundred
particles corresponds to a few thousand seconds or a few 15 minute periods. Typically runs
lasted about 1 to 2 hours. In general it is best not to mix with particles from the beginning
of a run with those from the end of the run but a large amount of statistics in the mixed
events is desirable. The temporal issue becomes more of a problem for rare correlations, such
as high-pp triggers. As a compromise, a buffer depth of 400 events has been chosen for 7
triggers, hadron triggers, and associated hadron buffers. This depth is more than enough for
the hadron buffers and is the lowest limit that should be considered for the highest 7° trigger
bin.

The second effect, the two-track resolution of the tracking detectors, only occurs when one
of the particles affects the probability of measuring the other particle in the event. In this
analysis the h-h correlations are affected by two-track resolution of the drift chamber. The 7°-
h correlations which are measured in two separate detectors are not affected. The two-track
resolutions are primarily due to the pattern recognition in high multiplicity environments
and to the detector two-particle resolution. In events with very large multiplicity, that is
several hundred tracks, separate tracks can merge or a single track can be split by the tracking
algorithm. The latter are known as ghost tracks. This effect results in an enhancement of
near-angle, A¢=0, correlation and must be removed. Ghost tracks from the drift chamber are
found by looking at the ratio of real event pairs to mixed event pairs as a function of A¢ and

Azed at the DCH reference radius. One expects an enhancement at low A¢ and Azed in the
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mixed events compared to the real events since there is no ghosting effect in the mixed events.
Because of the low multiplicity in p+p and d4Au, it is difficult to see this effect, whereas in
Au+Au collisions it is much clearer. The same cuts determined from the 2002 Au+Au jet
analyses are applied here. These were cuts on A¢poy < 10 mrad and Azedpom < 0.2 cm.
Tracks from mixed events are not affected by the tracking inefficiencies due to ghosting,
and therefore the pairs can be arbitrarily close in physical space. As such, event mixing will
not accurately represent the real pair acceptance. To rectify this, the ghost cut is made on
both the real and the mixed events. Operationally this cut is applied during the single track
selections. If a pair of real tracks is determined to be ghosts, one track from that pair is
randomly removed from the single track sample. This cut is applied when mixing by removing

the pairs within the ghost cuts.
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Figure 5.8 Real pair divided by mixed event pair ARp¢ (see text) at PC1
(upper) and PC3(lower).

At PC1 and PC3 there are also two-track resolutions which must be taken into account.
These resolutions can be seen by calculating the distance between pairs of tracks at that

detector

ARpc = \/Ax%gc + Aydo + A2 (5.3)
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where xpc, ypo, and zpc are the hit coordinates at the detector. The real pair to mixed event
pair distribution for ARpc is plotted in Fig. 5.8. At low ARpc, there is a large difference
between the real and the mixed which is not present beyond ARpco1 > 10 cm and ARpeg > 15
cm. These numbers are roughly a factor of two larger than the estimated two track resolution
for these detectors. A cut requiring that track pairs satisfy ARpc1 > 10 cm and ARpes > 15
cm is applied to both real and mixed pairs.

For completeness the final details of the mixing technique are outlined here. Two buffers
are kept, one for events with at least one trigger particle and one for events with at least one
associated particle. Once both buffers are full, mixing begins. The first event of the trigger
buffer is mixed with every event in the associated buffer. Mixed pair events are required to
have their the z-vertices be within 3cm and be within the same centrality class in d+Au events.
If the events pass these cuts, one particle from the trigger event is chosen randomly. There
is typically only one trigger per event. The associated particle is chosen randomly from the
associated event. At lower pp there can be multiple associated particles.

By mixing only one particle from each event any possibility of auto-correlations resulting
from correlations within an event are removed. Auto-correlations can result from a single
trigger being correlated with multiple particles from an event. Since the multiple associated
particles in an event are correlated with the reaction plane, correlation of all with the trigger
particle results in a residual correlation. Since the trigger direction is effectively random, the
effect will will decrease with Ny.;4 that are mixed with the several associated particles in the

event.

5.2 Fixed-pr h*-h* Correlations

By the techniques outlined in the previous sections, two-particle fixed-pz h*-h* correlations
in d4+Au collisions have been measured. These correlations have been studied between pairs of
hadrons that are in the momentum ranges 1-1.5 GeV/c, or 1.5-2.0 GeV/c, or 2.0-3.0 GeV//c,
or 3.0-4.0 GeV/c. The resulting conditional yield distributions (see Eqn. 4.5) are shown in

Fig. 5.9. There is an evident near-angle, A¢p=0, correlation due to pairs of fragments from
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a single jet and a correlation at the away-side, A¢ = m, due to fragments each from of a
different jet. The transition from purely soft particle production to purely hard particle (jet)
production is expected to be near 2-3 GeV/c, so there are different production mechanisms

that are measured in these correlations that are not necessarily just 2—2 jets.
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Figure 5.9 Fixed-pr two-particle azimuthal h*-h* correlations in mini-
mum bias d+Au collisions.

To determine the conditional yield distribution it is necessary to determine the associated
hadron efficiency. This efficiency has been evaluated for the single particle spectrum where the
cuts used in the two analyses are similar. The pp-dependent efficiencies of each arm have been

fit by a smooth polynomial and valid for pp from 0.4 GeV/c to 10 GeV/c [Reuter et al., 2004]

1
Correctionyes; (pr) = = 4.17/pr + 20.56 — 0.34pr + 0.015p>
€west
1
Correctioneast (pr) = = 3.5/pr + 18.47 — 0.147py — 0.0029p% (5.4)
€east

The few differences in the cuts also give straightforward multiplicative factors which must be
included. First, instead of |zed| < 40 cm used for the single particle analysis, a cut of |zed| <
75 cm is applied. This results in a factor of 0.53 to the Correction(pr). The Correction(pr) was

determined for the the full range in azimuth, 27 rad, while the correlations are measured only
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in the DCH acceptance, 7 rad. This results in a factor of 0.5 on the Correction(pr). For this
analysis, the Correction(pr)’s from each arm are averaged resulting in the inverse efficiency
used for obtaining the proper normalization for the conditional yields.

To extract information from these correlation functions, the final correlations function is

assumed have a form outlined in Section 4.3 and 4.4, that is

1 dN Sy _Ae Sp _(8s-m?
- W gy PN oy e 2or 5.5
Ntrig dA¢ V2mon V2top ( )

since there is no elliptical flow in p+p and d+Au collisions. For low-statistics data, it is best
to fit with a log-likelihood routine instead of a x?-minimization routine. The log-likelihood
method is useful when the errors are Poisson distributed. The real distribution fulfills this
requirement since the bin contents are only counts. Therefore, we fit the real distribution by

the following form

dNreal SN _ N SF _ M dei:c
=|B+——¢ %N + e 29F — /N 5.6
dAo¢ ( Voron V2mop dA¢ / (5:6)

where N is the normalization from Section 4.2.2. In this fit function, there are 5 fit parameters:
the overall background B, the yields Sy and Sp, and the widths o and op. The resulting

RMS of the near- and far-angle widths are plotted in Fig. 5.10 and tabulated in Table 5.1.

(pr) GeV/e | oy (rad) o (rad) ¢ (32, (Gev/e)
0.02540.000 0.240+0.000 0.02140.026

1.20 0'513i8'8§ii8‘86§’ 1'102t8‘%?3i8'88'8 0'435i8‘8%§i8‘8ﬁ
ST R
AT T s R ey
3.36 0216 05500000 | 0-3597 0095 0088 | 0-5137 0048 0.004

Table 5.1 Extracted RMS of the near and far-angle fixed-py h*-h* corre-
lations from minimum bias d+Au collisions.

Systematic errors on the widths were determined based on variations of the widths when
several cuts were changed in a reasonable, non-vital manner. The cut parameters were varied

one-by-one to determine the variation of the correlation shape with these parameters. The
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Figure 5.10 Extracted near-(left) and far-(right) angle widths from
fixed-py h*-h* correlations in minimum bias d+Au collisions.
The bar represents the statistical errors from the fit. The grey
band represents the systematic errors.

following cuts were changed: 1) the DCH fiducial cut was removed, 2) ghost tracks were not
removed, and 3) A¢ and Azed ghost cuts were not applied. These had little to no affect on
the extracted correlation shapes except for the highest pr far-angle width. The maximum
variation is taken as an estimate for the maximum extent systematic error.

To extract jet information from these correlations the equations from Section 4.4 are ap-
plied. Because the pr range is low, it is difficult to extract pure jet physics from the far angle.
This is left for the higher-pr correlations. From Eqn. 4.19 < j%y> is extracted from the fit-
ted widths from the correlations. These are tabulated in the right column of Table 5.1. The
systematic errors are the quadrature sum of the contributions from the systematic errors from
the widths and the assumptions in the derivation. The latter systematic errors are outlined in
Appendix A, Table A.1.

The results are plotted in Fig. 5.11. The < j%y> is independent of the momentum range.

This is consistent with the previous results from the CERN ISR that showed that 1/< j%y> is
independent of pr g [Angelis et al., 1980]. This is understood as a signature of jets. Since
fragmentation is a soft, non-perturbative process, the characteristic fragment pp with respect

to the jet will be of order A.
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Figure 5.11 Extracted 1/< j%y> from fixed-py d+Au collisions.

It is also important to note that jp’s independence of pr implies the near-angle width of
the correlation function decreases with increasing pr in a very well-defined way. From Fig. 5.10
the far-angle width also decreases with increasing pr. The far-angle is a convolution of the
partonic k7 and the fragmentation jp. Part of the decrease of the far angle width is due to
jr. At these low momentum where higher order processes other than 2—2 contribute to the

correlations, it is difficult to extract a kp value.

5.3 Assorted-p; m°-h* Correlations

The study of jet properties from two-particle azimuthal correlations can be extended to

0

higher pr by exploiting PHENIX’s excellent capability of detecting 7. From the p+p and

d+Au runs the only limitation to the momentum range available was statistics. The ERT
triggered data was used to enhance the yields of high-pr 7. The ratio between the raw
pr distributions from ERT triggered events to minimum bias events and normalized by the
number of events is plotted in Fig. 5.12. There is a turn-on of the ERT trigger representing
the efficiency of the trigger for identifying 7% at a given pr due to the energy threshold of the
trigger. This ratio saturates above 5 GeV/c to about 80. Because of this turn-on 7° triggers

above 5 GeV/c have been chosen.

The two-particle correlations are broken up so that the associated- and trigger-pr depen-
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Figure 5.12 Ratio of raw 7° pp distributions for ERT events to minimum

bias events normalized by the number of events.

dence of the jet properties can be studied. This is done by measuring two sets of correlations.
First, the trigger 7¥ is kept at a constant range of 5-10 GeV /c while the associated hadron pr
range varies from 1 to 5 GeV/c. These correlations in p+p, centrality integrated (minimum
bias) d4+Au, and three different d+Au centrality ranges are compiled in Appendix C. An
representative sample of these correlations are shown in Fig. 5.13. The correlations are also
studied by fixing the associated hadron range from 2.5-5.0 GeV/c and varying the ¥ trigger
range from 5-10 GeV/c and are compiled in Appendix C. The correlations have a qualitatively
similar structure to those of the unidentified charged hadron correlations, i.e. a near- and far-
angle Gaussian peak. These correlations are normalized and fit in the same manner as outlined

for the unidentified hadron correlations. The resulting fits are tabulated in Appendix C.

type don | dop oSN 0Sp
Cut variation | 4% | 3% 3% 3%
S/B correction | 1% | 1% 1% 1-5%
normalization | N/A | N/A 10% 10%
total 4% | 3% 10% 10-12%
type 0 \/ (3%,) | 6 (sin* &y5)
Approximation to Eqns 6-0.7% 2%
total 7-4% 6-12%

for all d4+Au centralities and p+p.

Table 5.2 Breakdown of systematic Errors for 7°-h correlation fit results
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Figure 5.13 7° — h correlations in p+p (open) and minimum bias d+Au
(closed) for 70 triggers from 5-10 GeV/c and several different
hadron pr ranges.

Systematic errors on the correlations are the result of several contributing factors. The
detailed accounting of the systematic errors associated with the measurement is given in Ta-
ble 5.2. As with the fixed-pr h-h correlations some single particle cuts were reasonably varied
to obtain an estimate of the error associated with the chosen cuts. The chosen cuts were
varied independently and the largest deviation for any cut was taken as an estimate for the
systematic error. The cuts were varied by 1) no ghost track removal in the unidentified charged
hadrons, 2) no fiducial cut within the drift chamber acceptance however a fiducial edge cut
was still applied, and 3) the photon pair asymmetry, Eqn. 5.2, was increased to 0.8. These
cuts resulted in a 4% error on the near angle width, a 3% error on the far-angle widths, the
near-angle yields, and far-angle yields independent of the trigger and associated pr.

A further source of systematic error results from the signal-to-background. Within the 7"
mass window, not all photon pairs are real. It is necessary to remove the correlations due to
the fake, combinatoric 7% triggers. To determine the background contribution to the extracted
jet properties, photon pairs outside of the 7° mass region are selected as triggers and correlated

with the hadrons. The mass ranges for the out-of-mass region were 0.05-0.10 GeV/c?, 0.220-
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0.300 GeV/c?, and 0.300-0.400 GeV/c?. These correlations were normalized and fitted in the
same manner as the correlations triggered with photon pairs within the 7° mass window.

To determine how the measured widths and yields with triggers outside the 7° mass window
are related to the width and yields of the background triggers in the 7% mass range, a toy Monte
Carlo simulation was written. In this Monte Carlo, several 7°’s and hadrons were generated in
each event with a two-Gaussian jet correlation. The 7°’s were decayed and then reconstructed.
With the Monte Carlo it was possible to tag which photon pairs reconstructed the generated
79 and which reconstructed combinatoric pairs. From the Monte Carlo simple relationships

were found between the signal and background widths and yields within the 7° mass range.

