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Preface

This book is an extension of a course for advanced undergraduate and
graduate students that I have taught at the University of California,
Davis over the last ten years. It represents an attempt to gather useful
information for new practitioners in the field of relativistic heavy-ion
collisions in one place. As a resource for students, the text is on a rather
basic level of theoretical depth. There is not a strong focus on data
because the most recent data from the Relativistic Heavy Ion Collider
is in a state of flux and no final conclusions have been drawn.

There are some excellent references that go beyond the scope of
this book which can be used for more in-depth studies of theory. Cross
sections and perturbative QCD is covered well in Halzen and Mar-
tin ’Quarks and Leptons: An Introductory Course in Modern Particle
Physics’, the CTEQ ‘Handbook of Perturbative QCD’ and, on a more
phenomenological level, Perkins 'Introduction to High Energy Physics’.
For more on ultraperipheral collisions, see the reviews by Baur et al.
and Bertulani et al.. The review by Cleymans, Gavai and Suhonen
"Quarks And Gluons At High Temperatures And Densities’ was very
useful in preparation of the chapters on thermodynamics and hydro-
dynamics. The book ‘Thermal Physics’ by Kittel and Kroemer gives a
good basic introduction to thermodynamics. The books ‘Finite Tem-
perature Field Theory’ by Kapusta and ‘Introduction to Relativistic
Heavy Ion Collisions’ by Csernai go further in depth in on these topics.
Both Ramond ‘Field Theory: A Modern Primer’ and Cheng and Li
‘Gauge Theory of Elementary Particle Physics’ give good discussions
of Grassman variables. Cheng and Li also have an excellent discussion
of symmetries. A good early book on lattice gauge theory is ‘Quarks,
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Gluons and Lattices’ by Creutz. The earlier textbook, ‘Introduction
to High-Energy Heavy-Ion Collisions’ by Wong has an understandable
section on lattice gauge theory. For finite temperature on the lattice,
there are a number of very good reviews by Karsch and by Gupta.

For a snapshot of the conclusions reached from the early RHIC runs
with Au+Au, d+Au and pp collisions at 200 GeV in the center of mass,
see Volume 757 of Nuclear Physics A containing reviews by all of the
first four RHIC experiments. A compendium of new data is available
in the proceedings of the Quark Matter conference series, the major
meeting in this field.

This book is organized into two parts. The first part covers the
basic physics of heavy ion collisions with chapters on kinematics, cross
sections, geometry, thermodynamics, hydrodynamics and lattice gauge
theory. It includes examples in the text and exercises at the end of
each chapter. The second part includes several chapters that are more
like extended examples using concepts developed in the first part. The
chapters on high mass thermal dileptons and quarkonium cover two
high energy probes in some depth. The third discusses fragmentation
and hadronization of final state particles in proton-proton collisions.

Finally, I would like to thank my colleagues at UC Davis and the
students in the class that have helped make this course better. In
particular 1 would like to mention Daniel Cebra, Mike Anderson and
Brooke Haag. Roppon Picha was great help, putting all the equations
in my hand-written lecture notes into LaTeX. I would like to thank
Frithjof Karsch for discussions about the lattice chapter. I also thank
Jean Cleymans, Vesa Ruuskanen and Bengt Friman for discussions
on other sections and Joe Kapusta for useful remarks. I thanks Carl
Schwarz at Elsevier for originally suggesting that I do this book and
enthusiasm about the project. Last but not least I thank Jgrgen and
Kristina for their patience during the completion of the book.
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Chapter 1

Kinematics and invariants

1.1 Introduction

Over the years, nuclear collision energies have increased from beam ki-
netic energies of a few MeV /nucleon on fixed targets in small university
laboratories to, at present, collider energies at large laboratories with
international collaborations. As the energy is increased, the relevant
degrees of freedom change. At the lowest energies, the nucleus may
remain intact or be broken up into light nuclear fragments. As various
thresholds for particle production are reached, some of the energy of
the system may go into producing new particles, such as pions or kaons.
At high enough energies, the relevant degrees of freedom are expected
to be quarks and gluons rather than hadrons, forming the quark-gluon
plasma.

The modern era of heavy-ion collisions arrived with beam energies of
10-200 GeV /nucleon at fixed-target facilities: the Alternating Gradient
Synchrotron (AGS) at Brookhaven National Laboratory (BNL) and the
Super Proton Synchrotron (SPS) at the European Center for Nuclear
Research (CERN). Both the AGS and the SPS accelerated protons
and several types of ions onto fixed targets of heavy nuclei. While
the AGS accelerated silicon, Si, and gold, Au, ions, the SPS provided
oxygen, O, sulfur, S, and lead, Pb, beams as well as, more recently,
indium, In. Proton-proton (pp) and proton-nucleus (pA) interactions



4 1. Kinematics and invariants

are used as baseline comparison measurements to distinguish true dense
matter effects in nucleus-nucleus (AB) collisions from those already
present in pp and pA collisions. For gold ions (nuclear mass number,
A, of 197), the maximum energy at the BNL AGS was 10 GeV /nucleon
while the maximum lead ion (A = 208) energy at the CERN SPS was
158 GeV /nucleon. Lower energy ion beams were also used to perform
energy scans, down to 2 GeV /nucleon at the AGS and 20 GeV /nucleon
at the SPS.

Note that the maximum energy per nucleon of the heaviest ion
beam is not as high as the maximum possible proton beam energy,
Fax- The maximum energy for ions is Ey,.xZ/A where Z is the proton
number (nuclear charge). Protons and lighter ions can be accelerated
to higher energies per nucleon, F/A, due to their larger charge-to-mass
ratio, Z/A. The Z/A ratio determines the acceleration capability be-
cause while the uncharged neutrons are unaffected by the electromag-
netic fields, they remain bound in the nucleus. The maximum possible
center-of-mass energy for these fixed-target machines is rather low, 4.4
GeV /nucleon for Au+Au collisions at the AGS and 16.8 GeV /nucleon
for Pb+Pb collisions at the SPS.

Now, two nuclear colliders take heavy-ion physics to the next level.
In a collider, both collision partners, the ‘projectile’ and ‘target’ are
accelerated, leading to much higher energies than those possible at
fixed-target facilities. The Relativistic Heavy-Ion Collider (RHIC) at
BNL and the Large Hadron Collider (LHC) at CERN produce Au+Au
and Pb+Pb collisions at energies up to 200 GeV /nucleon and 5500
GeV /nucleon respectively in the center of mass. Diagrams of the RHIC
and LHC accelerator complexes are shown in Figs. 1.1 and 1.2. These
high energies, far above production threshold for most particles, make
it possible to study the production of rare particles not accessible at
lower energy facilities.

At the RHIC complex, the atoms are stripped of some of their
electrons, leaving a positive charge which is accelerated by an electric
field in the Tandem van de Graaff. The ions are then sent through a
beam line in vacuum at 5% the velocity of light via a magnetic field.
Protons are accelerated by the Linac and then sent to the Booster.
Both ions and protons are further accelerated by the Booster and then



