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FROM THE BEVALAC TO RHIC:
RECENT RESULTS AND FUTURE PERSPECTIVES

John W. Harris
Nuclear Science Division, Lawrerce Berkeley Laboratory
University of California, Berkeley CA 94720

ABSTRACT

There has becn considerable theoretical progress and experimental development in the
study of relativistic nucleus-nucleus collisions towards understanding the equation of state
of nuclear, hadronic and partonic matter. At high energies, research has concentrated on the
search for the quark-gluon plasma (QGP) and possible chiral symmetry restoration. In these
lectures I comment on similarities and trends observed in recent results over a wide range
of incident energies and attempt to provide a common framework where possible. 1 also
point out future perspectives in the search for the QGP at the Relativistic Heavy Ion
Collider (RHIC), and in particular focus on one experiment to be undertaken.

INTRODUCTION
Preface

In the collisions of nuclei at extremely high energies the baryon and energy densities
are expected to reach critical values where the quark constituents of the incident nucleons,
bound in nuclei, form an extended volume of freely interacting quarks, antiquarks and
gluons known as the quark-gluon plasma (QGP). After formation the system is expected to
evolve dynamically from a pure plasma or mixed phase (of plasma and hadronic matter)
through expansion, cooling, hadronization and freeze-out. To be able to establish that such
a new, transient state of matter has been formed it will be necessary to identify and study
QGP signatures and the space-time evolution of the collision process. This requires an
understanding of the microscopic structure of hadronic interactions, at the level of quarks
and gluons, at high temperatures and high densities.

The first of these two lectures will concentrate on recent results in the search for the
QGP with an emphasis on similarities and trends in the data which have been obtained for
a variety of systems at the available energies. This will not be an in-depth review of
developments in the field, but rather comments on topics and trends of interest. The reader
should consult other, specialized lectures in this summer school for more detail on specific
topics. The second lecture will focus on future perspectives in the search for the QGP at
the Relativistic Heavy Ion Collider (RHIC)! and will concentrate on one of the
experiments to be undertaken there.

Pioneering Theoretical Developments

The primary motivation for studying nucleus-nucleus collisions at relativistic energies
is to understand the equation of state of nuclear, hadronic and partonic matter at high
temperatures and densities. Early speculations of possible exotic states of matter focused
on the astrophysical implications of abnormal states of dense nuclear matter.2:3:4



Subsequent field theoretical calculations, assuming chiral symmetry in the 6 model,
resulted in predictions of abnormal nuclear states and excitation of the vacuum.5 This
generated an interest in transforming the state of the vacuum by using relativistic nucleus-
nucleus collisions.®7 Shortly thereafter, a deconfinement phase transition to quark matter
or a quark-gluon plasma8.%:10 was predicted. At the same time there were also predictions
of phase transitions resulting from pion condensation in nuclear matter!! with possible
formation of the condensate in relativistic nucleus-nucleus collisions.!?2 Many theoretical
developments have evolved the field to its present state of understanding.!3 Presently,
perturbative quantum chromodynamics (QCD) is being used to predict observables in
experiments at ultrarelativistic energies and to calculate the properties of the high parton
density matter, sometimes referred to as QCD matter, resulting from parton cascades in
these collisions. 14

Evolution of Relativistic Heavy Ion Accelerators

In 1974 the Bevalac at Lawrence Berkeley Laboratory began accelerating nuclear
beams of masses A < 38 at energies up to Elab = 2.1 GeV per nucleon. Since then many
experiments have taken place at the Bevalac and other high energy nuclear beam
accelerators. These include the Dubna Synchophasotron (A < 20, Ejap < 4.2 GeV/n), the
CERN Super Proton Synchrotron (SPS) (A < 32, EJab £ 200 GeV/n), the Brookhaven
Alternating Gradient Synchrotron (AGS) (A < 28, Elab < 13.6 GeV/n) and the GSI SIS
accelerator (SIS) (A < 238, Ejab £ 1.0 GeV/n). In addition, the Dubna Nuclotron (A < 238,
Elab £ 6 GeV/n) and the Brookhaven Relativistic Heavy Ion Collider (RHIC) (A < 238,
Elab £ 200 GeV/n per colliding beam) are under construction and there are plans for
nuclear beams in the Large Hadron Collider (LHC) (A < 238, Ejap < 3.8 TeV/n per
colliding beam) to be built at CERN. These accelerators can be divided primarily into two
categories: 1) high energy proton accelerators "rejuvenated” for acceleration of nuclear
beams (Bevalac, Synchophasotron, SPS and AGS) and 2) a new generation of dedicated
high energy nuclear beam accelerators (SIS, Nuclotron and RHIC). The LHC with nuclear
beams is in a separate category, namely a high energy physics machine to be designed and
built from the outset with a heavy nuclear beam capability.

There are surprising similarities in the evolution of the accelerators, experiments and
physics results. For purely technical reasons related to ion “sourcery” and available
vacuum and injection techniques, the acceleration of heavy nuclear beams at the
"rejuvenated" accelerators (Bevalac, AGS and SPS)!5 has proceeded in two steps. Initially,
light nuclear beams (A < 40) have been accelerated followed several years later by an
upgrade which enables the acceleration of heavier beams up to A ~ 238. On the other hand,
the capability of accelerating the heaviest nuclear beams has been incorporated into the
design of the dedicated nuclear beam accelerators.