Sosig + Bopg _
S+B meas

Yjsig‘i_yvbkg = Ymeas (58)

(5.7)

To estimate the background widths and yields, the widths and yields as a function of
photon pair mass in data revealed a linear relationship. An example of these data are shown
in Fig. 5.14. Rather than performing the required subtraction to obtain the corrected widths
and yields, Eqns. 5.7 was used to estimate the systematic error background widths and yields.
This error is 1% for both near and far widths and the near angle yield and for the far angle
yield it varies from 1-5%. This error is small because of the large signal-to-background of the
70 peak.

The yields have a further source of systematic error due to the efficiency of the associated
hadron. This efficiency and the associated systematic error was evaluated for the single particle
d+Au spectrum [Adler et al., 2003¢]. The efficiency has two sources of systematic error,
the absolute normalization of the spectrum and the scale and the resolution of the particle
momentum. The total normalization error is 10%.

The final source of systematic error is due to the formula assumptions. For the derivation
of < j%y> the systematic errors are tabulated in Table A.1. The systematic error due to the
derivation of <sin2 ¢;j) is estimated by the assumption that ¢;; is Gaussian distributed. This

introduces a 2% error for far angle widths less that 0.5 radians. A detailed study of these
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Figure 5.14 Example of the extraction of the background widths(top) and
yields(bottom) using correlations with trigger photon pairs
outside the 7 mass bin. A linear fit was made to the data

and the background values are evaluated at the 7° mass of
0.130 GeV/c2.

errors are given in Appendix A.

5.4 7*-h Correlations

Another PHENIX analysis has performed correlations using charged pions as triggers. The
technique is very similar between the two analyses and so here the focus is on the results.
All of the details can be found in the relevant PHENIX internal analysis notes [Jia and Cole,
2004a,b,c]. Fig. 5.15 shows several different nt-h correlations in p+p and d4+Au collisions.

They are constructed in the same way as the 7°-h Correlations.
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Figure 5.15 Example correlations between 7F triggers from 5-10 GeV/c
with several different associated hadron pp.

5.5 Jet Properties from p+p and d+Au Correlations

First, the 7°-h correlations are studied by fixing the trigger 7° pr and varying the associated
hadron pr. The resulting widths from the fit to the p+p and centrality integrated d+Au data
are shown in Fig 5.16. In both the near- and far-angle there is the expected decrease with
increasing pr for both the p+p and the d+Au data. Both data sets also show that the far-angle
width is larger than the near-angle widths for each pp region. This is kinematically necessary
since the far angle is a convolution of jr and k7 whereas the near angle is jp only. Little to
no difference in the far-angle widths between p+p and d+Au collisions is observed. This is
contrary to the expectation that multiple scattering prior to the hard parton-parton collisions
will increase the acoplanarity of the outgoing jets.

To extract the jet properties from these widths Eqn. 4.19 is used to extract <j%y> and
Eqn. 4.33 is used to extract (sin?¢;;). These values are plotted in Fig. 5.16. The <j%y>
is consistent between p+p and d+Au collisions and it shows a similar trend to the measured

< j%y> from fixed-pr h-h correlations. The (sin?¢;;) is also consistent between p+p and

d+Au. In fact, the d+Au is systematically lower than the p+p. This is the opposite trend
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expected from multiple scattering which would tend to broaden the di-jet distribution.

To study these correlations further, the d+Au correlations have been divided into three
centrality classes to determine the impact parameter dependence of the jet properties. Fig. 5.17
shows the near- and far-angle widths and the extracted 4/ < j%y> and (sin” ¢;;) for the different
d+Au centrality. There is no statistical difference between the data nor is there any systematic
trend as a function of centrality.

The conditional yields of associated hadrons per trigger 7° in the near- and far-angle are
studied as a function of prgssoc and xg. These distributions are shown in Fig. 5.18 and
Fig. 5.19, respectively. The pr distribution shows a drop of only a factor of 10-30 for pr gssoc
between 1 and 5 GeV/c. This is a harder spectrum than the single particle spectrum which
drops by a factor of 10000 [Adler et al., 2003¢| over the same momentum range.

The far-angle pr and xp distributions can be roughly related to the product of two frag-
mentation functions (see Eqn. 4.41). It is instructive to compare the distributions from p+p
and d+Au collisions to quantify the difference between the two distributions. This is done by
taking the ratio of each of the d+Au centrality binned distributions to the p+p distribution
as a function of pr and xg. These ratios are plotted in the lower panels of Fig. 5.18 and
Fig. 5.19, respectively. The only systematic trends are that the near side is lower than unity
while the ratio is higher than unity for the far side. These systematics are small and therefore,
the fragmentation function in d4+Au collisions do not change by more than 20% from p+p
collisions.

The results from the two different triggers (7° and 7%) compare very well. Fig. 5.20
shows a comparison of the extracted widths. Because the widths are comparable the extracted

< j%y> and <sin2¢jj> are comparable as well. As a further comparison the conditional yield
distributions are compared. There is very good agreement between the two different trigger
set both as a function of pr gssoc and zg.

The 7%-h correlations have also been studied using a constant associated hadron momentum
range of 2.5-5.0 GeV/c and binning the trigger 7° in 5-6 GeV/c, 6-7 GeV/c, and 7-10 GeV /c

bins. The resulting jet shapes and extracted properties are shown in Fig. 5.21 and Fig. 5.22.
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The higher pr triggers show a similar pr dependence to the hadron associated pr dependence.
That is, the <j%y> is independent of pr and shows no systematic centrality dependence.
Also, the <sin2 ¢;i) shows no difference between p+p and d+Au collisions nor a systematic
dependence on d+Au centrality.

Other comparisons between jets in p+p collisions compared to jets in d+Au collisions come
from the analysis using the 7% triggers. The conditional yield xx distributions have been
constructed from correlations in p+p collisions and the comparison to d+Au is shown in upper
panel of Fig. 5.23. No difference between the distributions is observed. The distributions of
Dout, the component of the associated particle pr perpendicular to the trigger pr, is compared
in the middle panel. The far side pgy,; is related to kp (see Eqn. 4.24). Any difference seen
would indicate a change in k7. Multiple scattering models would predict a broadening in the
the d+Au distribution compared to p+p. Qualitatively no broadening is seen between the
p+p and d+Au distributions. The lowest panel shows the ratio of pr gss0c distributions for
three different centrality selections of d4+-Au compared to p4+p. The pr gss0c distributions are
consistent with no difference within about 10%. This is also consistent with the 79 triggered
data. All results taken together show little to no modification of jets in d4+Au collisions. This

will be be discussed more quantitatively in Section 7.2.
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Figure 5.16 Near-(upper left) and far-(upper right) angle widths as a func-
tion of the associated hadron pr from 7%h correlations in
p+p (closed) and centrality integrated, 0-88% d+Au collisions
(open). The trigger ¥ is at 5-10 GeV/c for all correlations.
The statistical error bars are smaller than some of the data
points. The extracted ,/<j%y> (lower left) and (sin” ¢;;) (up-

prer right) are also shown.
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Figure 5.17

Near-(left) and far-(right) angle widths as a function of the as-
sociated hadron pr from 7%-h correlations in centrality-binned
d+Au collisions. Filled squares are 0-20% central, open
squares are 20-40% central, and triangles are 40-88% central.
The trigger 7° is at 5-10 GeV /c for all correlations. The sta-
tistical error bars are smaller than some of the data points.

The extracted < j%y> (lower left) and (sin? ¢;;) (lower right)

are also shown.
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right) in p+p and three centralities in d+Au. The lower panels
are the ratio of different d4+Au centrality distributions to the
p+p distribution. The error bars are statistical. The band at
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Figure 5.21 Near-(upper left) and far-(upper right) angle widths as a func-
tion of the trigger 7° pr from 7°-h correlations in p+p (closed)
and centrality integrated, 0-88%, d+Au collisions (open). The
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The extracted < j%y> (lower left) and (sin? ¢;;) (upper right)

are also shown.
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Figure 5.22 Near-(left) and far-(right) angle widths as a function of the
trigger 70 pp from 70-h correlations in centrality-binned d+Au
collisions. Filled squares are 0-20% central, open squares are
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ated hadron is at 2.5-5 GeV/c for all correlations. The statis-
tical error bars are smaller than some of the data points. The

extracted <j:2py> (left) and (sin? ¢;;) are also shown.
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CHAPTER 6. Di-jets in Au+Au Collisions

This chapter outlines the analysis of data from the Au+Au run at RHIC from January-May
2004. The correlations between 7° triggers and unidentified charged hadrons are discussed.
The removal of the elliptic flow from correlations is presented. Finally, the jet properties from
the correlations are presented including a discussion of the statistical subtraction method to
measure the xg and py; distributions due to jet correlations.

There was significant coordination between the correlation analyses from this Au+Au run.
Some systematic checks were done and used throughout all analyses. As a result these checks
and cuts are fully documented elsewhere [Jia et al., 2005] and are presented here for complete-

ness.

6.1 Run Selection

As in the case for the p+p and d+Au analysis, a stable set of runs that are representative of
the PHENIX acceptance and pair efficiency is crucial for correlations analyses since fluctuations
of these can result in unphysical correlations. Therefore, a thorough investigation of run-by-run
dependent quantities sensitive to both the acceptance and pair efficiency of the whole detector
has been done. Runs used in the analysis were obtained after rejection of bad runs based on
several different quality assurance (QA) checks. They can be divided into three categories:
broad run QA, single-particle QA, and pair QA.

In the first category, runs were removed for several general reasons. First, runs with fewer
than 0.5 million events are removed. These runs resulted from a few tens of minutes as opposed
to the more typical 1-2 hour running. Such runs were often stopped short for high voltage trips

in some section of the detector or unexpected beam dumps. This would result in potentially
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large acceptance and multiplicity fluctuations at the end of the run. Runs that did not have
a reasonable reaction plane defined for the events were discarded since some analyses binned
in reaction plane. Finally, any converter runs where additional thin material was added in the
fiducial region of the central arms was excluded. After removal of these runs a total of 940
million minimum bias events corresponding to roughly 90% of the total number of minimum
bias triggered events recorded by PHENIX are analyzed.

The single particle QA was used PHENIX wide. The single particle QA focused on three
variables. The first is the (pr) of tracks in the Drift Chamber (DCH). This is sensitive to
variations in the magnetic field. The second is the fraction of tracks that are matched to a
Pad Chamber 3 (PC3) hit within a 30 window in z and ¢ (see Eqn. 5.1). This is sensitive to a
change in the PC3 acceptance. Finally the average number of tracks per event in the DCH is
checked which is sensitive to fluctuations in the DCH acceptance. Runs that show a significant
deviation from the average were excluded from the analysis.

An extensive pair QA is necessary in order to obtain a stable set of runs for mixed distribu-
tions. These mixed distributions ideally should have little to no relative fluctuation. However,
small fluctuations are possible and it is important to check that these fluctuations are smaller
than the signal being measured. It is known from the 2002 Au+Au jet analyses that the
signal-to-background of jets in correlations is on the order of a few percent when the trigger
and associated particle are below ~ 4 GeV/c [Adler et al., 2005d,a]. The pair QA has focused
on building very high-quality mixed event samples from low-pr, i.e. around 1 GeV/c, hadron
pairs and studying the run-by-run shape variation.

One method of quantifying this run-by-run dependence is the ratio of the mixed distribution
in two different A¢ regions. If this ratio for a particular run varies considerably, that is many
o from the mean, compared to the majority of the runs, it is removed. The ratio between the
mixed distribution in 7/2 < A¢ < 7 to 0 < A¢ < m/2 reveals the relative pair acceptance
between the two arms. Only 0.5% of the runs were removed with this cut.

Another quantity that has been studied is the x?/NDF comparison of the mixed events
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for every pair of runs. The x?/NDF is defined as

. 2
1 (AN2,/dA — ANE,, [dAe:)

?/NDF = : 6.1

The sum is over the bins of the two different mixed distributions j and k each representing a
run. The mixed distributions were normalized relative to one another such that the integrals
of the distributions were equal. Given a particular x2/NDF maximum value, a distribution
of the number of times a run resulted in a xy?/NDF above the maximum. A cut on this
distribution is made. This cut was sensitive to broad, general shape changes of the mixed
event distribution. Only 1% of the runs were removed by this cut.

Finally, the centrality dependence of the mixed event background was studied. In principle
the acceptance should not change with centrality. However, the occupancy correction due
to track multiplicity is centrality dependent. By dividing the measured mixed distributions
into centrality classes and comparing the most peripheral bin (60-92%) with the most central
bin (0-5%) a 5% maximal variation was found in the regions around 7 /2 radians while < 1%
variation was found near 0 and 7 radians. The pairs in the region at /2 rad result from a pair
of tracks each at the top edge of the DCH in each arm. Therefore, it is reasonable to use the
most central mixed distribution for the mixed distribution for all centralities so long as the jet

signal to be measured is above a few percent of the background.

6.2 Single Particle Selection

In Au+Au only 7°-h correlations are measured. Many of the cuts from the previous chapter
are repeated here. For completeness the cuts are briefly listed. Any modification to what has
been done in the p+p and d+Au analysis is detailed.

To increase the speed of the analysis a special set of data files were produced during the
production of the whole data set. A software trigger was applied which kept hadrons with
pr > 1 GeV/c and Electromagnetic Calorimeter (EMC) clusters with energy > 1.5 GeV/c for

a given event. From this sub-sample of data further cuts were applied.
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6.2.1 Single Hadron Cuts

The single hadron cuts for the correlations are similar to those used in the p+p and d4+Au

analysis.
1. DCH quality of 63 or 31
2. PC3 radial matching, o < 2 (see Eqn. 5.1)
3. For hadron pr > 5 GeV/c, EMC radial matching, o < 3
4. For hadron pr > 5 GeV/c, EMC cluster energy (GeV) > 0.3 GeV + 0.2 x pr(GeV)

A tighter PC3 matching cut is applied in Au+Au because of the higher multiplicity in
Au+Au events. A wider matching cut produces a smaller signal-to-background for real high-
pr hadrons. In these correlations hadrons above 5 GeV/c were used as associated particles.
These required additional cuts not necessary in the p+p and d+Au analysis. The single particle
analyses decided on the above cuts to select clean hadrons using the EMC [Messer and Jia,

2002].

6.2.2 Photon and 7V Single Particle Cuts

The photon cuts are also similar to those from the previous chapter. The cuts made were
1. PbSc x? < 3 or PbGI dispersion cut which is similar to the y? cut for the PbSc.
2. Dead/Warm map cut based on the tower-by-tower information.

