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1. INTRODUCTION

The primary motivation for studying nucleus-nucleus collisions at relativistic
energies is to investigate partonic, hadronic and nuclear matter at high energy densities
(e > 1-2 GeV/fm3). Early speculations of possible exotic states of matter focused on the
astrophysical implications of abnormal states of dense nuclear matter.1 Subsequent field
theoretical calculations, assuming chiral symmetry in the 6 model, resulted in
predictions of abnormal nuclear states and excitation of the vacuum.? This generated an
interest in particle and nuclear physics to transform the state of the vacuum by using
relativistic nucleus-nucleus collisions.? Shortly thereafter, a phase transition to a system
of deconfined quarks and gluons, the Quark-Gluon Plasma (QGP),# was predicted. This
had implications for both early cosmology and stellar evolution. Many theoretical
developments have since brought us to the present, still infant state of understanding?®
of the behavior of highly excited partonic, hadronic and nuclear matter in relativistic
nucleus-nucleus collisions.

The early dynamics of these collisions involving hard parton-parton interactions can
be calculated using perturbative QCD.é Various theoretical approaches result in
predictions that highly excited (Teffective ~ 500 MeV), predominantly gluonic matter will
be formed within the first 0.3 fm/c of the collision process.” QCD lattice calculations®
exhibit a phase transition between a QGP at a temperature near 250 MeV and hadronic
matter. Such phases of matter may have existed shortly after the Big Bang and may exist
in the cores of dense stars. An important question is whether such states of matter can
be created and studied in the laboratory. The Relativistic Heavy Ion Collider (RHIC) is



being constructed at Brookhaven National Laboratory to investigate these new and
fundamental properties of matter.

2. THE STAR EXPERIMENT o

The STAR experiment® will concentrate on measurements of hadron production
over a large solid angle to be able to study observables on an event-by-event basis.
STAR will search for signatures of QGP formation and investigate the behavior of
strongly interacting matter at high energy density. Since there is no single definitive
signature for the QGP, it is essential to use a flexible detection system at RHIC. STAR
will simultaneously measure many experimental observables to study signatures of the
phase transition 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 energy densities. The experiment will utilize 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, dng,/dn =
1000 expected in nucleus-nucleus collisions at RHIC. This will allow novel
determination of the thermodynamic properties of single events. Correlations between
observables made on an event-by-event basis may isolate potentially interesting events.

Measurable jet yields at RHIC will allow investigations of hard QCD processes via
- both highly segmented calorimetry and high p; single particle measurements in a
tracking system. A systematic study of particle and jet production will be carried out
over a range of colliding nuclei from pp through p-nucleus up to Au-Au, over a range
of impact parameters from peripheral to central, and over the range of energies
available at RHIC. The pp interactions will help establish the gluon structure functions,
the p-nucleus interactions will be used to study the nuclear gluon distributions and thus
the extent of shadowing of gluons in the nucleus, while the nucleus-nucleus interactions
are essential to determine the degree of quenching of hard scattered partons in the
surrounding nuclear, hadronic, and partonic matter. Measurements of the remnants of
hard-scattered partons will be used as a penetrating probe of the QGP, and will provide
new information on the nucleon structure function and parton shadowing in nuclei.

Measurements will be made at midrapidity over a large pseudo-rapidity range (I 1|
< 1) with full azimuthal coverage (A¢ = 2r) and azimuthal symmetry. The detection
system is shown in Fig. 1. It will consist of a silicon vertex tracker (SVT) and time
projection chamber (TPC) inside a solenoidal magnet with 0.5 T uniform field for
tracking and momentum analysis over Im| <2, and particle identification via dE/dx at
~ low pt; a time-of-flight system surrounding the TPC for particle identification at high

momenta; electromagnetic calorimetry just inside the solenoid to trigger on and
measure jets and the transverse energy of events; and external time projection chambers
~ (not shown in Fig. 1) located downstream outside the solenoid to extend the tracking
coverage to In | 4.5. Additional fast trigger detectors will be installed to trigger on
collision geometry and the position of the primary interaction vertex.
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Figure 1. Schematic layout of the Solenoidal Tracker At RHIC.

3. PHYSICS OF STAR

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

The early stages of the collision process can be studied by measuring the products of
QCD hard scattering processes. The partons in a single hard scattering, whose products
~ are observed near midrapidity, must traverse distances of several fermi through highly
excited matter in a nucleus-nucleus collision. The energy loss of these propagating
quarks and gluons is predicted10 to be sensitive to the medium and may be a direct
method of observing the excitation of the medium. 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 predicted to be transparent and an enhanced
yield at a given transverse energy is expected. The yield of jets will be measured as a
function of the transverse energy of the jet.

Mini-jets are expected to be produced copiously in collisions at RHIC.11.12 Similar to
the case for high p¢ 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 (d2E/dyd¢ and d2n/ dydq)) event-by-event,
which should be strongly affected by the presence of mini-jets.13
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Figure 2. Results from HIJING calculations for central Au+Au and p+Au interactions at
RHIC. The dependence of the inclusive charged hadron spectra on mini-jet production
(dash-dotted), gluon shadowing (dashed) and jet quenching (solid) assuming that the
" gluon shadowing is identical to that of quarks. RAB(py) is the ratio of the inclusive py
distribution of charged hadrons in A+B nuclear interactions to that of p+p (see Ref. 14).