Evolution of Experiments

The experiments at the existing relativistic nuclear beam facilities have typically
undertaken initial measurements of inclusive observables such as transverse momentum
and rapidity distributions of particles. The intranuclear cascade!® calculations were able to
reproduce the inclusive data in light nuclear systems (A < 40) from the Bevalac and
likewise the Lund/FRITIOF!7 model reproduced the initial AGS and SPS data. This is
simply due to the models’ incorporation of the correct reaction processes and kinematics
for the respective collisions coupled with the absence of any large signal of new
phenomena in the measured inclusive data. Subsequent models with sometimes
diametrically opposite assumptions about the primary reaction mechanisms have also been
able to reproduce the inclusive measurements.
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Multiparticle and semi-exclusive experiments are typically more complicated than
inclusive experiments, requiring more time to construct and assemble, for analysis of data
and to understand the efficiencies cf the detector. Consequently, a significantly longer time
for extraction of physics results is necessary for these measurements. However, semi-
exclusive and triple-differential measurements have been able to distinguish between
models which were previously able to reproduce the measured inclusive results. Likewise,
second generation experiments which allow expanded coverage in some combination of
statistics, particle type and phase space have made available a more detailed view of the
reaction mechanism and often distinguish between theoretical models. In the case of the
Bevalac, a combination of second generation detectors and multiparticle observables
coupled with the availability of the heavier beams (40 < A < 238) made it possible to
unequivocally observe new phenomena, collective nuclear flow.!8:19 A similar
development is the goal of the new experiments utilizing the heavier beams at the AGS and
SPS.

PARTICLE SPECTRA
Motivation

In the search for a phase transition from normal nuclear or hadronic matter to a quark-
gluon plasma, the transverse momentum spectra of particles have been of particular
interest. Although the detailed shape of the spectra can be modified by many factors, the
average behavior may reflect one characteristic of a phase transition. In an analogy
between the water-vapor phase transition and the nuclear matter-QGP phase transition,
each system starts out in the lower temperature state. Upon heating, the system reaches a
transition temperature at which it remains in a mixed phase for some period of time until
all the matter is transformed into the higher temperature state. This results in a
characteristic curve of the temperature as a function the entropy density. This was
elucidated by Van F{ove20 and is depicted in Fig. 1a. Van Hove proposed that in high
energy collisions the mean transverse momentum is a measure of the temperature of the
system and that the: multiplicity or energy density reflects the entropy density. The curve is
characterized by a rise upon initial heating, a plateau during the mixed phase and a second
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Figure 1. a) The mean transverse momentum <p¢> plotted as a function of the multiplicity density expected
from a phase transition in the central baryon-free region of hadronic collisions. The dashed curve corresponds
to collisions at a fixed impact parameter. b} The mean transverse momenium <p> of phoions and n® mesons
plotted as a function of the energy density, derived from the multiplicity density, measured in high energy
cosmic-rav nucleus-nucleus interactions.
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rise once all the matter is transformed into the higher temperature state. Therefore, if a
QGP phase transition occurs, a plot of the mean transverse momentum as a function of the
multiplicity or energy density may exhibit the phase transition curve depicted in Fig. la.

Very high energy cosmic ray data?! taken in nuclear emulsions are displayed in Fig.
Ib. Although the data points are widely scattered, the data exhibit characteristics similar to
those of a phase transition as depicted in Fig. 1a. The mean transverse momentum <py> is
plotted as a function of the energy density € derived from the multiplicity density in the
emulsion data. These transverse momenta and energy densities start at those measured in
pp and p p interactions and extend to values of over 1 GeV/c and several GeV/fm3,
respectively. Data from the WARBQ) experiment using the CERN SPS show similar
behavior.22 However, it was concluded from the data?3 that impact parameter effects in the
nucleus-nucleus collision geometry severely complicate any representation of the data in
terms of the variables suggested in Fig. 1a. The E735 experiment at the FermiLab Tevatron
Collider has produced an analogous plot?4 from pp data at Vs = 1.8 TeV, shown in Fig. 2.
These data have been interpreted in terms of a phase transition with hydrodynamic flow?23
and in terms of the effects of mini-jets.26 The spectra may be complicated by many
processes.27

Components of the Spectrum

The transverse mass (my) distributions of produced particles, which are mainly pions,
have the potential of providing information on the freezeout temperature in the low m, part
of the spectrum (m( < my), hydrodynamical flow effects at m; ~ mg, and the primordial
critical temperature20 of the system prior to expansion and freezeout at high m¢ (m; >> my).
In the absence of flow effects the low mg part of the spectrum should reflect the freezeout
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Figure 2. The mean transverse momeniuin <py> of &) aniiproions, b) charged kaons and ¢) charged pions

with py < 1.5 GeV/c, plotted as a function of the charged multiplicity density and measured in pp interactions
atVs= 1.8 TeV.
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conditions. However, hydrodynamical flow would tend to distort the spectrum and these
flow effects might be identifiable in the m¢ distributions for various types of particles and
colliding systems. Displayed in Fig. 3 are transverse mass distributions, where mg = V(p2 +
m?2), for particle types measured at midrapidity for central collisions of 200 GeV/n O + Au
and S + S.28 Plotted is the variable m3/2dn/dm; as a function of my. Using relativistic
thermodynamics as developed by Hagedorn?9 for a single isotropic fireball, a Boltzmann
distribution after integration over rapidity gives dn/dm; = x m32 exp(-my/T) for large
my/T, where x is a constant. Thus at large m, m;32dn/dm, plotted as a function of m,
should be a negative exponential with a single slope and temperature T for all particles.
This appears to be the case for the measured A, Ky and proton distributions as well as the
large m regime of the n~ spectra. The straight lines in Fig. 3 correspond to dn/dm = X
m3/2 exp(-m¢/T) with T = 200 MeV. Can this be the critical transition temperature that we
are seeing?
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Figure 3. Transverse mass distributions for particles in central collisions of 200 GeV/na) O + Auandb) S +
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1.5<y < 3.5 for A, p, KO and 7", respectively. The straight lines correspond to a temperature of 200 MeV in
the Hagedorn fireball model.