There was no time-of-flight cut or rejection of a cluster to which a track points.

The photons which passed the cuts were paired to reconstruct 7° candidates. Those pairs
with an invariant mass of 0.120-0.150 GeV/c? and an energy asymmetry (see Eqn. 5.2) of
a < 0.7 were taken as 7¥ triggers. The resulting 7¥ invariant mass distributions are given in
Appendix B. A clear 7¥ peak is seen in the data even at the most central collisions. The peak
is fitted with a Gaussian and a second order polynomial to determine the mass, width, and

signal-to-background of the peak.
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Figure 6.1 Left: The fitted 7° mass as a function of pair pr and central-
ity. Right: The fitted 7° peak width as a function of pr and
centrality.

The results for the mass and width are plotted in Fig. 6.1. The fixed mass window is wide
enough to cover just more than 1o of 7¥ width. Fig. 6.2 shows the signal-to-background in
the 70 peak. The signal-to-background is quite large despite the larger combinatoric back-
ground from Au+Au events compared to p+p and d+Au. There is a decrease in the signal-to-
background as a function of centrality due to the increase in combinatoric background level in
the more central collisions. These signal-to-background ratios are used to estimate a systematic

error due to combinatoric photon pairs in the 70 trigger range.

6.3 7%-h* Correlations

All correlations are given in Appendix D but a representative sample is shown in Fig. 6.3.
The trigger 7° correlations were measured by varying both the trigger and associated pr ranges.
The trigger bins are 5-7, 7-10, and 10-20 GeV/c while the associated hadrons are binned from
1-2, 2-3, 3-5, and 5-10 GeV/c. Every trigger bin is correlated with every associated bin. The

data is also binned in three different centrality classes, 0-20%, 20-40%, and 40-92%.
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Figure 6.2 Centrality and py dependence of the fitted 7° peak sig-

nal-to-background.

6.3.1 Mixed Events

The mixing technique employed for the Au+Au collisions is slightly different than that for
p+p and d+Au. The buffers are binned in both z-vertex and centrality. The z-vertex bins are
3 cm wide from -30 to +30 cm. The centrality is binned in 10% bins from 0-100%. Events
within a given z-vertex and centrality bin are mixed. Rather than choosing a single trigger
and single associated particle from each of the two different trigger and associated events, all
pairs between the events are made. This introduces auto-correlations as argued in the previous
chapter, however, these correlations decrease as 1/Ny.;; where Nyiq is the number of triggers
used to mix. There were approximately 100 times the number of pairs in the mixed as in
the real events for these correlations. This reduced the error due to auto-correlations to the
percent level which is less that the signal that is measured. All pairs were chosen to maximize
the statistics in the mixed events which is essential for rare triggers.

When producing the correlation functions (see Eqn. 4.2) the normalization was made on
the mixed event background by weighting each entry by the number of pairs that were mixed

for that event. This resulted in the background level of the correlations to be approximately
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Figure 6.3 Shown are correlations in 20-40% Au+Au collisions using
70 triggers from 7-10 GeV/c and several different associated
hadron pr bins. The lines indicate the systematic error due to
the elliptic flow contribution to these correlations.

1. As such, the correlation strength is roughly equivalent to the signal-to-background of the
jet pairs compared to other pairs. As seen from the correlation functions in Appendix D, the

away-side correlations strength is less than 2 for many of the correlations, i.e. S/B < 1.

6.3.2 Normalization

It is important to note that the above normalization for the correlation function does not
exactly produce a combinatoric background at 1 because of finite binning in centrality. The
correlation function will be at a level of 14, where £ is defined as the strength of the residual
correlation due to the finite binning of centrality and is proportional to the square of the ratio
of the bin width to the mean of the bin [Stankus, 2005]. Determining the exact value of &
is not necessary in this analysis because the physical correlations are above this background
level.

The normalization to convert these correlations into pair-per-trigger azimuthal distributions
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is slightly different from p+p and d+Au (Eqn. 4.5).

mix real
1 dN _ Occ(cent) JdAg dfide, déVT(z,

Ntrig dA¢ B Nt/m'g 6assocQAd> %

(6.2)

In this normalization the extrapolation to a larger An range than the PHENIX acceptance
is not applied, i.e. the term Ra, is dropped. The single particle efficiency is modified by
including an occupancy correction. In high multiplicity events, merging of tracks results in
an efficiency loss. This occupancy correction is dependent on the multiplicity of the tracks
in the events. It is found by embedding simulated tracks into real events and determining
the probability for reconstructing the embedded track [Reuter et al., 2004]. The occupancy
correction is given in Table 6.1.

The single particle efficiency is also slightly different in Au+Au compared to d4+Au. The
correction function was determined the same way for the Au+Au as d+Au for the single

particle analysis [Reuter et al., 2004]

1 4017

€assoc J%N

Correction (pt) = + 23.52 — 0.3135p — 0.0108p% (6.3)

There are factors of 0.53 and 0.5 that are multiplied to the correction function. The first
factor is for a smaller range in the drift chamber zed used in single particle analysis compared
to this analysis. The second factor is the difference in the azimuthal range of the single particle

analysis compared to this analysis. See Section 5.2 for more details.

Centrality | Occupancy Correction | Normalization Error
Min. Bias 0.950 3.5%
0-20% 0.875 5.0%
20-40% 0.950 4.0%
40-92% 0.978 3.0%

Table 6.1 Occupancy corrections and the contribution to the normalization
systematic error as a function of Au+Au centrality, see [Reuter
et al., 2004].
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Figure 6.4 Hadron (left) and 7" (right) v2 values from independent reaction
plane analyses [Jia et al., 2005; Winter et al., 2005]

6.3.3 Elliptic Flow

The correlation functions are fitted with the form of the two-source model (see Eqn. 4.9

and Eqn. 4.25).

1 dN tri Sy ¢ Sp  _(8e-m)?
— = B(1 + 205"902%%°¢ cos(2A0)) + e 2N + e 20F 6.4
Nirig dA¢ ( 2 (249)) V2Tmon 2mop (6-4)

In this function there are 8 parameters to specify the elliptic low and the near- and far-
angle jets. The harmonic contributions from elliptic flow can be difficult to distinguish from
the far-angle jet when the RMS of the distribution is relatively large [?]. Because of this
the two parameters for the elliptic flow, véﬂg and v§%%°¢, are fixed. The values are obtained
independently from single particle studies as a function of reaction plane for hadrons [Jia et al.,
2005] and for 7% [Winter et al., 2005]. The values from these independent analyses are plotted
in Fig. 6.4. The values of v and their errors used in this analysis were interpolated at the
mean trigger and associated pr from those in Fig. 6.4. The errors used are also interpolated
from the measured statistical and systematic errors. These interpolated values are tabulated
in Table 6.2 and Table 6.3.

It should be pointed out that in the derivation of the elliptical flow correlation between

two particles in Section 4.3 that the coefficient on cos (2A¢) (Eqn. 4.8) is <v§”g v§3500>. It has
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DT trig 0-20% 20-40% 40-92%
5-7 GeV/c | 0.070£0.028 | 0.126+0.022 | 0.136+0.054
7-10 GeV/c | 0.0014+0.059 | 0.085+0.042 | 0.101+£0.121
10-20 GeV/c | -0.05440.082 | 0.0724+0.057 | 0.050+£0.168

lated at the (pr) of the trigger bin.

Table 6.2 Trigger 7° vy from [Winter et al., 2005]. The values are interpo-

DT, assoc 0-20% 20-40% 40-92%
1-2 GeV/c | 0.076+0.003 | 0.1404+0.005 | 0.158+0.009
2-3 GeV/c | 0.110+0.005 | 0.196+0.007 | 0.205+0.011
3-5 GeV/c | 0.117£0.007 | 0.194+0.011 | 0.202+0.014
5-10 GeV/c | 0.08940.016 | 0.1604+0.028 | 0.356+0.064

Table 6.3 Associated hadron vy from [Jia et al., 2005]. The values are
interpolated at the (pr) of the associated bin.

been assumed then that <v§”gv§35°c> = <v§”g > (v§%5°¢) . At lower pr this has been shown to
be a reasonable assumption [Adler et al., 2005a].

The fit to the correlation function is performed three times. The first fit fixes both trigger
and associated vy to their central values. This is the nominal fit to the data and the central
value of all extracted quantities are the result of this fit. In the correlation functions this
nominal fit is the black line. The second fit fixes the vy values at the one o of the quadrature
sum of the statistical and systematic error above the central value. This fit is shown in red
on the correlation functions. The last fit fixes the vo values at one o of the quadrature sum of
the statistical and systematic error below the central value. This fit is shown in blue on the
correlation functions. The fit results from the variation of the vy values from the final two fits
are one component of the systematic error. This error is quite large (40-50%) at the lowest

pr where the elliptic flow is a significant fraction of the total correlation. See Section 6.3.5 for

further details.

6.3.4 Robust Far-Angle Correlations

By subtracting off the contribution from the background and the elliptic flow from the

correlation function, the resulting distribution is the jet function, that is, the correlation due
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Figure 6.5 Shown are jet functions, the correlations after subtraction of the
background and elliptic flow, in 20-40% Au-+Au collisions using
70 triggers from 7-10 GeV/c and several different associated
hadron pr bins. The lines indicate the systematic error due to
the elliptic flow contribution to these correlations.

to jets. Fig. 6.5 shows the resulting jet functions for the corresponding correlations in Fig. 6.3.
The lines indicate the systematic error due to the subtraction of the elliptic flow. It is a goal
of this thesis to study the correlations to determine if the modification of the away-side shape
and yields present at lower pp persists at higher-pr.

To maximize the physics impact and the robustness of the away-side structure, the corre-
lations must exhibit a statistically significant structure. To test the statistical significance of
the far-angle structure a likelihood ratio test was performed on all of the correlations. The
procedure is to fit the same correlation function with two different fit functions, one with n
parameters and the other with n+m parameters. The test compares the resulting x? to deter-
mine if the extra m parameters are relevant in describing the data. The difference in x? from
the different fits, Ax? = x2 — x2 m> s itself a sample of a x? distribution with m degrees of
freedom. Therefore, a given Ax? corresponds to a confidence limit.

The fit function with n+m parameters was the nominal fit function Eqn. 6.2. For the
likelihood ratio test the same form without the far-angle Gaussian was chosen. In this way the

relevance of the far-angle Gaussian is directly tested. The difference between the number of



parameters in the two fits is two, one for the far-angle yield and one for the far-angle width.
If the far-angle structure is present at or above the 20 confidence level, then Ax? should be

larger than 6.2. Tables 6.4-6.6 gives the Ax? values as well as the x2/NDF of the nominal fit
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for the different trigger-associated-centrality bins chosen for this analysis.

PTassoc Min. Bias 0-20% 20-40% 40-92%
1-2 GeV/c | 30.3 (24.1/25) | 6.2 (24.3/25) | 20.4 (23.0/25) | 60.9 (42.2/25)
2-3 GeV/c | 20.5 (25.3/25) | 8.4 (15.1/25) | 3.1 (39.6/25) | 52.6 (27.7/25)
3-5 GeV/c | 47.2 (43.2/25) | 11.5 (30.0/25) | 22.5 (30.6/25) | 65.0 (26.8/25)
510 GeV/c | 51.5 (37.6/25) | 9.6 (31.7/25) | 32.5 (18.8/24) | 27.8 ( 9.7/18)

Table 6.4 Table of Ax? values for correlations between a 7% trigger from
5-7 GeV /c with several different associated charged hadron and
centrality bins. The x?/NDF from the nominal fit is given in

parentheses.

PT,assoc Min. Bias 0-20% 20-40% 40-92%
1-2 GeV/c | 35.5 (26.8/25) | 6.6 (28.6/25) | 27.8 (22.5/25) | 48.7 (31.7/25)
2-3 GeV/c | 25.2 (21.1/25) | 13.9 (19.6/25) | 5.1 (26.9/25) | 14.8 (46.4/25)
3-5 GeV/c | 41.0 (30.5/25) | 1.9 (28.0/25) | 31.5 (37.6/25) | 28.5 (17.4/19)
5-10 GeV/c | 31.5 (24.6/25) | 3.9 (19.9/25) | 16.0 (16.5/16) | 5.0 ( 7.7/ 8)

Table 6.5 Table of Ax? values for correlations between a 79 trigger from

7-10 GeV /c with several different associated charged hadron and
centrality bins. The x?/NDF from the nominal fit is given in
parentheses.

DT assoc Min. Bias 0-20% 20-40% 40-92%
1-2 GeV/c | 13.8 (34.0/25) | 2.5 (18.8/25) | 12.2 (53.6/25) | 10.3 (16.0/25)
2-3 GeV/c | 35.2 (24.8/25) | 12.6 (27.2/25) | 14.1 (22.2/25) | 13.8 (24.9/21)
3-5 GeV/c | 40.0 (15.1/23) | 10.9 (29.1/21) | 8.6 ( 6.5/17) 9.3 (4.5/16)
5-10 GeV/c | 1.4 (20.9/14) | 1.4 (8.2/11) | -4.1 ( 6.6/ 5) 1.4 (29/ 2)

Table 6.6 Table of Ax? values for correlations between a 70 trigger from

As seen from the tables, 10 of the 48 fits have a Ax? below 6.2 meaning the far-angle

structure is not a statistically significant in those pr and centrality bins at the 20 level. There

10-20 GeV/c with several different associated charged hadron
and centrality bins. The y2/NDF from the nominal fit is given

in parentheses.
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is no distinct pattern to those correlations whose fits do not pass the tests except for the fits
of the 10-20 GeV/c trigger with the 5-10 GeV/c associated which fail for all centrality bins.
These correlations are the most statistics limited of all of the correlations. In what follows,
far-angle jet shapes are not extracted from these correlations. However, since the background
and near-angle width can still be reasonably determined, the near-angle jet properties are still

extracted and the statistical subtraction (see Section 6.5) is still performed on these bins.
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Figure 6.6 The relative error on the near angle width (upper left), far angle
width (upper right), near angle yield (lower left), and far angle
yield (lower right) as a function of associated pr and centrality
for a trigger pr of 7-10 GeV/c.
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6.3.5 Systematic Errors

There are several systematic errors in this analysis. The first is due to the variation of the
input vo values. At low pr the resulting errors can be 40-50%. As the pr is increased these
errors reduce rather dramatically to the few percent level. An example of the relative error
due to the v variation is given in Fig. 6.6. Another source of error is the extraction of jet
properties, < j%y> and <sin2 ¢;j)- These errors are outlined in Appendix A. A further source
of error is due to the signal-to-background within the 7% mass peak. The signal-to-background
in the 7° mass range is slightly worse than p+p and d+Au collisions. The resulting systematic
errors on the p+p and d+Au widths and yields vary from 1-5%. In this analysis the error due
to the signal-to-background is conservatively estimated to be 5% on all extracted quantities
and independent of py and centrality. A further source of systematic error that was performed
in the p+p and d+Au analysis was the variation of some of the single particle cuts and checking
the effect on the extracted quantities. A detailed study of these effects have not been performed
in Au+Au but they are estimated to be slightly larger than the d+Au errors and a conservative
systematic error of 5% is assigned to all quantities, independent of pr and centrality. The final
contribution to the systematic error is due to the normalization of the associated particle
distribution. This error is a quadrature sum of the error on the correction function which
is 10% and the error on the occupancy correction which is between 3-5% and is tabulated

in Table 6.1. A summary of all of the contributions to the systematic error is presented in

Table 6.7.

