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ABSTRACT

ACCESSING THE SPACE-TIME DEVELOPMENT OF HEAVY-ION
COLLISIONS WITH THEORY AND EXPERIMENT

By

David Alan Brown

In this thesis we discuss ways to access the space-time development of heavy-ion
reactions using both theory and experiment. From the theoretical side, we discuss
modeling ultra-relativistic, parton-dominated, heavy-ion reactions. This discussion
is broken into a discussion of transport-like models for massless particles and a dis-
cussion of the parton model in phase-space. From the experimental side, we discuss
using intensity interferometry to image the relative distribution of emission points.

Transport models may offer a way to understand the space-time development of
ultra-relativistic, parton-dominated, heavy-ion reactions at RHIC and the LHC. Two
key approximations needed to derive semi-classical transport equations, the Quasi-
Particle and Quasi-Classical approximations, may not be valid for partons. Using
QED, we outline a derivation of a transport-like theory which does not rely on these
two approximations. This theory rests on the phase-space Generalized Fluctuation-
Dissipation Theorem. This theorem and the phase-space particle self-energies give
a set of coupled phase-space evolution equations. We illustrate how these evolution
equations can be used perturbatively or to derive semi-classical transport equations.

To connect the parton phase-space densities to the experimentally measured
Parton Distribution Functions, the parton model must be translated into phase-

space. Within QED, we study whether two key components of the parton model,



factorization and evolution, can be formulated in phase-space. We rewrite the QED
analog of the parton model, the Weizsicker-Williams Approximation, in terms of
phase-space quantities, demonstrating factorization in phase-space. Evolution of the
parton densities is equivalent to summing a class of ladder diagrams. We study a
simplified QED version of these ladders while studying the phase-space photon and
electron densities surrounding a classical point charge. We find that the densities take
the form given in the phase-space Generalized Fluctuation-Dissipation Theorem. We
use the tools developed here to discuss the shape of a nucleon’s parton cloud.

We can access the space-time development of a heavy-ion reaction directly by
imaging the source function from particle correlation functions. We discuss several
methods to perform this inversion. We concentrate on one such method, the Op-
timized Discretization method, where the source resolution depends on the relative
particle separation and is adjusted to available data and their errors. This method
can be supplemented using known constraints on the source. We test the inversion
methods by restoring simulated pp sources. From the restored sources, one can ex-
tract the average freeze-out phase-space density, entropy at freeze-out and the amount
of the source that lie outside of the imaged region. We apply the imaging techniques
to pion, kaon, proton and Intermediate Mass Fragment (IMF) correlation functions.
Significant portions of the pion, proton and IMF sources extend to large distances
(r > 20 fm). The results of the imaging show the inadequacy of common Gaussian

parameterizations of the source.
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CHAPTER 1

INTRODUCTION

1.1 Heavy-Ion Collisions

How does a colliding heavy-ion system evolve in space-time? This is an interesting
question which we will discuss in this introduction. In the rest of this thesis, we
will present work demonstrating how to access this space-time development using
both theoretical and experimental techniques. This work falls into two categories:
understanding transport-like models, with special emphasis on understanding their
application to events at the Relativistic Heavy Ion Collider (RHIC) [BD98b]|, and
understanding the use of Hanbury-Brown/Twiss (HBT) intensity interferometry as
a way of working backwards from the data to the end of a heavy-ion collision [BD97,
BD98a]. So, why should we be interested in heavy-ion collisions and why should we
care how such a system evolves in space-time?

In a heavy-ion collision, the two colliding nuclei create an excited, dense and
possibly thermalized, zone of nuclear matter in their wake. We see a much larger
version of this in the effectively infinite thermalized nuclear matter of neutron stars,
accretion disks and supernovas. We also expect that such matter existed moments af-

ter the Big Bang [Miil85, HM96]. In all of these cases, a reasonable description can be



built up using single nucleon-nucleon collisions. Indeed, the systems created in heavy
ion reactions are intermediate in size between single nucleon collisions and infinite
thermalized nuclear matter and have features of both. Both single nucleon-nucleon
collisions and heavy-ion collisions are easily accessible with current technology. Cre-
ating and manipulating infinite thermalized nuclear matter in a controlled way is
far beyond anything possible today — we can not smash neutron stars together at
will. In the absence of black hole/neutron star collider experiments, we must rely on
extrapolation from finite nuclear systems.