o



Role of Resonances

The measured proton and anti-proton spectra from the AGS and SPS do not follow a
general trend.?’ They are rapidity-dependent, py range-dependent and dependent upon the
mass of the colliding nuclei. On the otherhand, the slopes of the my spectra of produced
particles, represented by T, measured at the AGS and SPS have the general characteristic
To(K+) > To(K") > T (®).27 This general trend has also been observed in the K+, K- and
=90 spectra measured at the Bevalac and SIS. The important role that resonance
production plays in the emitted-particle spectra and its connection with the trend of the
slopes of the produced particle spectra will be developed below.

In the Bevalac nt~ spectra for 1.8 GeV/n Ar + KCL — -, the importance of resonance
production was shown by comparisons30 of the data to calculations of the intranuclear
cascade. In the cascade model, pion production results from the production of A resonances
via the process NN — NA, where the A — nN decay produces pions. Displayed in Fig. 4a
are the ©— data and in Fig. 4b the results of the cascade calculation. The measured pion
spectrum is well described by this simple production mechanism with the possible
exception of a small (5%) component at high pion energy (or pt).

An investigation into the kinematic details of A resonance production via NN — NA
and decay A — nN was undertaken.3! A thermal distribution of A's with mass ma at
temperature TA were generated and then allowed to decay isotropically in the A rest frame.
The pion and nucleon spectra originating from this process were then fitted using a
Boltzmann distribution and the resultant temperatures of the pion and nucleon (proton) are
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Figure 4. The energy spectrum of negative pions at 90° in the c.m. system a) measured and b) calculated
using the intranuclear cascade model. The solid curves are fits to the spectra using a Maxwell-Boltzmann
distribution with pion temperatures a) T = 69 MeV and b) Ty = 73 MeV.



plotted in Fig. 5 as a function of TA. The pion temperatures are lower than the nucleon
temperatures and only weakly sensitive to TA, whereas the nucleon temperatures are
strongly dependent upon TA. Thus, for purely kinematic reasons the lighter products of the
decays of resonances will generally have a lower apparent temperature than the heavier
ones.

Further studies of the n~ spectra for heavier colliding systems, La + La32 and Au +
Au,33 at various energies yield the same basic component at low pg, namely NN — NA
with A — nN as the primary component of the spectra.3* The higher py component,
represented by a higher slope parameter, is observed to become increasingly important as
the beam energy and/or the masses of the colliding nuclei increase. The origin of this
second component is not yet precisely known. Explanations range from pion production
from a hot, thermalized source to the influence of collective nuclear flow on the A and its
subsequent effect on the decay pion spectra.

K+ and K- spectra have also been measured at the Bevalac in the reactions 2.1 GeV/n
Si + Si = K-35 and 2.1 GeV/n Ne + NaF — K+.36 The slope parameters measured for
these two reactions are Tg = 95 MeV 37 and T = 122 MeV, respectively. The K- spectra
have a lower slope parameter than the K+ spectra. Therefore, the measured slopes at the
Bevalac have the same general trend as measured recently in the AGS and SPS
experiments, namely To(Kt) > To(K-) > T (7). Also note that the K- can be produced via
resonance production and decay (NN — NY*, Y* — K-N), whereas the K* has no strong
resonance channels and is produced at these energies primarily via associated production,
NN — NKA. For K- production the kinematics of the resonance production process and
subsequent decay, NN — NY* and Y* — K-N, are analogous to the kinematics of the
resonance production and decay process for ® production, NN — NA and A — nN. From
these kinematics the spectrum of the lighter decay particle K- will have less kinetic energy
in the laboratory system than that of the directly produced K*. This results in a lower Tg
and gives the trend of slopes T that is observed in the spectra for the various particles.
Clearly to better understand the role of resonance production in the final state particle
spectra at the various energies, extensive calculations which include the resonances and
their decay processes are necessary.38
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Figure 5. The dependence of the pion and proton apparent temperatures, slope parameters using a Boltzmann
fit to the spectra, as a function of the temperature of the parent A resonance spectrum assuming mp = 1232.



Effects of Hydrodynamic Flow

Flow will have a larger effect on the spectrum of heavier particles than on that of
lighter particles. For an ensemble of particles initially at the same temperature, i.e. kinetic
energy, the heavier particles will travel at slower thermal velocities. Since the flow velocity
and the thermal velocity are additive, in the presence of flow the heavier particles with
lower thermal velocities will be affected more strongly than the lighter ones. This has been
observed in the collective flow of nuclei of various masses emitted in collisions of heavy
nuclei at the Bevalac.39:40 Therefore, the effect of flow on the slopes of the spectra of
different particles is to increase the slope parameter Tq for heavier particles relative to the
lighter ones, i.e. To (heavy particle) > Tq (light particle). This is consistent with the larger
slope values measured for kaons than for pions.

The measured m; distributions of pions are a complicated mixture of the effects of
freezeout, flow and possibly a critical temperature. Using the velocity of sound in an
ultrarelativistic gas, ¢/N3, an estimate of the m, regime where hydrodynamic flow will have
its largest effect yields m; < 1.22 my. Recent analysis?!:42 of negative hadron spectra,*3
primarily pions, from the SPS in a radial flow model concludes that the spectra can be fit
with an average radial flow velocity of B = 0.43c and a freezeout temperature of 112 MeV.
The initial temperature in this model before expansion is 200 MeV, similar to that derived
from the high my part of the particle spectra of Fig. 3. A detailed discussion of the effects
of flow and comparisons to data can be found in Ref. 44.