The inclusive py distributions and rapidity distributions of hadrons will also be
influenced by jets, mini-jets, gluon shadowing and quenching4 as can be seen in Fig. 2.
A systematic study of pp, p-nucleus and nucleus-nucleus collisions will be necessary to
unravel the degree to which shadowing and quenching contribute to the spectra of
particles in nucleus-nucleus collisions. The expected rates for measuring various hard-
scattermg processes in STAR are given in Table 1.

3.2 Particle Spectra

As a consequence of the high multiplicities in central nucleus-nucleus events, the slope
of the transverse momentum (pt) distribution for pions and the <p¢> for pions and kaons
can be determined event-by-event. Thus, individual events can be characterized by a pion
slope parameter T (effective "temperature”) or <py>, and a kaon <p¢> in order to
search for events with extremely high temperature, predicted!® to result from
deflagration of a QGP. The accuracy of measuring <pg> per event as a function of the



Table 1
Rates for hard QCD processes expected in STAR.

Observable lsnn Colliding Luminosity p: Range STAR Rate
(GeV) System £ (cm2s1)  (GeVic) (#/10 7s)
jets, 200 PP 5x 1030 >20 2.3 x 106
(inclusive) > 40 42x103
In1<0.5 ) p Au 3.2x1028 > 20 2.8 x 106
(min. bias) . > 40 5.0 x 103
Au Au 2 x 1026 >20 5.5 x 10°
(central) > 40 1.0x 108
500 PP 1.4x1031 > 20 1.1x 108
: > 40 2.5x 106
_ > 60 1.3 x 105
o, + or - 200 pp 5 x 1030 10 5 4.8 x 104
(inclusive) : 15 5 1.5 x 103
Inii p Au 3.2 x 1028 10 5 5.8 x 104
(min. bias) ' 15 5 1.8x103
Au Au 2 x 1026 10 5 1.2 x 104
(central) 15 5 ~350
500 PP 1.4 x1031 10 5 4 x 106
20 .5 3 x 104
35 .5 ~1.2 x 103

charged particles measured per event is displayed in Fig. 3a. The determination of <pg>
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. For
kaons, with ~ 200 charged kaons per event in the acceptance for central Au + Au events,
<p¢> can be determined accurately for single events.

Inclusive pt distributions of charged particles will be measured with high statistics to
investigate effects such as collective radial flow and critical temperature at low pt, and
mini-jet attenuationlé at high pt. The pispectra of baryons and anti-baryons at
midrapidity are particularly interesting for determining the stopping power of quarks.
Measurements of the net baryon number and net charge are important for establishing
the baryo-chemical potential pug(y) at midrapidity.

3.3 Strangeness Production

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!’. A measurement of the K/z ratio provides
information on the relative concentration of strange and nonstrange quarks, i.e. <(s
+ s)/(u + u+d + d)>. This has been suggested!8 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 in STAR event-by-event with sufficient accuracy (see Fig. 3b)
to classify the events for correlations with other event observables.
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Figure 3. Plotted as a function of the charged-particle multiplicity measured in an event
are the standard deviations of a) the measured <p> for single events generated with a
Boltzmann distribution with temperatures of 150 MeV and 250 MeV (corresponding to
<pt> =375 and 610, respectlvely) and b) the ratio K/= assuming that <K/n>=0.1. -

Another unique feature of STAR is its ability to measure strange and anti-strange
baryons (e.g. K%, A, A, E-, 27, Q) over a wide rapidity interval about midrapidity.
Enhancements to the strange antibaryon content due to QGP formation have been
predicted.1® Furthermore, the multiply-strange baryons (£, £-, Q) may be more
sensitive to the existence of the QGP.20

The production cross section of ¢-mesons can be measured mcluswe_}/ in STAR via
the decay ¢ = K+ + K. Measurement of the yield of the ¢, which is an ss pair, places a
more stringent constraint on the origin of the observed flavor composition?! than the
K/ = 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 2223 due to a possible chiral phase transition at high energy densities.

3.4 Hanbury-Brown and Twiss (HBT) Interferometry

Correlations between identical bosons provide information on the freezeout
geometry, the expansion dynamics and possibly the existence of a QGP.24 It will be
unprecedented 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 In| <1, the number of n-x- pairs will
be np-(nz--1)/2 = 500,000. This is similar to the accumulated statistics published in most
papers on the subject.

The correlations 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 KK correlation is less
affected by resonance decays after hadronic freeze-out than the nr correlations. The K's
are expected to freeze out earlier?> than n s in the expansion. 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. '

By reconstructing the decay topologies of Ko — n+n~, STAR will be able to measure
KOgK0; correlations.? In this case the absence of Coulomb repulsion, as compared to
like-sign charged particle correlations, will enable a more precise measurement of the
large source dimensions expected at RHIC. Since the K9 is not a strangeness eigenstate,
the KogKO9g correlations will contain an interference term which should provide
additional space-time information and exhibit strangeness distillation effects in regions
where the baryochemical potential is significant.2

3.5 Electromagnetic/Charged Particle Energy Ratio

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.2’

3.6 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. Such
critical fluctuations can only be seen in individual events where the statistics are large
enough to overcome uncertainties (VN) 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. Fluctuations have been predicted to arise from the process of
hadronization of a QGP.28

4. SUMMARY

It should be emphasized that the capability of measuring several different
observables event-by-event is unique to STAR. 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 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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