6.4 Centrality Dependence of Jet Properties

The correlations are fit using Eqn. 6.4 and fixing the trigger and associated vy values. The
resulting fitted widths and extracted jet shapes, < j%y> and <s.in2 ¢;j), are plotted in Fig. 6.7-
6.9. Each figure is a single trigger 7° bin: 5-7 GeV/c, 7-10 GeV/c, and 10-20 GeV/c. The
quantities are plotted as a function of the associated hadron py. The different symbols represent
the different centralities: closed circles 0-20%, open circles 20-40%, and closed squares 40-92%.

The expected shape of the near- and far-angle widths as a function of pr gssc is seen, ie. a
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type don dop 6Y N 6Yp
Cut variation 5% 5% 5% 5%
S/B Correction 5% 5% 5% 5%
normalization N/A N/A 11%-10.5% | 11%-10.5%
vy variation 30%-0.5% | 30%-0.5% | 30%-0.5% 30%-1%
total 30%-7% 30%-7% 33%-13% 33%-13%
type 5\/<j:2ry> 8 (sin” ¢j;)
Approximations to Eqn. 6%-0.7% 2%
total 30%-7% 30%-2%

Table 6.7 Summary of the systematic errors on the various results. The v
variations dominates over the other errors. This error is strongly
pr-dependent. As the pr of both particles increases the resulting
error decreases dramatically.

decrease with increasing pr gssoc. The extracted <j%y> is constant for all of the different
trigger for associated pr above 2 GeV/c. For each trigger and centrality bin the weighted

average of the < j%y> is found. These values are tabulated in Table 6.8. No centrality or

PT,trig dependence is seen. These data are also consistent with the < j%y> measured in p+p

and d+Au collisions tabulated in Table 5.1 and in Appendix C.

PTirig 0-20% 20-40% 40-92%

57 GeV/c | 0.415£0.01720.019 | 0.406:£0.017+0.018 | 0.434-£0.017+0.018
7-10 GeV/c | 0.415+£0.026::0.018 | 0.437-£0.027-£0.019 | 0.416+0.022-£0.019
10-20 GeV/c | 0.42140.038£0.018 | 0.490+0.0400.020 | 0.32540.0330.015

Table 6.8 Table of asymptotic ,/<j%y> values in GeV/c for the differ-

ent trigger and centrality bins. The values are averaged over

the pr gssoc bins outside of the seagull region, that is above 2.0
GeV/c.

From energy loss models which describe the measured single particle suppression, a broad-
ening of the di-jets is predicted [Vitev, 2005]. This broadening should be seen as an increase
in the far-angle jet widths. To study this effect, the far-angle widths are plotted as a function
of centrality for a fixed associated pr range. This is shown in Fig. 6.10 where each symbol is

a different trigger pr bins. There is no systematic trend in any of the py ranges as a function
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of centrality. In particular, the far-angle jet widths are not inconsistent with constant as a
function of centrality, contrary to the expectation from energy loss models.

The conditional yields are also studied as a function of centrality. A suppression of the
away-side yield has been observed at lower pr (see Fig. 2.22) which has been interpreted as
the result of energy loss of the away-side jet. To further test the energy loss the far-angle
conditional yields as a function of xp are constructed. These data extend the pr reach of the
previous analysis.

These xg distributions are constructed by the same method employed for p+p and d4+Au
analysis. For a given trigger and associated pr range there is a distribution of zp. This
distribution is fitted with a Gaussian to extract the mean of the peak. The yield is plot-
ted at the mean from the Gaussian. The width of the Gaussian peak is also shown in the
distributions to indicate the approximate bin width of the distribution. The xg bin used is
Azg = ADPT assoc/PT trig-

The zp distributions are plotted in Fig. 6.11 for each centrality with all of the different
trigger pr ranges overlayed. For each centrality these data lie along a universal curve indicative
of the universal similar to what was observed in p+p and d+Au. All of the data for a given

centrality are then fit with an exponential distribution

1 dN TE
—— = Aex (— ) 6.5
Ntm’g dr g P (xE> ( )

The fitted slopes, 1/(zg), are shown in the plot along with the y2/NDF for the fit. The
horizontal error bars are not used in the fit. Even though the most central data has a much

higher slope than the peripheral, no systematic trend of increasing slope is seen in the data.

6.5 Statistical Subtraction Method for Pair Variables

To maximize the available statistics, conditional yield distributions have been constructed
by the statistical subtraction method [Jia and Cole, 2004¢]. As an introduction to the method

consider the construction of the correlation function. Typically, the correlation function is



122

defined as the real pair distribution divided by the mixed event distribution to remove detector
acceptance and efficiency. Using the proper normalization the conditional yield distribution,
the number of pairs per trigger as a function of Ag, is obtained.

1 dN  Occ(cent) [ dAp Mix (A¢) Real (Ad)
Ntm'g qub a Ngrig EassocQqu Miz (Agb)

(6.6)

Alternatively it is possible to fill the real distribution with a weight equal to the properly

normalized mixed distribution.

Occ(cent) [ dA¢ Mix (Ag) 1

w (AQ) = - 6.7
( ¢) Ntlrig GGSSOCQA¢ Mix (A¢) ( )
In this way the conditional yield is simply
1 dN
—— = Real (Ag;w (A 6.8
Nt'/‘ig dA(Z) ea ( ¢7w( ¢)> ( )

where the second argument implies that a weighting is applied to each entry of the distribution.
This results in a properly normalized and corrected distribution. Still present is the overall
combinatoric background level, 14+¢£, modulated by the elliptic flow. This 14+£ background can
be found by fitting the correlation function.

The elliptic flow can be removed by weighting the mixed distribution with the elliptic flow

as well.

Wiz (Ag) = w (A¢) (1 + 20505 cos (2A9) ) (6.9)

The trigger and associated particle’s vo is fixed from Table 6.2 and Table 6.3 respectively. In
fact, the mixed distribution with a weight as in Eqn. 6.9 would be a flat line by construction.

To summarize to obtain the jet conditional yield distribution is

1 dN7“
Ntrig dA¢

= Real (Ag;w (Ad)) — (1 + &) Miz (Ag; wmiz (Ad)) (6.10)

One advantage of this method is that distributions combine data from different pr ., and
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PT.assoc Tanges to exploit the full statistics. A second advantage is that this method is useful

for any pair variable. For example, zg distributions

1 dN7e
= Real (zg;w (A¢)) — (1 + &) Mix (xg; Wiz (AP)) (6.11)
Ntrig de'
and peye distributions
1 dNIet .
= Real (pout; w (A@)) — (1 4+ &) Mix (pout; Wiz (AP)) (6.12)

Ntrig dpout

are measured. Recall that p,,; is the component of the associated pr perpendicular to the
trigger pr. The advantage of these distributions above the statistical power of the method is
that they contain the information which is sensitive to the energy loss, i.e. poy: is sensitive to
di-jet broadening and the xg distributions are sensitive to the yield suppression.

The z g distributions are outlined here with the focus on the details of the method. First,
a pass through the data must be made to build the correlation functions and the mixed
distributions. These mixed distributions are then used in the second pass through the data
as an input the weights of the real and mixed distributions. An example of the resulting
weighted distributions is shown in Fig. 6.12. The mixed distribution is scaled by 14+¢ as well.
This factor comes from the background fit to the conditional yield distributions, i.e. B in
Eqn. 6.4, and scaled by the normalization factor in Eqn. 6.3. The difference between these
two distributions is the zp distribution due to jet correlations only. The distributions are
calculated separately for each trigger and associated pp ranges since the background that is
subtracted in the distribution is a very different fraction of the total distribution. Taking a
large associated bin would require a large bin-shift correction to the background.

Next, the difference is taken between the weighted and scaled distributions in each of
the trigger and associated and centrality bins. These distributions, which are the jet zp
distribution for a given trigger, associated, and centrality bin. An example is shown in Fig. 6.13.
It is should be noted that, by the definition of g, the maximum x g for each trigger-associated

bin i P7.assoc/PT trig- Within a given bin there is a distribution of xg. Hence, the different
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trigger-associated bins populate different ranges of zg.

Finally, the different distributions are summed to give the final xg distribution for a given
trigger and centrality bin. These are shown for all centrality and trigger bins in Fig. 6.14-
Fig. 6.16. By combining the data from different associated ranges all of the available statistics
are maximally used permitting a finely binned distribution. As a result a clear shape is seen.

By taking a ratio of the distribution in the central bins to the most peripheral bin, the
difference between these distributions can be seen in detail. Fig. 6.17-Fig. 6.19 plot the quantity

I.p, defined as (c.f. Eqn. 2.24)
1 chent'ral
Nt'rig de
1 dNperipheral
Nt'rig dwE

I, = (6.13)

If there is no change between the two distributions, I, would be unity. This is not the case
for the data as a whole, the ratio is systematically below unity. This indicates a suppression of
the associated yield in the central bins compared to the peripheral bin. By assuming that the
ratio is constant as a function of g, the average value for each trigger and centrality bin is
computed. These values are all below unity. There is also a systematic trend that the 0-20%
data has a lower average I, than the 20-40% data. This is seen by plotting the average I, as
a function of p7 4y for both centrality bins.

I, is sensitive to the differential energy loss between the trigger and the associated particle.
To see this consider two separate cases. First, if the trigger is emitted at the skin of the overlap
region, the corona, it will not suffer energy loss. If a pair is not counted in the conditional
yield it is entirely due to the energy loss of the associated particle. In this case the suppression
of the pairs would be similar to the suppression of single particle, I, ~ R.,. In the second
case, consider both particles emitted at the center of the interaction region and losing the same
amount of energy. It could be possible, if the energy is high enough, that both the pair and
the trigger are not counted in the correlation. In this case 144 is about unity. Therefore, a
value of 1., between R, and 1 would indicate a differential energy loss between the trigger and
associated particle. From the single particle hadron analysis [Adler et al., 2004] R, a constant
value of 0.4 above 5 GeV/c for 0-20%/40-92% and 0.6 above 5 GeV /c for 20-40%/40-92%. The

measured I, are systematically above these R, values (see Fig. 6.20) indicating that there
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may be differential energy loss between the trigger and associated particles.

The pyy distributions have also been measured. This observable is defined as the com-
ponent of the associated particle pp perpendicular to the trigger pp. It is of interest since
the far-side poy: is directly related to k7 (see Eqn. 4.24). In the energy loss models which re-
produce the single particle suppression, a large broadening of the away-side jet distribution is
predicted [Vitev, 2005]. Therefore, the expectation is that the p, distribution should broaden
as well.

These pyy¢ distributions are constructed using the same method for constructing the zg
distributions. Fig. 6.21-Fig. 6.23 show the p,,; distribution for the different trigger particle
ranges and the different centrality bins. All distributions are approximately Gaussian which
is expected since poy: is directly related to kr. A Gaussian fit has been made of each of
these distributions to extract the RMS /(p2,;). The measured RMS values as a function of
centrality are shown in Fig. 6.24. These values are not inconsistent with a constant value as
a function of centrality and as a function of pryrig. A broadening of at most 30% may be
indicated in the most central bin compared to the more peripheral bins.

Taking the data as a whole we see that the < j%y> is consistent with p+p and d+Au. The
far-angle widths within the statistic show little to no broadening as a function of centrality.
The pyy+ distributions indicate ,/<p§ut> not inconsistent with being independent of centrality
but could possibly indicate an increase of 30% in the most central bin. The yields show a
suppression. That is, I, is less than unity between central and peripheral collisions. These
are interesting results because the suppression that was observed at lower pp persists to higher
pr and the away-side jet distribution can be quantified. The last result is crucial for testing

energy loss models in Au+Au collisions at RHIC.
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Figure 6.7 Upper Left: Near-angle widths as a function of pr gss0c for 5-7

GeV/c 70 triggers. Closed circles are 0-20% central, open cir-
cles are 20-40% central, and closed squares are 40-92% central.
Upper Right: Far-angle widths as a function of pr 4ss0c. Bottom

Left: Extracted < j%y> as a function of pr 4ss0c. Bottom Left:

Extracted (sin? ¢;;) as a function of pr gssoc-
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Figure 6.9 Upper Left: Near-angle widths as a function of pr 4550 for 10-20

GeV/c 70 triggers. Closed circles are 0-20% central, open cir-
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Upper Right: Far-angle widths as a function of pr 4ss0c. Bottom

Left: Extracted 1/< j%y> as a function of pr 4ssoc. Bottom Left:

Extracted (sin? ¢;;) as a function of pr assoc-
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resent different trigger ranges: 5-7 GeV/c, closed circles, 7-10
open circles, and 10-20 GeV/c, closed squares. The dashed
line is an exponential fit to the data.
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Figure 6.12 The zp distribution from real pairs (circles) weighted by the
acceptance (Eqn. 6.7). and mixed pairs (squares) weighted by
the acceptance (Eqn. 6.9) and scaled by 14+ background. All
distributions are for 40-92% Au+Au collisions with 70 triggers
from 5-7 GeV/c. Each different panel is a different associated
hadron pr range: 1-2 GeV/c (upper left), 2-3 GeV/c (upper
right), 3-5 GeV/c (lower left), and 5-10 GeV/c (lower right).