The general features of the m¢ distribut ns for the produced particles are surprisingly
well reproduced by the radial flow model. Although details of the spectra can be
reproduced by the model, they may actually have more complicated origins. Displayed in
Figs. 6a and b are ratios of O + Au and p + Au data*3 with respect to minimum bias p + p
data% as a function of transverse momentum p;. An enhancement at low and high py, i.e. p;
< 0.2 GeV/c and py > 1.0 GeV/c, is observed in both systems. The py distribution for p + Au
in central collisions exhibits effects which must have similar origin and interpretations as
in the O + Au data. These effects in the ratios plotted in Figs. 6a and b have also been
observed in very high charged-particle multiplicity (Ncp) p + p and o + & events at VSpn =
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Figure 6. Ratios R(py) of the transverse momentum distributions of central a) 160 + Ay and b) p+ Au
collisions relative to minimum bias p + p collisions at 200 GeV/n. The dashed lines indicate R(py) = 1. The
trigger conditions were a) forward energy trigger FET(56) and b) transverse energy trigger TET(260) with
trigger cross sections of 56 and 260 mb, respectively.



63 and 31.2 GeV, respectively.46 These ratios relative to minimum bias data are plotted in
Figs. 7a and b for intermediate (6 < N¢p < 10) and high (18 < N¢p) multiplicity events. The
enhancements at low and high p, are not observed in the low and intermediate multiplicity
data. The structure of the ratios for high N¢p, events is remarkably similar to those of the
central p + Au and O + Au data in Figs. 6a and b. The marked similarity of central p + Au
and O + Au collisions to very high multiplicity "hard-scattering” p + p and o + a collisions
suggests an explanation may be necessary at the quark-parton level. Similar p; distributions
have been measured in specialized spectrometer experiments for 200 GeV/n_nucleus-
nucleus collisions in the NA34 experiment at CERN47 and for Vs = 1.8 TeV pp in the
E735 experiment at FermiLab.24

Dielectron Production at the Bevalac to Study In-Medium Processes

Electromagnetic probes such as photons and dileptons interact weakly with the excited
matter (nuclear, hadronic or QGP) created in relativistic nucleus-nucleus interactions and
therefore can be used as a messenger from this hot, dense matter created in these collisions.
At higher collision energies dilepton pro“uction may provide a signature48.49 for the
existence of a QGP or can be used to study changes in resonance production3%5! due to
chiral symmetry restoration. In the Bevalac energy regime, dielectron production can be
used to study the pion dispersion relation!!52 or the effects of the medium on the mass and
propagation of mesons and resonances.53:54,55

Initial experiments have been able to measure dielectron yields in pA interactions>6
down to 13 GeV/c incident beam momentum and in np interactions>’ down to 16 GeV/c.
Measurements at 0.8 GeV/c incident momentum in the pp system>8 were unable to identify
any direct electrons down to the level of e/n < 3 x 10-6, Measurements by the Dilepton
Spectrometer Group at the Bevalac have been able to identify dielectron signals in pA5%:60
and AAS! collisions in the energy range from 1.0 GeV/nucleon to 4.9 GeV/nucleon. At
these energies the dominant e*e production processes in the elementary nucleon-nucleon
interactions are
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Figure 7. Ratios R(py) of the transverse momentum distributions of selected charge multiplicity (Ncp) in p +
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intermediate (6 <Nch < 10) and b) high (18 < Nn) multiplicity events.
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pn Bremsstrahlung: pn — pny — pne‘te- 10

and

Dalitz decay: A — Nete-
n - yete
70 — yete.

It is expected that dielectrons produced in central nucleus-nucleus collisions may
provide information on the temperature and density of the matter in these collisions. In
nucleus-nucleus collisions the following annihilation processes enable the study of the
effects of the medium on the pion propagation:

7N annihilation: 7N — Nyx — Nete-
nr annihilation e — 7 —ete.

The invariant mass spectrum of dielectrons measured in 1 GeV/n Ca + Ca interactions
is displayed in Fig. 8 superimposed with the results of a microscopic BUU calculation.62 A
comparison of the calculations with the 1 GeV/n Ca + Ca data suggest that ®x annihilation
dominates in the mass region m > 0.5 GeV and that pn bremsstrahlung and A Dalitz decay
are important for m < 0.5 GeV. A similar comparison of 1.05, 2.1 and 4.9 GeV p + Be
data®® with calculations of dielectron production in a cascade modelé? concludes that
die. “wcn production from pn bremsstrahlung is the most important process, whereas the A
Daiii. ‘ccay is not important in the p + Be reactions

Dilepton invariant mass spectrum
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Figure 8. The invariani mass disiribuiion for diciections measurcd in 1 GeVin Ca + Ca collisions. Shown arc
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thick solid line is a sum of all components of the spectrum.



In an attempt to understand the clementary production mechanism for dielectrons,
dielectron yields were recently measured in pp and pd interactions®® at 4.9 GeV/c. A
comparison of the pp and pd production should determine whether pn bremsstrahlung
plays a dominant role in the dielectron production process. The ratio of the dielectron yield
in pd versus pp interactions was measured to be 1.92 + 0.06. This indicates that the pn
bremsstrahlung process is not a dominant source of dielectrons at these energies contrary to
the conclusions derived from the comparisons of microscopic calculations and data.
Furthermore, the electrons expected from hadronic decays of the 1, p, ® and A resonances
in 4.9 GeV pp interactions is compared to dielectron data in Fig. 9.4 The decays of the
hadronic resonances cannot explain the yield or shape of the measured dielectron invariant
mass spectrum. This is a topic of extreme theoretical and experimental interest and will
require considerable effort to reach an understanding of the mechanism for dielectron
production in these reactions.