Because the systems created in heavy-ion collisions are on the border of few
particle systems and infinite thermalized nuclear matter, we expect that many of
the features of both will show up in heavy-ion reactions. In particular, the thermal
features of infinite matter should reveal themselves in some form in heavy-ion col-
lisions. As an example, consider the liquid-gas phase-transition of nuclear matter
— it is predicted to reveal itself through the processes of fragmentation and multi-
fragmentation [Lyn98]. Another phase-transition, the Quark-Gluon Plasma (QGP)
phase-transition is predicted to reveal itself by “fragmenting” into disordered Chi-
ral Condensates or quark droplets [Raj95, HM96, McL86, Miil85]. The QGP phase
transition is predicted by lattice QCD [DeT95, McL86, Miil85] and is implied by
the hadronic model of Hagedorn [Hag65, Hag68, Hag71] and by Chiral Perturbation
Theory [Raj95]. This phase transition is currently generating great interest as it may
already be happening at CERN-SPS energies [RNC98| and should happen at both
RHIC and the Large Hadron Collider (LHC) at CERN [HM96, McL86, Miil85]. A

phase diagram of nuclear matter is shown in Figure 1. In this diagram, we see the



two important phase transitions — the liquid gas phase transition and the transition
to the QGP.

Given that colliding heavy-ion systems are interesting, why study the space-
time evolution of a heavy-ion collision? Well, the existence of a phase transition
dramatically affects the space-time development of the system which in turn modifies
the final state particle characteristics. Compare the two scenarios for a typical RHIC
collision shown in Figure 2: on the left, the collision proceeds through a purely
hadronic phase and, on the right, the system undergoes a phase-transition to the
Quark-Gluon Plasma. Now, the existence of the phase-transition would lead to a
drop in the pressure of the system at the phase-transition, softening the equation of
state and leading to a disappearance of flow at the “softest point” [RPM*95, Ris96,
RG96b, RG96a, R*96, Ris97]. Additionally, a phase-transition may lead to a long-
lived system which would, in turn, lead to a larger relative emission point distribution
for identical particle pairs [PCZ90]. This could be detected using HBT interferometry
and nuclear imaging. The existence of a temporarily deconfined region would lead to
other observable effects such as the color screening of the quarks in a J/v¢ particle.
This then allows them to disassociate, leading to so-called J/1 suppression [MS86].
So, now it is clear that different physics leads to different space-time evolution of a
collision. What we need now are ways to get at this space-time evolution.

We can access the space-time evolution of a heavy-ion collision in several different
ways. Two ways in particular are quite fruitful and are the subject of this thesis:
1) modeling the reaction using transport-like models and 2) accessing the final state

directly using nuclear imaging. A large class of event generators are designed in order
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Figure 1. Phase diagram of nuclear matter. In this figure, p is the baryon density
and pg is normal nuclear matter density. The ground state of normal nuclear matter
is the “liquid” phase.



Without QGP g | With QGP

N, K,

VAR

. Hadron Gas

Mixed Phase

Hadron Gas

Parton
Formation

Au Au

Figure 2. Space-time evolution of colliding heavy-ion system both with and without
the QGP. In this figure, the important hypersurfaces are labeled with the proper time
in the system CM. The time of full overlap of the two nuclei occurs at proper time
To- The coexistence phase begins at proper time 7, and hadronization begins at 7y,.
The collision ends at the freeze-out proper time 7; when the final state nucleons and
mesons stream out to the detector.



Figure 3. Sample UrQMD event: Au+Au at E/A = 200 GeV and b = 5 fm. In
this picture, the small green spheres represent pions, the larger white and red spheres
represent neutrons and protons, the larger blue spheres represent nucleon resonances
and the yellow lines represent string excitations of the hadrons. In this picture, one
can clearly see the spectator matter leaving the central collision zone. The large
number of strings in the central region shows that there is a high energy density.



to study the phase-space! densities of the particles as they evolve in time. Models
that provide the time evolution of the phase-space particle densities are generally
called transport models. In part, these models are useful because they provide a
direct visualization of the collision (see for example the output from an UrQMD
Au+Au event at b = 5 fm and E/A = 200 GeV in Figure 3 from [Web98]). More
importantly however, such models can easily incorporate the data from single nucleon-
nucleon collisions in vacuum, allowing us to build up a transport theory consistent
with the underlying, elementary physics. A different and complementary approach
is to directly image the reaction. By imaging the reaction, we directly get at the
configuration space distribution of the system at freeze-out. Of course there are
problems resulting from such an inversion of the experimental data resulting from
the mixing of temporal evolution into the source in a nontrivial manner and the
inherently difficulty of imaging resulting in rather crude images. Both the subjects

of transport theory and nuclear imaging are discussed at length in this thesis.

1.2 Working Forwards — Theory

Modeling heavy-ion collisions has a long history, going back into the 1940’s. It has
progressed to its current state by a series of improvements in our transport mod-
els and through theoretical insights into transport theory as a whole. However, the
basic idea behind many of the models has remained more or less the same over the

years: nucleons travel along their classical paths in configuration space and collide

1 hat is in both coordinate and momentum representations simultaneously.
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