132

40-92% Au+Au

5-7 GeV/c 10

el
0.5

103““

IXp/N

3
611y

N/

10

Figure 6.13 The resulting difference between the real and mixed distribu-

tions from Fig. 6.12 for each of the associated bins overlayed
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is the normalization error on the yields. The shaded band at
each point are the point-to-point systematic error due to the
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Figure 6.19 Ratio of the two most central jet xg distributions to the most
peripheral distribution using 7° triggers from 10-20 GeV/c.
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at one is the normalization error on the yields. The shaded
band at each point are the point-to-point systematic error due
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Figure 6.20 Icp as a function of trigger pr for 0-20%/40-92% central
Au+Au collisions (closed) and 20-40%/40-92% central Au+Au
(open). The dashed line is the approximate value of R, cor-
responding to 0-20%/40-92% Au+Au and the dot-dashed line
corresponds 20-40%/40-92% Au+Au collisions.
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CHAPTER 7. Discussion

This chapter discusses the data presented in this thesis in comparison to other data and

theoretical models in an attempt to understand jet modification in nuclear collisions.

7.1 Baseline Correlations

It is typically stated that jet production, which is a useful probe of the quark-gluon plasma,
can be understood from perturbative QCD (pQCD). In fact, next-to-leading order (NLO)
pQCD has been successful at predicting single 7° particle production [Adler et al., 2003¢] and
single, direct (isolated) - production [Sakaguchi, 2005; Gordon and Vogelsang, 1993] in p+p
collisions at RHIC. The NLO calculations involve processes such as 2—3 or 3—2, where a
parton is radiated in the final or initial state, respectively. Such initial state radiation breaks
the collinearity of the incoming partons, that is they will have some transverse momentum.
The final state radiation will give a random kick to each of the outgoing partons resulting in
further transverse momentum of the pair of outgoing partons. These calculations in general
do not include other sources of k7 beyond NLO diagrams, i.e. k7 due to confinement. The
fact that the NLO pQCD calculations reproduce the single particle distribution suggests that
1) the semi-hard gluon radiation in both the initial and final state dominates the “intrinsic”
kr resulting from confinement, and 2) the rates for jet production are calculable. The shape of
these events, which is explicitly measured in correlation functions, is not calculable in pQCD.
The correlation functions include the fragmentation of each of the partons, which is a non-
perturbative effect. Even though pQCD calculations can reproduce single particle spectra
by using fragmentation functions, it is not possible for pQCD to reproduce p+p correlation

functions (see, however, di-hadron fragmentation functions from Majumder and Wang [2004]).
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In light of this, the discussion of the results focuses on the comparison of correlation results in

heavy ion collisions to those measured in p+p collisions.

7.2 Cold Nuclear Medium Jet Modification

The jet properties extracted from p+p and d+Au collisions (see Section 5.5) should be
sensitive to and provide a handle on the cold nuclear medium modifications of jets in the
nuclear environment at RHIC energies. Fixed target experiments at Fermilab of lower energy
p+A collisions measured a strong enhancement of di-jet acoplanarity (see Fig. 2.19). The
data show that the </€%y> doubles from x+p collisions to x+Pb collisions from 1 GeV/c to
2 GeV/c for x=v, 7, and p. It is important to note that the increased broadening in vy+A
collisions must be due to the multiple scattering of the final state partons from the collisions
since the 7 does not strongly multiple scatter in the nucleus prior to the hard collision. Since
the p+A and 7+A data show the same trend with A and the same magnitude of <k‘%y>, one
would conclude that the broadening in those collisions would be due entirely to the final state.

This conclusion is, in fact, in contrast to Drell-Yan data in p+A collisions. The Drell-Yan
process is ¢ + q — ¢+ + ¢~. The pair pr of the outgoing lepton pair is equal to the sum of
kr of the incoming quarks. Since the outgoing leptons do not strongly multiple scatter in the
nuclear medium, any pr broadening measured in Drell-Yan pairs is purely from the initial state
multiple scattering of the partons. Indeed, pr broadening of Drell-Yan pairs is measured in
p+A collisions.

It is not clear from lower energy data if there is a coherent understanding of multiple
scattering, i.e. the origin of the Cronin effect. That is, some data indicate that the origin is
from the initial state while other data suggest it is from the final state. It is clear, however, that
all models reproducing the lower energy Cronin effect include multiple scattering as the source.
At RHIC energies, modification of jet properties in p(d)+A collisions should be sensitive to
the combined effect of the initial and final state interactions. The data indicate that there is
an enhancement in the d+Au single particle spectrum consistent with the Cronin effect. This

enhancement is in stark contrast to the strong suppression measured in Au+Au collisions at
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the same energy. Because of the large difference between effects in Au-+Au compared to d+Au,

disentangling the initial and final state effects in d4+Au collisions is perhaps not critical.

7.2.1 Transverse Fragmentation of a Jet
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Figure 7.1 Left: Comparison of <j%y> between p+p and minimum bis

d+Au. Right: Comparison of < j%y> for different d+Au cen-
trality bins.

A jet property that could potentially be affected only by final state interactions is 4/ < j%y>,
the transverse momentum of fragment with respect to the parent parton. The jr distribution
is a result of fragmentation which occurs only in the final state. Depending on when the parton
begins to fragment, it could take place within the nucleus. This time can be estimated by the

time it takes for jr to develop [Wiedemann, 2004].

qr

Jr
For the jets considered in this thesis, gy = 10 GeV and jr = 0.5 GeV, the approximate
formation length is ¢ ~ 8 fm. This is longer than the Au radius. Therefore, little interaction
of the final state fragments with the nuclear medium should be expected.
The data indicate no significant change in < j%y>, see Fig. 7.1. This quantity is very similar

between p+p and d+Au collisions, and there is no obvious dependence on the centrality. No
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indication of modification due to the final state is observed.
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Figure 7.2 Compilation of d+Au minimum bias < j%y> from different cor-

relation analyses from PHENIX [Adler et al., 2005b]. The stars
and crosses are from this thesis.

Other PHENIX analyses have shown a similar result for <3%y> The compilation is
plotted in Fig. 7.2. The data are for minimum bias d+Au collisions for fixed-py h-h (stars),
assorted h-h (squares), assorted m9-h (crosses), and assorted m*-h (circles) correlations. The
data for the fixed-pz h-h and 7%h correlations are from this thesis. All data are consistent
with one another.

The data also indicate that jp is independent of both the trigger and associated momentum,
at least above about 1.5 GeV/c. The “turn-on” of the data at low pr gssoc is due to a simple
kinematic constraint that jr cannot be larger than the ppr of the particle. This is known as the
“Seagull effect” [van Apeldoorn et al., 1975; Agababyan et al., 1994]. When calculating the

average of /(j2, ) from the data, only those data above 2 GeV/c are used. This average is
Ty
<j%y> = 0.451+0.01£0.03 GeV /c. This value can be compared with the value extracted by the

CCOR collaboration at the CERN ISR [Angelis et al., 1980]. They extracted a value of <j%y>
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= 0.4934+0.009 GeV/c at 1/s=31-63 GeV. These values are also consistent with another ISR

collaboration which measured <j:2ry> = 0.44£0.04 GeV/c at /s=31-63 GeV [Clark et al.,

1979]. All of these data show that < j%y> is independent of y/s. This is indicative of the

universality of fragmentation.

7.2.2 Di-jet Acoplanarity
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Figure 7.3 Top: Absolute difference of (sin® ¢;;) between d+Au and p+p
collisions. Crosses are m°-h correlations from this analysis. The
circles are m*-h correlation results. The average of the data is
consistent with no difference between p+p and d+Au. Bottom:
Percent difference in d4+Au compared to p+p. The solid line is
a prediction from a multiple scattering model [Qiu and Vitev,
2003]

To probe the effect of multiple scattering, the acoplanarity of the outgoing jets is studied.
It is measured via the sin of the angle between the jet axes, (sin?¢;;) (see Fig. 4.3). As the

parton which participates in the hard collision multiple scatters, it picks up extra transverse
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momentum resulting in the broadening of the outgoing di-jet distribution. This broadening,
from both initial and final state interactions, should be observable as an increase in <sin2 bji)-

The acoplanarity increase is measured by the difference between <sin2 ¢;j) in p+p and min-
imum bias d+Au collisions. This quantity is plotted in Fig. 7.3. The absolute difference is con-
sistent with no change between p—+p and d+Au collisions. Separately, the weighted average of
the difference is -0.00540.0124-0.003 for 7% triggers from this analysis and 0.01140.0114-0.010
for 7+ triggers, both consistent with zero. Combined, the weighted average of the difference is
0.004+0.008+0.009. In all of these quantities, the first error is statistical and the second error
is systematic.

This difference can be compared with a prediction from J. Qiu and I. Vitev based on
multiple scattering of the partons in both the initial and final state [Qiu and Vitev, 2003].
They predicted a 25-30% increase in acoplanarity in d+Au collisions compared to p+p. This
can be tested by recasting the absolute difference as a percent difference of <sin2 ¢;5) in d+Au
compared to p+p. This is plotted in the lower panel of Fig. 7.3. The weighted average of the
percent difference for all data is -13%+10%=415%. The quadrature sum of the errors is 18%
which is approximately 1.5¢ from the prediction, i.e. the prediction is not inconsistent with
the data.

Another prediction of the modification of jet properties in p+p compared to d+Au col-
lisions was from Hwa and Yang [2004a] based on a recombination model. In this model the
hadronization process of fragmentation is augmented by soft partons from the underlying event
combining with partons from the fragmentation process. This model is able to reproduce the
single, identified particle spectra. The enhancement in intermediate pr production is due to
the addition of parton momentum from recombination and not from multiple scattering in the
nucleus. Therefore, this model predicted no increase of the acoplanarity of jets. They also

predicted a factor of two increase in the near-side conditional yield [Hwa and Yang, 20045].
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Figure 7.4 Central to peripheral ratio of near-side yields from the recom-
bination model (closed squares) of Hwa and Tan [2005]. The
d+Au data are from 7 triggers (closed circles) and 7° triggers
(open crosses).

7.2.3 Near-angle Yields

The data on the ratio of the near-side yield in d+Au to p+p is shown in Fig. 5.18 and
Fig. 5.23. This ratio is approximately 1, not consistent a predicted factor of 2. Because of
this data Hwa and Tan [2005] revisited the result. What was initially calculated, which gave

a factor of 2, was

High d’o
1 dN _ pT,tr'Lg de,assocde,tT'Lg (7 2)
Nivio d Low do :
trig @PT,assoc Prorig e
. . . High .
where the correlations are measured in a trigger pr range between p%(?;’ig and pp 7} . What is
actually measured is the ratio of the integrals.
High
pT,tM’,g d20'
1 dN . p%—s?ﬁ:ig de,assocde,trig (7 3)
- High °
Ntrig de,assoc pr,ltiig do
L .
pT?tz'}ig de,tmg

Using Eqn. 7.3 the ratio of the conditional yields of central collisions(0-20%) to peripheral

collisions (60-80%) is compared to the d+Au results from PHENIX in Fig. 7.4. The model is
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now consistent with the data.

7.2.4 Far-side Yields
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Figure 7.5 Jet 2 distributions from 7 triggers for several different trigger
ranges in minimum bias d+Au collisions.

A comparison of the far-side yields completes the study of jet properties in d+Au collisions.
These yields are best studied as zg distributions. The far-side xp distributions are related
to the product of the trigger and associated particle fragmentation functions (Eqn. 4.40). It
may be possible that the effective fragmentation function changes in d+Au since additional
soft gluon radiation could lead to a softening of the measured fragmentation function.

Hadron zg distributions have been constructed in both p+p and d+4Au for several pr g
bins. These distributions using 7% triggers in d+Au collisions are shown in Fig. 7.5. To
check the scaling of these distributions, the data is replotted as a function of pz ;4 for several
different xp ranges. These distributions from p+p and d+Au collisions are shown in Fig. 7.6.
The scaling is measured by a linear fit as a function of ppr for each zp range. That is, the

distribution is assumed to have the form

1 dN 1 dN

= 14+ 7.4
Ntrig dxp Ntm’g drgg ( ﬂpT) ( )
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Ntlm-g %0 is the overall level of the x g distribution and 3 represents the fractional change

where
in the distribution as a function of trigger pr. These fitted values are shown in Fig. 7.7. Point
to point there are no systematic differences between the p+p and d+Au. Therefore, there are

no measurable differences in the xg distributions in d+Au compared to p+p.
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Figure 7.6 Jet xp distributions as a function of pr 4., for different zp
ranges in minimum bias d4+Au (left) and p+p (right).
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(see Eqn. 7.4) as a function of xp for p+p (open) and d+Au
(closed) collisions.
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7.2.5 Summary of Cold Nuclear Medium Modification

Several observables have been measured in order to fully quantify any differences between
jet properties in p+p and d+Au collisions. The extracted <j%y> shows no statistically
significant difference between p+p and d+Au. This implies that the fragmentation process is
not affected by the medium.

The di-jet acoplanarity difference between p+p and d+Au is not statistically significant.
The difference in <Sin2 ¢;;) is zero within the statistical errors. Both a multiple scattering model
from Qiu and Vitev [2003] and a recombination model from Hwa and Yang [2004b] predicted
no increase in the di-jet acoplanarity. The data is not inconsistent with either prediction. The
lack of difference seen in the acoplanarity and the observation that the measured p+p spectrum
is well described by NLO pQCD seem to indicated that the k7 measured by these correlations
are dominated by hard gluon radiation in the initial and final state. This hard radiation seems
to dominate any kp increase due to soft multiple scattering. The observation of a dramatic
increase in k7 at lower /syny may be due to the \/syn dependence of the gluon radiation.
That is, at lower \/syy the gluon radiation may not dominate the multiple scattering.