STOPPING OF NUCLEAR MATTER

The production of a quark-gluon plasma in relativistic heavy ion collisions depenc.s
upon whether the energy density reached in the initial phase of the reaction is sufficiently
high to initiate a phase transition. Creation of high energy densities requires large energy
deposition from the longitudinal motion of the incident nuclei into excitation and
transverse degrees of freedom. In terms of bulk properties of nuclear matter the degree to
which nuclei can effectively redistribute the initial longitudinal motion into other degrees
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of freedom is referred to as the nuclear stopping power. Rapidity distributions of particles,
primordial or produced, and transverse energy distributions provide information on the
degree of stopping and the amount of thermalization in the collision process.

The rapidity distributions of particles measured at the Bevalac exhibit complete
stopping.%3 This is expected since the total rapidity gap between projectile and target at the
highest energy of the Bevalac for nucleus-nucleus collisions is only 1.8 units and the
rapidity loss in pA collisions at this and higher energies is typically 1 unit for projectile and
target nucleons. Therefore. extrapolation of the Bevalac data to higher energies in order to
predict the stopping in nucleus-nucleus collisions is difficult.

Rapidity distributions of the primordial protons, originally in the incident nuclei,
provide direct information on the degree of stopping in relativistic nucleus-nucleus
collisions. Comparisons®6 of the proton rapidity distributions from 14.6 GeV/n Si + Al
collisions67 at the AGS with those of 200 GeV/n S + S collisions68.59 from the SPS exhibit
startling similarities. The mean rapidity losses for the protons in the collisions are
approximately the same at the two energies. The rapidity distribution of protons from S + S
central collisions exhibits considerably more stopping than predicted in the Lund/FRITIOF
model which underpredicts the proton yield at rapidity y = ycm = 3. The VENUS 2 string
model70 is successful in predicting the proton rapidity distribution. The main difference in
the two models is the inclusion of breakup of leading diquarks in VENUS 2. Relativistic
quantum molecular dynamics (RQMD)7? calculations are also successful in reproducing
the measured proton rapidity distributions. Calculations using RQMD and VENUS 2
predict considerable stopping and no baryon-free region at midrapidity for central Au + Au
collisions at the SPS and RHIC.72

The peak positions of the rapidity distributions of produced particles are consistent
with a simple geometrical overlap picture of the collision.”3.74 The distributions are
Gaussian in shape and are broader than expected for emission from an isotropic fireball.”5
Whether the rapidity distributions represent a large degree of stopping in the Landau’6
sense or partial stopping as predicted by string mechanisms in the Lund/FRITIOF model?’?
is still under intense investigation.”® Thus far, string models and variations’® of the Landau
hydrodynamical model are able to predict the measured rapidity distributions of produced
particles at CERN energies.

THE RELATIVISTIC HEAVY ION COLLIDER

Lattice QCD predictions80.81.82 exhibit a phase transition from hadronic matter to a
plasma of deconfined quarks and gluons, the quark-gluon plasma (QGP), at a temperature
near 250 MeV. This phase of matter must have existed shortly after the Big Bang and may
exist in th. cores of dense stars. An important question is whether this predicted state of
matter can be created and studied in the laboratory.

The Relativistic Heavy Ion Collider (RHIC)33.84 is being constructed at Brookhaven
National Laboratory to address this question. A schematic diagram of the RHIC accelerator
complex is displayed in Fig. 10. Nuclear beams are accelerated from the tandem Van de
Graaff accelerator through a transfer line into the AGS Booster synchrotron and into the
AGS, which serves as an injector for RHIC. RHIC will accelerate nuclei over a range of
energies. Fig. 11 summarizes the capabilities of the accelerator. Completion of the RHIC
accelerator and operation for experiments is planned for 1997. In addition to the colliding
beams described in Fig. 11, there is 2 proposal®s to inject and accelerate polarized protons
at RHIC in order to study the spin content of the proton.
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Figure 10. Diagram of the Relativistic Heavy Ion Collider (RHIC) accelerator complex. Nuclear beams are
accelerated from the tandem Van de Graaff, through the transfer line into the AGS Booster and AGS prior to
injection into RHIC. Some details of the characteristics of proton and Au beams are also indicated after
acceleration in each phase.

RHIC EXPERIMENTS

Collisions of the heaviest nuclei at impact parameters near zero are expected to
produce approximately 1000 charged particles per unit pseudorapidity at RHIC.86 This
presents a formidable environment in which to detect the products of these reactions. The
experiments will take various different approaches to search for the QGP.
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Figure 11. The design luminosity and number of central collisions per second, for impact parameters less
than 1 Fermi, are plotted as a function of the colliding beam energies for various projectiles.



