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The Relativistic Heavy-Ion Collider (RHIC) provides Au+Au collisions at ener-
gies up to

√
sNN=200 GeV. STAR experiment was designed and constructed to

investigate the behavior of strongly interacting matter at high energy density. An
overview of some of the recent results from the STAR collaboration is given.

1. Introduction

One of the fundamental predictions of the Quantum Chromodynamics
(QCD) is the existence of a deconfined state of quarks and gluons at the
energy densities above 1 GeV/fm3 1. This strongly interacting medium,
the Quark Gluon Plasma (QGP), may be created in the laboratory by the
collision of heavy nuclei at high energy. The current experimental program
at the Relativistic Heavy-Ion Collider (RHIC) is aimed at detecting the
new state of matter and studying its properties.

The Relativistic Heavy-Ion Collider is located at Brookhaven National
Laboratory (New York, USA). It is capable of colliding gold ions from√

sNN=20 to 200 GeV per nucleon pair, protons up to
√

s=500 GeV, and
asymmetric systems like deuterons with heavy nuclei. RHIC is also the
first polarized proton collider at high energies, opening new opportunities
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Fundação de Amparo à Pesquisa do Estado de São Paulo, Brazil, the Russian Ministry

of Science and Technology and the Ministry of Education of China and the National

Science Foundation of China.

1



June 20, 2003 16:17 WSPC/Trim Size: 9in x 6in for Proceedings Filimonov

2

to study the spin structure of the proton. Diffractive processes in high
electromagnetic fields can also be studied in ultra-peripheral heavy-ion col-
lisions.

2. STAR Detector

The Solenoidal Tracker at RHIC (STAR) is one of two large detector sys-
tems constructed at RHIC 2. The layout of the STAR experiment is shown
in Figure 1. The main detector in STAR is the world’s largest Time Pro-
jection Chamber (TPC) 3 measuring trajectories of charged particles at
mid-rapidity (|η| < 1.4) with full azimuthal coverage. A solenoidal mag-

Figure 1. Schematic view of the STAR detector.

net provides a homogeneous magnetic field up to 0.5 T. Charged particle
tracking close to the interaction region is accomplished by a Silicon Ver-
tex Tracker consisting of three layers of silicon drift detectors. The high
pseudorapidity range (2.5 < |η| < 4) is covered by two radial drift Forward
TPCs. A barrel electromagnetic calorimeter (EMC) has been partially in-
stalled. Eventually, the full-barrel EMC and an end-cap electromagnetic
calorimeter will have a combined coverage of −1 < |η| < 2. Particles are
identified by their specific energy loss in the TPC gas. Particle decays in the
TPC volume are identified by either their decay topology or on a statistical
basis by reconstructing the invariant mass of daughter candidates.
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3. Soft Physics

Relativistic heavy-ion collisions produce a large number of hadrons, most
of which are in the “soft” low transverse momentum pT < 2 GeV/c re-
gion of phase space. These hadrons carry important information about the
collision dynamics from the early stage of the collisions to the final state
interactions. The particle ratios are sensitive to the chemical properties of
the system and the particle production mechanism. Measurements of the
particle multiplicity, pseudorapidity, and transverse momentum distribu-
tions are valuable tools to study the bulk properties of the created system
and its evolution.

3.1. Baryon Stopping and Chemical Freeze-out

Baryon number transport (or stopping), achieved at early stages of high-
energy collisions, is an important observable sensitive to the overall dy-
namical evolution of the collisions. The primordial QGP to hadron phase
transition a few 10−6 seconds after the Big Bang occurred in a nearly net-
baryon free region. A dramatic increase in the antibaryon-to-baryon ratios
measured at mid-rapidity is observed from SPS (p̄/p ≈ 0.07) to RHIC
(p̄/p ≈ 0.7)4,5 energies, indicating that the system created at RHIC is get-
ting close to net-baryon free.