The near-side jet yields show little centrality dependence. The data is not inconsistent
with an increase in the yield predicted by the recombination model [Hwa and Tan, 2005]. The
far-side jet yields as a function of xg also show no significant difference between p+p and
d+Au collisions. These distributions are independent of pr .4 in both cases. The scaling of
the two distributions are similar as well.

Taken together, these data build a strong case that jet properties in d+Au collisions are very
similar to p+p collisions. These data are consistent with both the multiple scattering models
and a recombination model. At the current level of statistics, the data cannot distinguish
between these models because nearly all of the predictions are similar between them. However,
a robust result is that either p+p or d+Au can be reliably used as a baseline for Au+Au

collisions at RHIC since no large cold nuclear medium effects are indicated by the data.
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Figure 7.8 Nuclear modification factor for 7° production in 0-10% central
Au+Au compared with binary-scaled p+p collisions [Shimo-
mura, 2005]. The data is compared with the energy loss model
from Gyulassy-Levai-Vitev (GLV) [Gyulassy et al., 2000].

7.3 Hot, Dense Nuclear Medium Jet Modification

Before the most recent Au+Au run at RHIC in 2004, several observables indicated that a
strong energy loss mechanism is present in central Au+Au collisions. The initial observation of
strong suppression of high-py single particles was discovered at /syny = 130 GeV data [Adcox
et al., 2002] and extended to higher pr in the \/syny = 200 GeV Au+Au collisions [Adler
et al., 2003b]. This measurement on 7’ production has been further extended to 20 GeV/c
in the most recent Au+Au run [Shimomura, 2005]. The nuclear modification factor is plotted
in Fig. 7.8 with a comparison to the prediction from the Gyulassy-Levai-Vitev (GLV) model
of energy loss [Gyulassy et al., 2000]. The agreement is reasonable although the data may
indicate a slightly higher gluon density than what is plotted. The strong suppression persists
in the data out to 10-20 GeV/c. This range corresponds to the highest pp triggers that are
used in this analysis.

The other observable previously measured is the suppression of the away-side jet associated
yield in central Au+Au collisions. This suppression is shown in Fig. 7.9 from the STAR
experiment [Adler et al., 2003q] for two different trigger ranges. The associated particle ranges

from 2 GeV/c to the trigger pr. In the away-side, a clear suppression is observed in the data
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Figure 7.9 Conditional yield in Au+Au compared to p+p collisions as
a function of Au+4Au centrality for two different trigger
ranges [Adler et al., 2003a.

for both trigger pr ranges.
The crucial piece that is missing from these data is the widths of the away-side distribution.
This is mostly to the suppression of the distribution to the point of not having a clear away-side

distribution above the measured background.

7.3.1 Broadening of the Di-jet Distribution

Because of the factor of ten increase in statistics in the 2004 Au+Au run, both the statis-
tical precision of the correlation functions and the ppr reach have increased. The former makes
it more possible to disentangle the elliptic flow from the away-side jet. The latter increases
the signal-to-background of the jet pairs in the whole correlations, which also aids in disentan-
gling the flow from the jets. A clear away-side shape is present in the data and the RMS of
the away-side distribution has been extracted. Fig. 7.10 shows a compilation of results from
STAR [Magestro, 2005] and this thesis on the shape of the away-side distribution. The upper
left panel is data from p+p, d+Au, and Au+Au from this thesis for two different trigger ranges:
5-7 GeV /c (closed points) and 7-10 GeV/c (open points). The associated hadrons range from
2.5-5 GeV/c in the p+p and d+Au data and from 3-5 GeV/c for the Au+Au data. The pe-

ripheral Au+Au data is consistent with p+p and d+Au. At higher centrality, no systematic
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broadening is seen in the data. The STAR data on conditional yields in the upper right panel
is for a fixed hadron trigger pr of 8-15 GeV/c. The associated hadron varies from the top of
the plot to the bottom of the plot. The centrality varies left to right. All of the distributions
seem to indicate the width is independent of centrality to a high degree of statistical accuracy.

The PHENIX data is consistent with this conclusion, but with less statistical accuracy.
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Figure 7.10  Upper Left: Far-angle widths as a function of Ny4.¢ for p+p,
d+Au, and Au+Au collisions. The p+p and d4+Au data are
for 5-6 GeV/c (closed) and 7-10 GeV/c (open) triggers and
2.5-5 GeV/c associated hadrons. The Au+Au data are for 5-7
GeV/c triggers (closed) and 7-10 GeV/c triggers (open) with
3-5 GeV /c associated hadrons. Upper Right: Away-side condi-
tional yield distributions for 8-15 GeV /c hadron triggers with
different associated pp ranges for peripheral (left) and central
(right) Au+Au collisions from STAR [Magestro, 2005]. Lower:
Fitted Gaussian RMS of the py,; distributions as a function of

centrality. Each symbol represents a different trigger 7° range.

To maximize the available statistics poy; distributions are measured. The fitted Gaussian

RMS of the pyy: distributions are shown in the bottom panel of Fig. 7.10. The data are
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not inconsistent with being independent of centrality. An increase of approximately 30% in
M(p?mt} in the central collisions compared to the peripheral collisions is also not excluded by
this data. A direct comparison between the values in Au+Au collisions to those in p+p and
d+Au collisions is not yet possible since the pr ranges used in the p+p and d4+Au analysis

were lower than those in this analysis. As such the distributions are necessarily narrower.
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Figure 7.11 Prediction from Vitev [2005] of the expected broadening from
the radiative gluons (left, solid line) compared to the attenu-
ated parent parton (left, dashed line). The attenuated parent
parton has a distribution similar to p+p (right).

The lack of large broadening in op and /(p2,,) are in contrast to the prediction that
the gluons from radiative energy loss broaden the away-side distribution [Vitev, 2005]. This
prediction is shown in Fig. 7.11 for a fixed length calculation where the trigger is 6 GeV /c and
the associated particle is 4 GeV/c which corresponds approximately to the trigger-associated
bin in the left panel of Fig. 7.10. The solid line represents the distribution of radiated gluons
from energy loss of a parton. The parent parton distribution is shown as the dashed line.
This parent parton distribution is consistent with p+p collisions as shown in the right panel.
Such a strong broadening of a factor of 2-3 is not seen in the data. It is possible that a fixed
length calculation is not useful for comparison to correlation results. The lengths that partons
traverse in medium can have a very wide distribution. In 0-10% central Au+Au collisions the

average path length is closer to 4 fm and not 9 fm [Dainese et al., 2005].
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7.3.2 Yield Suppression in Hot, Dense Nuclear Matter
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Figure 7.12 Left:Far-side conditional yields as a function of centrality. The
solid line is a fit to the associated pr above 6 GeV/c. The
dashed line is the fit scaled by a factor of two. Right: I, as a
function of centrality for this data.

What is apparent in the STAR data in Fig. 7.10 is that for a given pr 4ss0c range, the
conditional yield is suppressed from peripheral to central collisions. The suppression can be
seen by plotting the away-side conditional yield as a function of centrality and is shown in
Fig. 7.12. From d+Au to the most central data the yield decreases by nearly a factor of 5.
This is quantitatively similar to R44.

The data can be replotted as I, to compare with the data in this thesis. This is shown
in the right panel of Fig. 7.12. At the most central collisions, the yield drops by a factor of 2
compared to the most peripheral collisions. This is quantitatively similar to the suppression
that is seen in the measured hadron x g distributions in Fig. 7.13. The z g distributions have an
average I, values of 0.66+£0.114+0.16 for 5-7 GeV /c triggers, 0.434+0.11+0.06 for 7-10 GeV/c
triggers, and 0.5040.1940.07 for 10-20 GeV/c triggers. The data indicate that the yield of the

away-side is suppressed.
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Figure 7.13 Ratio of jet xp distributions in 0-20% central collisions com-
pared to 40-92% peripheral collisions for 5-7 GeV/c 70 trig-
gers (upper left), 7-10 GeV /c triggers (upper right), and 10-20
GeV/c triggers (lower). The average value of I, is given.

7.3.3 Length Dependence of Energy Loss and vy at High-pr

Radiative gluon energy loss is sensitive to the parton’s path length in medium and the
predicted energy loss is AE o L?. One consequence of this is that the energy loss is less for
particles in-plane, along the reaction plane, than out-of-plane, perpendicular to the reaction
plane. The STAR collaboration has measured correlations by requiring that the trigger have
some specified orientation to the reaction plane, i.e. in-plane and out-of-plane [Adams et al.,
2004b]. These are shown in Fig. 7.14. For the correlations out-of-plane (circles) the away-side
correlation is almost completely suppressed. When the trigger is in-plane (squares) the away-

side survives but is still slightly suppressed. This is the first indication that the energy loss is
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Figure 7.14 Correlation functions in 20-60% Au+Au in two different re-
action plane bins compared to p+p correlations. Squares are
correlations where the trigger particle is required to be within
0-45° of the measured reaction plane (in-plane). Circles are
correlations where the trigger is between 45-90° from the re-
action plane (out-of-plane).

dependent on the path length.

A further consequence of the path-length dependence of energy loss is the prediction that
the resulting differential energy loss with respect to the reaction plane will be observable as
a component of ve at high-pr [Gyulassy, Vitev and Wang, 2001]. Fig. 7.15 is the prediction
of high-pr vy based on the Gyulassy-Levai-Vitev (GLV) energy loss model. The prediction
was a slow decrease at high pr. Measurements of high-pr v first indicated a large plateau
at intermediate pr between 2-6 GeV/c. With the most recent statistics of the 2004 Au-+Au
run, the data [Winter, 2005] indicate that the vo finally decreases near 6-7 GeV/c to a level
consistent with energy loss models [Dainese et al., 2005; Arnold et al., 2003]. One reason for
a large vy at intermediate pr (2-6 GeV/c) is due to recombination. The resulting meson v

R~ 202 quark and baryon vy & 3vg guerk [Fries et al., 2003].
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Figure 7.15 Left: Predicted shape of vy based on hydrodynamical flow at
low pr (< 2 GeV/c) and GLV energy loss at high-pr [Gyulassy,
Vitev and Wang, 2001]. Right: Measured ¥ vy in 20-40%
Au+Au collisions at high-pr [Winter, 2005]. The boxes are a
prediction from an energy loss calculation [Arnold et al., 2003].

Since the vy at high-pr should at least in part be the result of the differential energy loss with
respect to the reaction plane, calculations have been made which attempt to reproduce R4,
I44, and vy simultaneously. Fig. 7.16 is one such example. As seen in the figure, when Rz
and 144 (in the figure this is labelled D4) are reproduced, the vy is largely underpredicted.
The data that the model is comparing to is 7° data at 4.5 GeV/c from PHENIX and hadrons
at 6 GeV/c from STAR. At these pr recombination effects are predicted to be small since the
the h-to-m ratio in Au+Au decreases to the value it has in p+p collisions. Therefore, there
must be another mechanism that increases vs.

The data from this thesis and from STAR will further constrain these models. Not only
must the models reproduce the single particle, pair suppression, and ve, they will also reproduce

the away-side distribution from the correlations widths and \/(p2,,)-

7.3.4 Summary of Modification in Hot, Dense Nuclear Matter

The picture that is emerging from high-pr is a combination of at least four related quanti-
ties. The first is the single particle suppression. The nuclear modification factor for 7 above

7 GeV/c for both Cu+Cu and Au+Au collisions are shown in Fig. 7.17 as a function of cen-
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Figure 7.16 Calculation from Drees et al. [2005] of R44 (upper left and
upper right), I44 (here called D44 in lower left) and va (lower
right) all as a function of centrality. In the lower left plot all the
points are STAR data. The closed points are the near-angle
yield and the open points are the far-angle yield.

trality. A strong suppression is observed that sets in at peripheral collisions and flattens out
at more central collisions. This can be contrasted with the centrality dependence of the second
observable, 44, from the STAR data, i.e. the conditional yield compared to d4+Au collisions
from Fig. 7.12. This is shown in the right panel of Fig. 7.17. A suppression is weakly present
in the most peripheral collisions but the strong suppression does not set in until the most
central collisions. These results can be compared with the centrality dependence of the third
observable, the away-side jet widths or pyy:. There is little to no centrality dependence of the
measured far-side widths and pg,;. The final observable, the magnitude and pr dependence of
single particle vy at high-pr, must be reconciled in this picture.

At this time there is no coherent picture of energy loss which can describe all four observ-

ables related to energy loss: single particle suppression, conditional yield suppression, little to
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Figure 7.17 Left: Centrality dependence of the integrated R4 of 7° above
7 GeV/c in Au+Au and Cu+Cu collisions. Right: Centrality
dependence of 144 from Fig. 7.12 using the d4+Au yield as the
denominator.

no broadening of the away-side distribution, and high-pr vo. This serves as a challenge to both
theorists and experimentalists to search for new avenues to gain insight to energy loss. These

new avenues may possibly lead to insights on properties of the plasma itself.
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APPENDIX A. Systematic Errors on Jet Formula

Systematic Errors on the Formulation of < j%y>

In this appendix, the different approximations necessary to relate the gaussian RMS from
the near-angle A¢ distribution to the RMS of jr, are outlined.

Begin from Eqn. 4.17 a succession of approximations are made.