At present there are four experiments being considered for the first round at RHIC.
There are two large experiments - the Solenoidal Tracker At RHIC (STAR) and the
PHENIX experiment - and two smaller ones planned. The STAR experiment will
concentrate on measurements of hadron production over a large solid angle in order to
perform measurements to study observables on an event-by-event basis. The PHENIX
experiment will concentrate on measurements of lepton and photon production as well as
have the capability of measuring hadrons. The smaller experiments presently being
considered are a forward and midrapidity hadron spectrometer and a compact multiparticle
spectrometer (PHOBOS). A brief description of each experiment will be presented along
with a more detailed description of STAR.87

Forward and Midrapidity Hadron Spectrometer

The physics goals of this experiment38 are to achieve a basic understanding of
relativistic heavy ion collisions at RHIC through a systematic study of AA collisions from
the peripheral to the most central in impact parameter. A diagram of the forward and
midrapidity spectrometers is shown in Fig. 12. The spectrometers will measure and
identify particles, primarily charged =, K and p, and their momenta with high statistics over
a small solid angle and over a wide range of rapidity and transverse momentum. This
experiment will extract the net baryon densities as a finction of rapidity, energy densities
and temperatures to determine whether thermal and chemical equilibrium are reached in
these collisions. It will also be able to study both high and low transverse momentum
processes.

SPECTROMETER

Figure 12. A diagram of the forward and midrapidity spectrometer experiment in the narrow angle hall at
RHIC.
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Figure 13. A diagram of the PHOBOS two-arm multiparticle spectrometer. The two arms are located on
opposite sides of the beam pipe. Each arm has a 6 Tesla magnet represented by the coils with silicon detector
planes for tracking.

The PHOBOS Experiment

The physics goals of the PHOBOS experiment®:90 are to measure single particle
spectra and correlations between particles with low transverse momenta. Charged particles
will be measured and identified in the range 0 < y < 1.5 and 15 MeV/c < pt < 600 MeV/c
for pions and 45 MeV/c < py < 1200 MeV/c for protons. The range of particles to be
studied include v, n, Isi, p, p» 9 A, A, dand d. Particle ratios, py spectra, strangeness
production (KX, o, A, A) and particle correlations will be studied. A multiplicity detector
will allow the classification of events by global event characteristics. An illustration of the
experiment is shown in Fig. 13.

The PHENIX Experiment

The physics goals of PHENIX?! are to measure as many potential signatures of the
QGP as possible as a function of a well defined common variable such as impact parameter
or pseudorapidity density. The studies can be divided into three categories: basic QCD
phenomena, basic collision dynamics and the thermodynamic features of the initial state.

The variables to be measured are lepton pairs (di-electrons and di-muons), photons
and hadrons. The experiment will be sensitive to small cross section processes such as the
production of the J/y, Y and high pt spectra. It will also have the capability for high rates
with pp and pA collisions.

A diagram of the PHENIX detector is displayed in Fig. 14. The magnet has an axial field
with tracking chambers and detectors for the identification of electrons, muons, photons
and hadrons. There are two arms for dielectron measurements with approximately
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1 steradian acceptance at midrapidity and a separate forward muon spectrometer as shown
in Fig. 14. Photons and hadrons will be measured at midrapidity with approximately 0.5
steradian acceptances.
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/ / |

!

u SPECTROMETER

Figure 14. A diagram of the PHENIX experiment at RHIC. The beams collide along the horizontal direction
in the center of the detector. The detector components are labeled.

The STAR Experiment

The STAR experiment92,93,94 will search for signatures of QGP formation and
investigate the behavior of strongly interacting matter at high energy density. A flexible
detection system will be utilized to simultaneously measure many experimental
observables. The experiment will exploit two aspects of hadron production that are
fundamentally new at RHIC: correlations between global observables on an event-by-event
basis and the use of hard scattering of partons as a probe of the properties of high density
nuclear matter.

The event-by-event measurement of global observables — such as temperature, flavor
composition, collision geometry, reaction dynamics, and energy or entropy density
fluctuations — is possible because of the very high charged particle densities, dncy/dn =
1000 expected in nucleus-nucleus collisions at RHIC. This will allow novel determination
of the thermodynamic properties of single events. Full azimuthal coverage with good
particle identification and continuous tracking is required to perform these measurements.
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Correlations between observables will be made on an event-by-event basis to isolate
potentially interesting event types.

Measurable yields of high pt particles and jets at RHIC will allow investigations of
hard QCD processes via both highly segmented calorimetry and high p; single particle
measurements. A systematic study of particle and jet production will be carried out over a
range of colliding nuclei from p + p through Au + Au, over a range of impact parameters
from peripheral to central, and over the range of energies available at RHIC. Measurements
of the remnants of hard-scattered partons will be used as a penetrating probe of the QGP,
and will provide important new information on the nucleon structure function and parton
shadowing in nuclei.

Measurements will be made at midrapidity over a large pseudo-rapidity range (Ml < 2)
with full azimuthal coverage (A¢ = 2r) and azimuthal sym'netry. The detection system is
shown in Fig. 15. It will consist of a silicon vertex tracker (SVT) and time projection
chamber (TPC) inside a superconducting solenoidal magnet for tracking, momentum
analysis and low p¢ particle identification via dE/dx; a time-of-flight system surrounding
the TPC for particle identification at higher momenta; and electromagnetic calorimetry
outside the soienoid to trigger on and measure jets, and to measure the transverse energy of
events. The tracking and particle identification are needed mainly to study the low p;
physics, and the calorimetry to study the high p; physics.