STAR is particularly well-suited for studying the particle production,
with results obtained for π0, π−, π+, K−, K+, K0

s , ρ, K∗0+K∗0, f0, p,
p̄, φ, Λ, Λ, Ξ−, Ξ

+
, Ω−, and Ω

+ 6. One can attempt to describe the
chemical composition of the system within a thermal, chemical equilib-
rium model. From the experimentally measured particle ratios the chem-
ical freeze-out parameters can be extracted. Chemical freeze-out occurs
when flavor changing inelastic collisions cease. At this point the yields of
various particles are fixed, and subsequent elastic scattering will not change
the particle composition. Since the cross-sections for inelastic collisions are
larger than the cross-sections for elastic collisions, one expects the chemi-
cal ratios to be fixed at a time before kinetic freeze-out. Figure 2 (taken
from 7) shows the particle ratios measured at mid-rapidity for a wide vari-
ety of non-strange and strange hadrons, with the results from a statistical
model fit to the data 8. The resulting fit from this and similar models is
excellent, yielding a chemical freeze-out temperature and baryon chemical
potential of Tch ≈ 175 MeV and µb ≈ 25 − 50 MeV, close to the critical
temperature for the deconfinement phase transition on the lattice.
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Figure 2. Particle ratios measured by the four RHIC collaborations are compared to
the statistical model calculations.

3.2. Particle Spectra and Kinetic Freeze-out

Transverse momentum spectra of identified particles reflect the system
properties in its final stage of thermal kinetic freeze-out, when all ellas-
tic interactions between the constituents stop. The essential parameters
extracted from the data are the freeze-out temperature and velocity of the
radially expanding fireball. Figure 3 shows the mid-rapidity π−, K−, and p

spectra for nine centrality bins in 200 GeV Au+Au collisions 9. Systematic
errors on the spectra are estimated to be 10%. The π+ and K+ spectra are
similar to the π− and K− spectra, respectively. All the spectra are similar
to the corresponding ones at 130 GeV 10,11. We fit the pion spectra with a
Bose-Einstein function, the kaon spectra with a m⊥ exponential function,
and the antiproton spectra with a p⊥ Gaussian function, to extract the
mean transverse momenta, 〈p⊥〉, and the dN/dy yields. The fit results are
superimposed in Figure 3. The measured yields are about 65% of the ex-
trapolated dN/dy for pions, 50-65% for kaons, and 50-75% for antiproton,
respectively.

Figure 4 (left) shows the extracted 〈p⊥〉 of π−, K−, and p as a function
of the mid-rapidity π− multiplicity density, dNπ−/dy, used as a measure of
the collision centrality. A systematic increase with centrality is observed in
the kaon and antiproton 〈p⊥〉, consistent with collective transverse radial
flow being built up in non-peripheral collisions.

Figure 4 (right) shows 〈p⊥〉 versus particle mass for five selected systems.
The p+p and most peripheral A+A results indicate no transverse radial
flow; the increase in 〈p⊥〉 with mass in these systems is due to a trivial mass
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Figure 3. Preliminary mid-rapidity transverse mass spectra of π− (left), K− (middle),
and p (right). The lowest spectrum is from 200 GeV p+p within |y| < 0.25 (scaled up by
a factor of 5). The other spectra are from 200 GeV Au+Au within |y| < 0.1, in the order
of decreasing centrality from top to bottom: 5% (most central), 5-10%, 10-20%, 20-30%,
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Figure 4. Left: Extracted 〈p⊥〉 versus centrality for π− (triangles), K− (squares), and
p (circles) from STAR. Right: Extracted 〈p⊥〉 versus particle mass for five collision
systems.

effect. The central collision results deviate from p+p and are consistent
with transverse radial flow, which appears to be stronger at RHIC than
SPS.

A blast wave fit to the central π−, K−, and p̄ spectra provides a trans-
verse radial flow velocity of 〈βT 〉�0.55c at 130 GeV, and ∼0.60c at 200
GeV, with c the speed of light. The fit kinetic freezeout temperature pa-
rameters show at most a mild decrease going from SPS (Tfo�110 MeV) to
RHIC (Tfo�100 MeV) energies.
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4. Hard Physics

High pT hadrons are produced in the initial collisions of incoming partons
with large momentum transfer. Hard scattered partons fragment into a high
energy cluster (jet) of hadrons. In elementary e+e− and pp collisions, jet
cross sections and single particle spectra at high transverse momentum are
well described over a broad range of collision energies by perturbative QCD
(pQCD). Partons propagating through a dense system may interact with
the surrounding medium radiating soft gluons at a rate proportional to the
energy density of the medium. The measurements of radiative energy loss
(jet quenching) in dense matter may provide a direct probe of the energy
density12.