(PBassocsin®(80)) = (33,)+ (2333, )

() (1+ (1)
<.2 > ~ <p%“,assoc> <Sln2(A¢)>

j
o 1+ (a7)

<p%“,assoc> <p%,trig>
p%,assoc> + <p%,trig>
. 92 <pT,assoc>2 <pT,trig>2
~ (sin*(89)) : >
<pT,assoc> + <pT,tT‘ig>
. 2 <pT,assoc>2 <pT,trig>2
~ (sin(Ad?) : >
<pT,assoc> + <pT,tT‘ig>
. 2 <pT,assoc>2 <pT,tM'g>2
9 sm(<A¢ >) 3 3
<pT,assoc> + <pT,t7“ig>
2 2
~ A 2 <pT,assoc> <pT,trig>
~ () a—
<pT,assoc> + <pT,tmg>
2 2
2 <pT,assoc> <pT,tM'g>
ON 2 2
<pT,assoc> + <pT,t7“ig>
<j%y> ~ on <pT,a85002> <pT,trig> : (Al)
\/(pT,assoc> + <pT,t7“ig>

%

Q

(sin®(Ag)) <

Q

There are many approximations that are made with the above result including taking the

mean of the product as the product of the means, taking the mean-squared as the square of
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the mean, and many sine manipulations. These can be evaluated with a simple Monte Carlo
where the pr is fixed before addition of the jr,, a jry is generated according to some Gaussian
distribution, these are added in quadrature to get pr,, and the angle ¢4; us evaluated. With
the Monte Carlo the appropriate distributions can be filled and Eqn. 4.19 can be checked to
see if it holds. For pr, = 1.0 GeV, there is a 3% error. For pr, = 3 GeV/c, the error is 0.5%.
Table A.1 outlines the ppr-dependent systematic errors associated with the approximations in

the formula.

pr (GeV/c) | error for averaging | error for sin approx. | tot error
1.0 5% 3% 6%
1.5 2% 1% 2%
2.0 1% 0.5% 1%
>3.0 0.5% 0.5% 0.7%

Table A.1 Table of systematic errors due to formula approximations for
the evaluation of the RMS of jr,,.

Systematic Error on the formulation of <sim2 gbjj>

It was argued in Section 4.4.2 that the correct quantity that is more approximately a
gaussian distribution is the pyy:, . This is defined event-by-event as pout, = DT,ass0c I Ad.

The far angle distribution can be written in terms of pyu, r instead.

1 dN . 1 dN dpout,F
Ntrig dA¢ Ntrig dpout,F dA(b
1 N
= DPT,assoc COS A¢ d

Ntm’g dpout,F

2
~Pout,F
PT,assoc COS A(Z) €xp (Ou>)

(A.2)

- sin A
= PTassoc COS A exp ( PT,assoc ¢)

2 <pc2>ut,F>

The comparison of this form with the other forms is shown in Fig. A.1. The form used in this

analysis is the Taylor expansion (see Eqn. 4.32). This is good to 2% for away-side widths less
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that 0.4 rad, which is true for all of the 70-h correlations in this analysis. Therefore, it is taken

as the systematic error.
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Figure A.1 Monte Carlo [Rak and Tannenbaum, 2005] comparison of the
Pout,r RMS for different assumptions of the relationship to the
measured away-side width. The one used in this analysis is the
Taylor expansion, the dashed line.
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APPENDIX B. 7° Reconstruction

This appendix contains all the v+ invariant mass distributions.

7% in d+Au Collisions
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Figure B.1 Di-photon M;,, distributions for different pair py for 0-20%

central d+Au collisions. Upper plots are the signal and the
normalized mixed event background. The lower plots are the
background subtracted distribution. The peak is fitted with a
Gaussian and a first order polynomial.
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normalized mixed event background. The lower plots are the
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Gaussian and a first order polynomial.
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7% in Au+Au Collisions
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2

central Au+Au collisions. The peak is fitted with a Gaussian
and a second order polynomial to extract a mean and width
and signal-to-background.
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APPENDIX C. 7%h Correlations in p+p and d+Au Collisions

This appendix contains the correlation functions and the g histograms for 7%h correla-
tions in p+p and d+Au collisions. Tables of fitted widths and yields as well as other extracted

quantities are given as well.

Constant Trigger 7 pr Correlations

The following correlations are for 7¥ triggers in a constant range from 5-10 GeV/c. The

associated charged hadrons are varied from 1-1.5-2-3-4-5 GeV/c.
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Figure C.1 The left panels are two particle azimuthal correlations in p+p
collisions with a trigger 7° from 5-10 GeV/c with varied as-
sociated hadron pp ranges from top to bottom: 1-1.5 GeV/c,
1.5-2.0 GeV/c, 2.0-3.0 GeV/c, 3.0-4.0 GeV/c, 4.0-5.0 GeV/c.
The right panels are the corresponding x g distribution for the
given trigger and associated range. Fit results and extracted
values are tabulated in Table C.1 and Table C.2.
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Figure C.2 The left panels are two particle azimuthal correlations in cen-
trality integrated (0-88%) d-+Au collisions with a trigger 7°
from 5-10 GeV /c with varied associated hadron pr ranges from
top to bottom: 1-1.5 GeV/c, 1.5-2.0 GeV/c, 2.0-3.0 GeV/c,
3.0-4.0 GeV/c, 4.0-5.0 GeV /c. The right panels are the corre-
sponding xg distribution for the given trigger and associated
range. Fit results and extracted values are tabulated in Ta-
ble C.3 and Table C.4.



173

T
0.6— 1.00<p;=1.21< 150 —
= XYINDF=54.69/43 N =5.6e+03 N'r =1.9e+04 i £ |
s | ] 20000F !
g S B [ ]
0.4 — 5000F B
> r ] Xu)l F ]
© L i 2 £ ]
- e w “&H I :
Z o2 + 3 E
- + L 5000 4
0 | | % 05 T
0 Ao 3 4 Xe
- T 3
C 150 < p =1.71 < 2.00 4
0.3 KINDF=67.14/43 N, =2.20+03 N,  =1.90+04 — 6000/ -
S ] r
a T ]
T # 1 i
> 02l /T - ¢! 4000 B
Z oy ’r t ++ EEE s
2 r 1 Z
N ] © r
Z o4l ] 2000 -
S 0.1 m{, if ‘H': L
A i T ‘
ol 05 1
0 A(p 4 Xe
| : bl
C 2.00<py=2.37<3.00 | |
0.3 XINDF=36.13/42 N, =1.4e+03 N,  =19e+04 1 s000r
s [ ]
ST ] [
g ] [
S o2 H - 3 2000 1
- L \ ] el [
2 L 1 =
= [ ] o r
Z o4 ! 1000 1
=] { ' 1
u ~H~ | ]
et i i 7
4
T
r 3.00 < py =3.39 < 4.00 7
o XINDF=29.44/37 N, =43e+02 N,  =19e+04 ] 6001~ 7
s [ ]
g oal H, - [
= |- T 1 w [
z [ M ] X' 400 b
° L | 4 2 r ]
2 [ + + 4 =4 ]
2 B ]
Z“D.OS r ] 2001 -
i /H L : ]
- + +{+ i [ , ]
05 T
XE
T T 3
r 4.00 < py=4.41 <5.00 ]
0.08[ XINDF=17.59/20 N, =15+02 N, =1.9e+04 4
o F ] 150 bl
S ¢ ]
§ 0.06- l - w
I 1, \‘ 9 3 100f B
.04 ' 3 Z
z % ] ©
= ] 501 bl
0.021 + Jr /IZHJ[* 7
++ + ++ - R TR S ‘F o T
A 2 4 Xe

Figure C.3 The left panels are two particle azimuthal correlations in 0-20%
central d+Au collisions with a trigger 7° from 5-10 GeV /c with
varied associated hadron pr ranges from top to bottom: 1-1.5
GeV/c, 1.5-2.0 GeV/c, 2.0-3.0 GeV/c, 3.0-4.0 GeV/c, 4.0-5.0
GeV/c. The right panels are the corresponding zg distribu-
tion for the given trigger and associated range. Fit results and
extracted values are tabulated in Table C.5 and Table C.6.
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Figure C.4 The left panels are two particle azimuthal correlations in
20-40% central d+Au collisions with a trigger 7° from 5-10
GeV/c with varied associated hadron pr ranges from top to
bottom: 1-1.5 GeV/c, 1.5-2.0 GeV/c, 2.0-3.0 GeV/c, 3.0-4.0
GeV/c, 4.0-5.0 GeV/c. The right panels are the correspond-
ing xg distribution for the given trigger and associated range.
Fit results and extracted values are tabulated in Table C.7 and
Table C.8.
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Figure C.5 The left panels are two particle azimuthal correlations in
40-88% central d+Au collisions with a trigger 7% from 5-10
GeV/c with varied associated hadron pr ranges from top to
bottom: 1-1.5 GeV/c, 1.5-2.0 GeV/c, 2.0-3.0 GeV/c, 3.0-4.0
GeV/c, 4.0-5.0 GeV/c. The right panels are the correspond-
ing xg distribution for the given trigger and associated range.
Fit results and extracted values are tabulated in Table C.9 and
Table C.10.
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PT,assoc on(rad) op(rad) \/<]%y> <Sin2 ¢jj>
1.209 | 0.299 £0.017 | 0.540 = 0.037 | 0.354 =0.020 | 0.169 % 0.030
1.715 | 0.230 £0.011 | 0.480 £ 0.038 | 0.378 = 0.018 | 0.150 £ 0.027
2.382 | 0.204 £ 0.009 | 0.430 £ 0.031 | 0.449 +0.020 | 0.125 £ 0.021
3.401 | 0.167 £0.007 | 0.321 +0.026 | 0.489 4+ 0.020 | 0.070 £ 0.016
4.405 | 0.129 £0.009 | 0.345 4+ 0.040 | 0.451 4+ 0.031 | 0.092 £ 0.023

Table C.1 Near- and far-angle widths extracted from p+p 7° — h correla-
tions with a constant 7° pr of 5-10 GeV/c. ((prtrig) = 5.756
GeV/c) The errors are statistical only.
PT,ass0c TE SN Sr
1.209 | 0.189 £0.041 | 0.180 +0.020 | 0.231 £ 0.019
1.715 | 0.274£0.053 | 0.098 +0.010 | 0.127 £ 0.010
2.382 | 0.382+0.077 | 0.112£0.005 | 0.118 4+ 0.008
3.401 | 0.565 £ 0.073 | 0.049 + 0.003 | 0.037 £ 0.003
4.405 | 0.701 £0.138 | 0.019 4+ 0.002 | 0.020 4 0.002

Table C.2 Near- (Sy) and far-(Sp) yields and zg extracted from p+p
70 — h correlations with a constant 7° py of 5-10 GeV/c.

({(pr.trig) = 5.756 GeV /c) Errors are statistical only.
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PT,assoc ON (Tad) O—F(Tad) \/<.772“y> <Sin2 ¢jj>
1.208 | 0.284 £0.011 | 0.494 £0.022 | 0.336 £ 0.013 | 0.140 £ 0.017
1.711 | 0.227 £ 0.007 | 0.410 £ 0.019 | 0.372 £0.011 | 0.104 £ 0.013
2.371 | 0.193 £0.005 | 0.380 £+ 0.015 | 0.423 +0.011 | 0.097 4 0.009
3.394 | 0.177 £ 0.006 | 0.322 +0.020 | 0.517 +0.017 | 0.067 + 0.011
4.414 | 0.130 £ 0.007 | 0.315 4+ 0.026 | 0.455 +0.024 | 0.076 + 0.014

Table C.3 Near- and far-angle widths extracted from centrality integrated,
0-88% d+Au 7 — h correlations with a constant 7° pr of 5-10
GeV/c. ((pririg) = 5.729 GeV /c) The errors are statistical only.

PT,assoc TE SN Sr

1.208 | 0.187+0.033 | 0.169 + 0.006 | 0.256 + 0.014
1.711 | 0.268 = 0.050 | 0.095 + 0.003 | 0.130 £ 0.006
2.371 | 0.378 £0.068 | 0.088 £ 0.002 | 0.128 £ 0.005
3.394 | 0.549 +£0.094 | 0.035 4+ 0.001 | 0.044 4+ 0.003
4414 | 0.713£0.116 | 0.015 4+ 0.001 | 0.020 = 0.002

Table C.4 Near- (Sy) and far-(Sp) yields and z g extracted from centrality
integrated, 0-88% d+Au 7° — h correlations with a constant 7"
pr of 5-10 GeV/c. ((pririg) = 5.729 GeV/c) The errors are
statistical only.

PT,assoc UN(rad) O—F(Tad) \/<J%y> <Sin2 ¢jj>
1.207 | 0.303 £0.022 | 0.522 £0.037 | 0.358 £ 0.026 | 0.154 £ 0.031
1.711 | 0.202 £0.013 | 0.395 £ 0.033 | 0.331 £ 0.021 | 0.103 £ 0.022
2.368 | 0.199 £ 0.009 | 0.387 £ 0.024 | 0.436 4+ 0.020 | 0.099 4+ 0.015
3.389 | 0.179 +£0.009 | 0.423 +0.044 | 0.522 +0.023 | 0.128 +0.028
4.410 | 0.126 +0.012 | 0.228 = 0.058 | 0.440 + 0.021 | 0.035 £+ 0.025

Table C.5 Near- and far-angle widths extracted from 0-20% central d+Au

70 — h correlations with a constant 7° pr of 5-10 GeV/c.
({p1,trig) = 5.717 GeV /c) The errors are statistical only.
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PT,ass0c

TE

Sn

Sk

1.207

0.185 £ 0.037

0.176 £0.014

0.291 £ 0.026

1.711

0.270 £ 0.047

0.079 £ 0.005

0.128 £0.012

2.368

0.378 £ 0.060

0.082 £ 0.004

0.116 £ 0.008

3.389

0.548 £ 0.083

0.038 £ 0.002

0.044 £ 0.005

4.410

0.715£0.118

0.015 £ 0.001

0.011 + 0.002

Table C.6 Near- (Sy) and far-(Sp) yields and zp extracted from 0-20%
central d4+Au 7 — h correlations with a constant 7% pp of 5-10

GeV/c. ((pririg) = 5.717 GeV /c) The errors are statistical only.

PT,assoc

on(rad)

op(rad)

)

(sin” ¢j5)

1.208

0.275 £ 0.017

0.485 £ 0.044

0.325 £ 0.020

0.138 £0.033

1.711

0.243 £0.013

0.456 £ 0.033

0.398 £ 0.021

0.129 + 0.024

2.372

0.195 £ 0.009

0.401 £ 0.031

0.427 £ 0.020

0.109 + 0.020

3.398

0.180 £0.012

0.265 £ 0.029

0.526 + 0.035

0.036 =+ 0.015

4.411

0.113 £0.010

0.327 £ 0.065

0.395 £ 0.035

0.086 = 0.035

Table C.7 Near- and far-angle widths extracted from 20-40% central d+Au
70 — h correlations with a constant 7° pr of 5-10 GeV/c.

((pT,4rig) = 5.728 GeV /c) The errors are statistical only.