/
q
/)

v
QAN

SILICON VERTEX TRACKER
BEAM PIPE
VERTEX POSITION DETECTORS

/

Figure 15. Conceptual layout of the experiment, with cylindrical symmetry around the beam axis. See text
for description.
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PHYSICS OF STAR
Particle Spectra

As a consequence of the high multiplicities in central nucleus-nucleus events, the
slops of the transverse momentum (py) distribution for pions and the <pg> for pions and
kaons can be determined event-by-event. Thus, individual events can be characterized by a
slope parameter Tp or "temperature” to search for events with extremely high temperature,
predicted® to result from deflagration of a QGP. Displayed in Fig. 16 are two spectra
generated by the Monte Carlo method from Maxwell-Boltzmann distributions with T = 150
and 250 MeV, each containing 1000 pions. This is the average number of pions of a given
charge sign expected in the acceptance | < 1 of this experiment for central Au + Au
collisions. The slopes of spectra with T = 150 and 250 MeV derived from fits using a
Maxwell-Boltzmann distribution, also shown in Fig. 16, can easily be discriminated at the
single event level. The determination of <p¢> for pions can be made very accurately on the
single event basis in this experiment, over the expected range of multiplicities in central
collisions from Ca + Ca to Au + Au. Even for kaons, with ~ 200 charged kaons per event
in the acceptance for central Au + Au events, <pg> can be determined accurately for single
events.

Inclusive p distributions of charged particles will be measured with high statistics to
investigate effects such as collective radial flow%6 and critical temperature®’ at low py, and
mini-jet attenuation98.99 at high p,. The p, spectra of baryons and anti-baryons at
midrapidity are particularly interesting for determining the stopping power of quarks. The
difference between the p; spectra obtained for p and p or A and A will reflect the
redistribution in phase space of valence quarks from the nucleons of the target and
projectile. This measurement of the net baryon number and net charge is important for
establishing the baryo-chemical potential pp(y) at midrapidity.100
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Figure 16. Simulation of the py spectrum for one event generated using a Boltzmann distribution of 1000
pions. The histograms correspond to single events generated with T = 150 MeV and 250 MeV. The curves
are fits to the histogram using 2 Maxwell-Boltzmann distribution.
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Strangeness Production

There have been many predictions regarding signatures of the QGP. One of the first
predictions of a signature for the formation of a QGP was the enhancement in the
production of strange particles resulting from chemical equilibrium of a system of quarks
and gluons!0!. A measurement of the K/m ratio provides information on_the relative
concentration of strange and nonstrange quarks, i.e. <(s + s)/(u + u +d + d)>. This has
been suggested!02 as a diagnostic tool to differentiate between a hadronic gas and a QGP,
and to study the role of the expansion velocity. The K/= ratio will be measured event-by-
event with sufficient accuracy to classify the events for correlations with other event
observables. Another unique feature of STAR is its ability to measure strange and anti-
strange baryons (e.g. A, A, K9%) over a wide rapidity interval about midrapidity.
Enhancements to the strange antibaryon content due to QGP formation have been
predicted. 193 Invariant mass distributions of K9 which will be measured in STAR from the
decay KO; — ntn— are shown in Fig. 17. Furthermore, multiply-strange baryons (=-, =,
Q-) may be more sensitive to the existence of the QGP.104 An example of the mass
spectrum expected from the decay Z- — An™ with A — 7 p in the STAR experiment is
shown in Fig. 18.

The production cross section of ¢-mesons can be measured inclusively from the decay
¢ = Kt + K. Displayed in Fig. 19 is an invariant mass spectrum, in the region of the ¢
mass, constructed from all possible combinations of identifiable K* and K~ in the
acceptance Iml < 1. The momentum resolution and tracking efficiencies of the STAR
tracking system are included in the simulation. The mean number of reconstructed ¢’s in
Au + Au central events at RHIC is 6 per event in the STAR detector. Measurement of the
yield of the ¢, which is an ss pair, places a more stringent constraint on the origin of the
observed flavor composition!9 than the K/x ratio and is expected to be more sensitive to
the presence of a QGP. The ¢ production rate is also expected to be extremely sensitive to
changes in the quark masses!06,107108 due to a chiral phase transition at high energy
densities, which is predicted in lattice QCD calculations, 109,110
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Figure 17. Simulated invariant mass distribution for KO — n*a~ measured in STAR for 10 central Au + Au
events at RHIC. The right-hand side is an cxpanded view in the region of the KOg mass. The shaded arca
represents the contribution from random combinatorial background.
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Figure 18. Simulated invariant mass distribution from the decay - — An™ with A — n™p measured in
STAR for 900 central Au + Au events at RHIC.

Hanbury-Brown and Twiss (HBT) Interferometry

Correlations between identical bosons provide information on the freezeout geometry,!1!
the expansion dynamics!!2 and possibly the existence of a QGP.113 It would be
unprecedented to be abie to measure the pion source parameters via pion correlation
analysis on an event-by-event basis and to correlate them with other event observables. In
an individual event with 1000 negative pions within Inl < 1, the number of ®n-%- pairs is
nr—(ng--1)/2 = 500,000. The two-pion correlation statistics for a single central Au + Au
event at RHIC will be similar to the accumulated statistics published in most papers on the
subject. An empirical relation for the transverse radius (R;) of the pion source at
midrapidity as a function of the rapidity density (dn/dy) has been derived from the existing
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Figure 19. Invariant mass distribution for all identifiable K*K— pair combinations simulated in the
acceptance Inl < 1 of STAR for 500 Au + Au central events at RHIC. The ¢ signal is the narrow peak at 1.02
GeV. The inset is the result of a subtraction of K+K pairs formed from K+ and K, each from a different
event, from the true K*+K— pairs of the main part of this figure. The simulation bas no width for the ¢ and the
contribution of the detector to the measurement of the ¢ is observed to be minimai compared {0 i€ irue widih
of ' =4.4 MeV.
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pion correlation datal!4 shown in Fig. 20. This relation, R¢ ~ (dn/dy)-1/3, suggests that
rather large source sizes, Ry~ 10 fm, will be measured in central Au + Au collisions at
RHIC. An example of a simulated correlation measurement in STAR for a single Au + Au
central collision event at RHIC is shown in Fig. 21. o