4.1. High pT : Suppression of Inclusive Spectra

Hadrons from jet fragmentation may carry a large fraction of jet momentum
(leading hadrons). In the absence of nuclear medium effects, the rate of hard
processes should scale with the number of binary nucleon-nucleon collisions.
The yield of leading hadrons measured in Au+Au collisions at √

sNN=130
GeV has been shown to be significantly suppressed13, indicating substantial
in-medium interactions. The high statistics 200 GeV data extended the
measurements of hadron spectra to pT =12 GeV/c 14.

Figure 5 (left) shows inclusive invariant pT distributions of charged
hadrons within |η|<0.5 for Au+Au and p+p collisions at √

sNN=200 GeV.
The centrality-selected Au+Au spectra are shown for percentiles of σAuAu

geom ,
with 0-5% indicating the most central collisions. The measured hadron
yields steeply decrease with increasing transverse momentum. Modifica-
tion of inclusive spectra by nuclear effects is measured by comparison to a
nucleon-nucleon (NN) reference via the nuclear modification factor:

RAA(pT ) =
d2NAA/dpT dη

TAAd2σNN/dpT dη
, (1)

where TAA=〈Nbin〉/σNN
inel from a Glauber calculation accounts for the nu-

clear collision geometry. In the absence of nuclear effects, RAA(pT ) is ex-
pected to be a unity. Figure 5 (right) shows RAA(pT ) at √sNN=200 GeV for
centrality-selected Au+Au spectra relative to the measured p+p spectrum.
For pT <6 GeV/c, RAA(pT ) is similar to that observed at √sNN=130 GeV 13,
though in the present case the NN reference and Au+Au spectra are mea-
sured at the same energy and acceptance. Hadron production for 6<pT <10
GeV/c is suppressed by a factor of 4-5 in central Au+Au relative to p+p
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Figure 5. Left: Inclusive invariant pT distributions of (h+ + h−)/2 for centrality-
selected Au+Au and p+p non-singly diffractive interactions. Right: RAA(pT ) (Eq. 1)
for (h+ + h−)/2 in |η|<0.5, for centrality-selected Au+Au spectra relative to the mea-
sured p+p spectrum. The horizontal dashed lines show Glauber model expectations for
scaling of the yield with mean number of binary collisions 〈Nbin〉 or mean number of
participants 〈Npart〉, with the grey bands showing their respective uncertainties summed
in with the p+p normalization uncertainty.

collisions. The data are compared to two calculations based on hard parton
scattering evaluated via perturbative QCD (pQCD-I 15 and pQCD-II 16).
Both pQCD models for Au+Au collisions incorporate nuclear shadowing of
initial-state parton densities, the Cronin effect 17, and partonic energy loss,
but with different formulations. Neither pQCD calculation includes non-
perturbative effects that generate particle species-dependent differences for
pT < 5 GeV/c 18. Figure 5 (right) also shows the full pQCD-I calculation
and the influence of each nuclear effect. The Cronin enhancement and shad-
owing alone cannot account for the large suppression, which is reproduced
only if partonic energy loss in dense matter is included.

4.2. High pT : Elliptic Flow

The fragmentation products of high energy partons that have propagated
through the azimuthally asymmetric system generated by non-central col-
lisions may exhibit azimuthal anisotropy due to energy loss and the az-
imuthal dependence of the path length 19,20. The azimuthal anisotropy of
final state hadrons in non-central collisions is quantified by the coefficients
of the Fourier decomposition of the azimuthal particle distributions, with
the second harmonic coefficient v2 referred to as elliptic flow 21. The elliptic
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flow measurements for pT < 2 GeV/c agree in detail with hydrodynamic
calculations22. Figure 6 (left panel) shows the elliptic flow v2 as a func-
tion of pT for Au+Au collisions at 130 GeV 23. Elliptic flow rises almost
linearly with transverse momentum up to 2 GeV/c, behavior that is well
described by hydrodynamic calculation. Above pT ∼ 2 GeV/c, v2(pT ) de-
viates from a linear rise and saturates for pT > 3 GeV/c. The azimuthal
anisotropies measured at pT = 4 − 6 GeV/c are in qualitative agreement
with the pQCD calculations including energy loss20. Figure 6 (right panel)
shows the centrality dependence of v2(pT ) measured at √sNN=200 GeV 24.
v2 remains finite for non-central collisions, exhibiting a decrease from the
saturation level at the highest measured pT for the more central events. It
is expected that the azimuthal anisotropy will vanish in the limit of very
high pT . However, at present the measured values of v2 contain a non-flow
component which at high pT comes from intra-jet correlations. A quanti-
tative understanding of this effect at the highest pT especially for the most
peripheral and central collisions is still needed.