PT,assoc

TE

Sn

Sk

1.208

0.186 = 0.038

0.170 £ 0.012

0.231 +0.024

1.711

0.268 £ 0.049

0.115 £+ 0.006

0.153 £ 0.014

2.372

0.379 £0.071

0.095 £ 0.004

0.141 +0.011

3.398

0.552 £ 0.120

0.029 £ 0.002

0.041 £ 0.004

4.411

0.708 £0.125

0.013 £ 0.001

0.022 £ 0.004

Table C.8 Near- (Sy) and far-(Sp) yields and zg extracted from 20-40%
central d4+Au 7 — h correlations with a constant 7% pp of 5-10
GeV/c. ((pririg) = 5.728 GeV /c) The errors are statistical only.
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PT,assoc ON (rad) UF(Tad) \/<.772“y> <Sin2 ¢jj>
1.208 | 0.273 +0.016 | 0.484 +0.031 | 0.323 +0.019 | 0.138 + 0.024
1.712 | 0.234 £ 0.012 | 0.357 £ 0.028 | 0.384 + 0.020 | 0.068 + 0.018
2.378 | 0.190 £ 0.008 | 0.376 £+ 0.024 | 0.331 £+ 0.015 | 1.027 + 0.084
3.399 | 0.172+£0.012 | 0.284 £ 0.026 | 0.503 £ 0.035 | 0.049 £ 0.014
4.424 | 0.169 £ 0.010 | 0.403 £0.035 | 0.592 + 0.035 | 0.118 + 0.022

Table C.9 Near- and far-angle widths extracted from 40-88% central d+Au
70 — h correlations with a constant 7° py of 5-10 GeV/c.
((pT,trig) = 5.746 GeV /c) The errors are statistical only.
PT,assoc TE Sy Sk
1.208 | 0.187 +0.033 | 0.168 +0.010 | 0.520 +0.040
1.712 | 0.267 +0.055 | 0.099 + 0.003 | 0.121 +0.010
2.378 | 0.376 £0.076 | 0.097 £ 0.004 | 0.144 + 0.009
3.399 | 0.547 £0.088 | 0.035 £ 0.002 | 0.051 £ 0.005
4.424 | 0.723 £0.100 | 0.020 £ 0.002 | 0.030 £ 0.003

Table C.10 Near- (Sy) and far-(Sr) yields and zg extracted from 40-88%
central d+Au ¥ — h correlations with a constant 7% py of 5-10
GeV/c. ((pririg) = 5.746 GeV/c) The errors are statistical
only.
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Constant Associated h* pr Correlations

The following correlations are for associated charged hadrons in a constant range from 2.5-5

GeV/c. The 7 triggers are varied from 5-6-7-10 GeV /c.
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Figure C.6 The left panels are two particle azimuthal correlations in p+p
collisions with associated hadrons from 2.5-5.0 GeV /c with var-
ied trigger 7 pr ranges from top to bottom: 5.0-6.0 GeV/c,
6.0-7.0 GeV/c, 7.0-10.0 GeV/c. The right panels are the cor-
responding x g distribution for the given trigger and associated
range.
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Figure C.7 The left panels are two particle azimuthal correlations in cen-
trality integrated (0-88%) d+Au collisions with associated
hadrons from 2.5-5.0 GeV/c with varied trigger 7 pr ranges
from top to bottom: 5.0-6.0 GeV/c, 6.0-7.0 GeV/c, 7.0-10.0
GeV/c. The right panels are the corresponding xp distribu-
tion for the given trigger and associated range.
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Figure C.8 The left panels are two particle azimuthal correlations in 0-20%
central d4+Au collisions with associated hadrons from 2.5-5.0

GeV/c with varied trigger 7° pr ranges from top to bottom:
5.0-6.0 GeV/c, 6.0-7.0 GeV/c, 7.0-10.0 GeV/c. The right pan-
els are the corresponding x g distribution for the given trigger

and associated range.
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Figure C.9 The left panels are two particle azimuthal correlations in
20-40% central d+Au collisions with associated hadrons from
2.5-5.0 GeV/c with varied trigger 7° pr ranges from top to
bottom: 5.0-6.0 GeV/c, 6.0-7.0 GeV/c, 7.0-10.0 GeV/c. The
right panels are the corresponding x g distribution for the given
trigger and associated range.
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Figure C.10 The left panels are two particle azimuthal correlations in

40-88% central d+Au collisions with associated hadrons from
2.5-5.0 GeV/c with varied trigger 7 pr ranges from top to
bottom: 5.0-6.0 GeV/c, 6.0-7.0 GeV/c, 7.0-10.0 GeV/c. The
right panels are the corresponding zg distribution for the
given trigger and associated range.
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PTtrig

on(rad)

op(rad)

\/<j%y>

(sin® ¢

5.394

0.207 £ 0.007

0.409 £ 0.025

0.499 £ 0.017

0.110 £ 0.016

6.398

0.151 £ 0.008

0.304 £ 0.034

0.375 £ 0.020

0.065 = 0.018

7.658

0.144 + 0.012

0.295 £ 0.035

0.366 £ 0.031

0.062 £ 0.018

Table C.11 Near- and far-angle widths extracted from p+p 7° — h
correlations with a constant hadron pr of 2.5-5 GeV/c.
((pT,assoc) = 2.697 GeV/c) The errors are statistical only.

DT trig

on(rad)

op(rad)

)

(sin” ¢j5)

5.398

0.184 £ 0.004

0.374 £0.015

0.439 £ 0.010

0.096 £ 0.009

6.391

0.188 £ 0.007

0.388 £ 0.022

0.462 £ 0.017

0.103 £ 0.014

7.631

0.147 +0.009

0.233 £ 0.025

0.369 £ 0.023

0.032 £ 0.011

Table C.12 Near- and far-angle widths extracted from centrality inte-
grated, 0-88% d+Au 7%-h correlations with a constant hadron

pr of 2.5-5 GeV/c ((pr,assoc) = 2.659 GeV/c). The errors are
statistical only.

(sin” ¢
0.095 + 0.017
0.139 = 0.030
0.038 + 0.021

op(rad)
0.376 £ 0.023

0.431 £ 0.048
0.263 £ 0.043

\/<j%y>
0.448 +0.017
0.370 & 0.024

0.429 £ 0.035

on(rad)
0.189 + 0.007

0.152 £0.010
0.172 +£0.014

PT trig
5.398
6.390
7.634

Table C.13 Near- and far-angle widths extracted from 0-20% d-+Au
70-h correlations with a constant hadron pr of 2.5-5 GeV/c
((pT,assoc) = 2.636 GeV/c). The errors are statistical only.
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PTtrig

on(rad)

op(rad)

Vi)

(sin” ¢;)

5.395

0.179 £ 0.008

0.346 £ 0.031

0.428 +£0.019

0.080 £ 0.018

6.387

0.203 = 0.016

0.458 £ 0.059

0.499 £ 0.020

0.144 + 0.039

7.650

0.126 £ 0.016

0.177 £ 0.030

0.317 £ 0.040

0.015 £ 0.011

Table C.14 Near- and far-angle widths extracted from 20-40% d-+Au
70-h correlations with a constant hadron py of 2.5-5 GeV/c
((pT,assoc) = 2.666 GeV /c). The errors are statistical only.

PTtrig

on(rad)

op(rad)

)

(sin® ¢j5)

5.399

0.187 £ 0.008

0.397 £ 0.028

0.453 £0.019

0.109 = 0.018

6.396

0.207 £ 0.013

0.336 £0.025

0.516 £ 0.032

0.065 £ 0.016

7.613

0.122 £ 0.014

0.270 £ 0.050

0.311 £ 0.036

0.055 £ 0.024

Table C.15 Near- and far-angle widths extracted from 40-88% d-+Au
70-h correlations with a constant hadron pr of 2.5-5 GeV/c
((pT,assoc) = 2.707 GeV/c). The errors are statistical only.
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APPENDIX D. 7%h Correlations in Au+Au Collisions

This appendix contains the 7%-h correlations functions and jet functions from Au+4Au

collisions.

Correlation and Jet Functions
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Figure D.1 The left panels are correlations in minimum bias Au+Au us-
ing ¥ triggers from 5-7 GeV/c and several different associated
hadron pr bins. The right panels are the resulting jet correla-
tions where the background and elliptic flow have subtracted.
The blue and red lines are the systematic error due to the sub-
traction of the elliptic low component.
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Figure D.3 The left panels are correlations in 20-40% Au+Au using 7° trig-
gers from 5-7 GeV/c and several different associated hadron pr
bins. The right panels are the resulting jet correlations where
the background and elliptic flow have subtracted. The blue
and red lines are the systematic error due to the subtraction of
the elliptic flow component.
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Figure D.5

1 A(P 2

The left panels are correlations in minimum bias Au+Au using
70 triggers from 7-10 GeV/c and several different associated
hadron pr bins. The right panels are the resulting jet correla-
tions where the background and elliptic flow have subtracted.
The blue and red lines are the systematic error due to the sub-
traction of the elliptic low component.
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Figure D.6 The left panels are correlations in 0-20% Au+Au using 70 trig-
gers from 7-10 GeV/c and several different associated hadron
pr bins. The right panels are the resulting jet correlations
where the background and elliptic flow have subtracted. The
blue and red lines are the systematic error due to the subtrac-
tion of the elliptic low component.



194

E ; T 3 = T =
L 7.00<p,,,,=7.99 < 10,00 GeVic ] F 7.00<p, 799 < 10.00 Gevic ]
1.00 <p, . =133 < 2.00 GeV/c —1.4 1.00 <p, .., =133 < 2.00 GeVic il
. 10— XINDF=22.46135 N, =2.7€+04 N, =6.0¢+05 4 o XINDF=22.46135 N, =2.7€+04 N, ,=6.00+05 ]
S ] S b
o i —1.2 S 1=
L = L
s H T Z
S 8-+ +-|-++-|-+++ 174 © [
o ety 41 ‘I‘ | ‘l‘ =, O o [
z I ] Z o Y ,
a [ -I- 1 a 1
6 —0.8 r ]
C L L ] L L I ]
0 1 A(p 2 3 0 1 A(P 2 3
T T 3
r 7.00<p, 7.9 < 10,00 Gevic o5 L 7.00 < py =799 < 10.00 Gevic 1
r 2,00 < p; oo0,=2.33 < 3,00 GeVic 1« 2,00 <p, o0 =2.33 < 3.00 GeVic
-~ 15 'Ii Y2/NDF=26. 92/25 N,,,=3.16+03 N, =5.7e+04 1 I~ XINDF=26.93755 N, =3.1e+03 N, =5.7+04
§ r 2 g 05
Z [+ 19 2
S [T+ 1S T
2 r + 0 2
£ E 4 z
a [ —1 S 9
05— .I. 1
L , , os , ,
0 1 A(P 2 3 0 1 A(P 2 3
T =
- 7.00<p, =799 < 1000 Gevic r 7.00<p, =799 < 10.00 Gevic 1
L 3.00 < P, oo0;=3.63 < 5.00 GeVic b 3.00 < p, oree=3.63 < 5.00 GeVic |
o + XINDF=37.58135 N, =6.8e+02 N, =7.9e+03 —10 s YINDF=37 58725 N, =6.8¢+02 N, =7.9e+03 ]
g [ 1 3 1
- i .3
z r 4 9 Zo05 —
© o5 + 1 8, =, i
= L —5 £
== ] > i
a | = N
r +4t - q
LN SN T W NI ST Sk s o hda A
. ARG A =, 0 R TAL A ‘
0 1 Ap 2 3 0 1 rp 2 3
£ T T
7,00 < py7.99 < 10.00 GeVic b 7.00<p, =799 < 10.00 GeVic
F 5.00 < p, r0,=6.58 < 10.00 GeVic i r 5.00 < p, 0.=6.58 < 10.00 GeVic 1
: Z - *INDR=. . -
=y 0.4 X*/NDF=17. 54/15 N =2.0e+02 N, 9 8e+02 40 =S X?/NDF=17.54/16 Nvau_z 0e+02 ng—g 8e+02 —
3 l 3 ]
3 -~ 3 i
P4 r B S Z
o L ;1 & © g
20.21- 1209 202 7
z | .I_ z i
< B <
= 4 |
L ki Aot
o ot 4, bt o gty A A
0 1 A(P 2 3 1 A(P 2 3

Figure D.7 The left panels are correlations in 20-40% Au-+Au using 7° trig-
gers from 7-10 GeV/c and several different associated hadron
pr bins. The right panels are the resulting jet correlations
where the background and elliptic flow have subtracted. The
blue and red lines are the systematic error due to the subtrac-
tion of the elliptic low component.
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Figure D.8 The left panels are correlations in 40-92% Au-+Au using 7° trig-
gers from 7-10 GeV/c and several different associated hadron
pr bins. The right panels are the resulting jet correlations
where the background and elliptic flow have subtracted. The
blue and red lines are the systematic error due to the subtrac-
tion of the elliptic low component.
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Figure D.9 The left panels are correlations in minimum bias Au+Au using
70 triggers from 10-20 GeV/c and several different associated
hadron pr bins. The right panels are the resulting jet correla-
tions where the background and elliptic flow have subtracted.
The blue and red lines are the systematic error due to the sub-
traction of the elliptic low component.
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Figure D.10 The left panels are correlations in 0-20% Au+Au using 7°
triggers from 10-20 GeV/c and several different associated
hadron pr bins. The right panels are the resulting jet correla-
tions where the background and elliptic flow have subtracted.
The blue and red lines are the systematic error due to the
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Figure D.11 The left panels are correlations in 20-40% Au+Au using 7°
triggers from 10-20 GeV/c and several different associated
hadron pr bins. The right panels are the resulting jet correla-
tions where the background and elliptic flow have subtracted.
The blue and red lines are the systematic error due to the
subtraction of the elliptic flow component.
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Figure D.12 The left panels are correlations in 40-92% Au+Au using 7°
triggers from 10-20 GeV/c and several different associated
hadron pr bins. The right panels are the resulting jet correla-

tions where the background and elliptic flow have subtracted.

The blue and red lines are the systematic error due to the

subtraction of the elliptic flow component.
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