The cofrelations of like-sign charged kaons or pions will be measured on an inclusive
basis to high accuracy. The dependence of the source parameters on the transverse
momentum components of the particle pairs will be measured with high statistics.
Measurement of correlations between unlike-sign pairs will yield information on the
Coulomb corrections and effects of final state interactions. The inclusive measurement of
KK correlations will complement the nrw correlation data. The KK correlation is less
affected by resonance decays after hadronic freeze-out than the nr correlations!!3, thus
interpretation of the KK correlation measurements is much less model-dependent than that
of the mr data. Since K’s are expected to freeze out earlier! 16 than n’s in the expansion, the
K source sizes are expected 10 be smaller than those of the n's. Depending upon the baryo-
chemical potential and the existence of a QGP, the K* and K~ are also expected to freeze
out at different times. Thus, separate measurements of the K*K+ and K~K- correlation
functions will be of interest.

Electromagnetic Energy

One-third of the energy produced at midrapidity in these collisions will be
electromagnetic (EM) energy. The hadronic energy can be measured by charged particle
tracking. The EM energy must be measured using calorimetry. The measurement of EM
energy vs. charged-particle energy is an important correlation to measure in the search for
the QGP and other new physics. The unexplained imbalance between charged particle and
neutral energy observed in Centauro and other cosmic ray events emphasizes the need for
EM/charged particle measurements.!!7 Discussions of quark-gluon scattering within the
QGP (e.g., qg — 1q) also point to the importance of measuring the electromagnetic energy
as a possible signature of special events. !18
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Figure 20. The cormrelation between the transverse source radii, derived from two-pion correlation
measurements, and the charged-particle rapidity density at midrapidity. Measurements from the Sp pS
collider, ISR collider, Tevatron collider, Brookhaven AGS heavy ions and the CERN SPS heavy ions are
presented. Two parameterizations corresponding to Ry ~ (dn/dy)'”2 and R¢ ~ (dn/dy)'“3 are shown.
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Figure 21. Correlation measurement for a single event simulated with Ripy = 20 fm and dNx./dn = 500 in
STAR at midrapidity.

Fluctuations in Energy, Entropy, Multiplicity and Transverse Momentum

It has long been known that a prime, general indicator of a phase transition is the
appearance of critical dynamical fluctuations in a narrow range of conditions. It is worth
emphasizing that such critical fluctuations can only be seen in individual events where the
statistics are large enough to overcome uncertainties (¥N) due to finite particle number
fluctuations. The large transverse energy and multiplicity densities at midrapidity in central
collisions allow event-by-event measurement of fluctuations in particle ratios, energy
density, entropy density and flow of different types of particles as a function of py, rapidity,
and azimuthal angle. They also allow measurements of local fluctuations in the magnitude
and azimuthal distribution of p,. These fluctuations have been predicted to arise from the
process of hadronization of a QGP.11?

Parton Physics from Jets, Mini-Jets and High p; Single Particles

The goal of studying products of hard QCD processes produced in relativistic heavy
ion collisions is to use the propagation of quarks and gluons as a probe of nuclear matter,
hot hadronic matter and quark matter. Since the hard scattering processes are directly
calculable in QCD, a measurement of the yield of hard scattered partons as a function of
their transverse energy should be sensitive to their interaction with the surrounding matter.
The partons in a single hard scattering (dijet) whose products are observed at midrapidity
must traverse distances of several fermi through high density matter in a nucleus-nucleus
collision. The energy loss of these propagating quarks and gluons is predicted!20 to be
sensitive to the medium and may be a direct method of observing the excitation of the
medium, i.e., the QGP. Passage through hadronic or nuclear matter is predicted to result in
an attenuation of the jet energy and broadening of jets. Relative to this damped case, a
QGP is transparent and an enhanced yield is expected. The yield of jets will be measured
as a function of the transverse energy of the jet. The jet events can also be correlated with
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other event-by-event observables to deduce information on the dynamics of the collision
process.

Mini-jets are expected to be produced copiously in collisions at RHIC.121,122 As is the
case for high pq jets, the observed yield of mini-jets is expected to be influenced strongly
by the state of the high density medium through which they propagate. It is important to
study the degree of fluctuation of the transverse energy and multiplicity as a function of
rapidity and azimuthal angle (d2Ey/dyd¢ and d2n/dyd¢) event-by-event, which should be
strongly affected by mini-jets.!23. The inclusive py distributions of hadrons at py >3 GeV/c
will also be influenced by jets and mini-jets as can be seen in Fig. 22.

Correlations between Event Observables

It should be emphasized that the capability of measuring several different observables
event-by-event is unique to this experiment. Events can be characterized event-by-event by
their temperature, flavor content, transverse energy density, multiplicity density, entropy
density, degree of fluctuations, occurrence of jets and possibly source size. The presence of
a QGP is not likely to be observed in an average event, nor is it expected to be observed in
a large fraction of events. Since there is no single clearly established signature of the QGP,
access to many observables simultaneously will be critical for identifying the rare events in
which a QGP is formed.
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Figure 22. Results from HUING calculations on the dependence of the inclusive charged hadron spectra in
central Au + Au and p + Au collisions on minijet production (dash-dotted), gluon shadowing (dashed) and jet
quenching (solid) assuming that the gluon shadowing is identical to that of quarks (see Ref. 124 for details).
RAB (py is the ratio of the inclusive py spectrum of charged hadrons in A + B collisions to that of p + p.
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