4.3. High pT : Near-angle and Back-to-Back Hadron

Correlations

The large multiplicities in nuclear collisions make full jet reconstruction
impractical. Correlations of high pT hadrons in pseudorapidity and azimuth
allow the identification of jets on a statistical basis. First hints of jets at
RHIC came from the two-particle azimuthal distributions at √

sNN=130
GeV 23. Similar analysis performed for √

sNN=200 GeV 25 directly shows
that hadrons at pT > 3 − 4 GeV/c result from the fragmentation of jets.
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Events with at least one large transverse momentum hadron (4 < ptrig
T <

6 or 3 < ptrig
T < 4 GeV/c), defined to be a trigger particle, are used in this

analysis. The trigger particles are paired with associated particles with
2 GeV/c < pT < ptrig

T . An overall azimuthal pair distribution per trigger
particle is then constructed:

D(∆φ) ≡ 1
Ntrigger

1
ε

∫
d∆ηN(∆φ,∆η), (2)

where Ntrigger is the observed number of tracks satisfying the trigger re-
quirement, and ∆φ, ∆η are the azimuthal and pseudo-rapidity separations
between the trigger and associated particles. The efficiency ε for finding the
associated particle is evaluated by embedding simulated tracks in real data.
Figure 7 shows the azimuthal angular distribution between pairs of high pT
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Figure 7. Azimuthal distributions of high pT hadron pairs in Au+Au compared to
p+p plus elliptic flow (STAR). Left panel: peripheral collisions. Right panel: central
collisions.

hadrons for the peripheral and most central Au+Au collisions at √sNN=200
GeV. The strength of near-side correlations (near ∆φ = 0) for both cen-
tralities is consistent with that measured in p+p collisions. This indicates
that the same mechanism (hard parton scattering and fragmentation) is
responsible for high transverse momentum particle production in p+p and
Au+Au collisions. The away-side (back-to-back) correlations in peripheral
Au+Au collisions may be described by an incoherent superposition of jet-
like correlations measured in p+p and elliptic flow. However, back-to-back
jet production is strongly suppressed in the most central Au+Au collisions.
This indicates a substantial interaction as the hard-scattered partons or
their fragmentation products traverse the medium. The ratio of the mea-
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sured Au+Au correlation excess relative to the p+p correlation is:

IAA(∆φ1,∆φ2) =
R ∆φ2
∆φ1

d(∆φ)[DAuAu−B(1+2v2
2 cos(2∆φ))]

R ∆φ2
∆φ1

d(∆φ)Dpp
. (3)

The ratio can be plotted as a function of the number of participating nucle-
ons (Npart). IAA is measured for both the small-angle (|∆φ| < 0.75 radians)
and back-to-back (|∆φ| > 2.24 radians) regions. The ratio should be unity
if the hard-scattering component of Au+Au collisions is simply a superpo-
sition of p+p collisions unaffected by the nuclear medium. These ratios are
given in Figure 8 for the trigger particle momentum ranges indicated. For
the most peripheral bin (smallest Npart), both the small-angle and back-
to-back correlation strengths are suppressed, which may be an indication
of initial state nuclear effects such as shadowing of parton distributions or
scattering by multiple nucleons, or may be indicative of energy loss in a
dilute medium. As Npart increases, the small-angle correlation strength
increases, with a more pronounced increase for the trigger particles with
lower pT threshold. The back-to-back correlation strength, above back-
ground from elliptic flow, decreases with increasing Npart and is consistent
with zero for the most central collisions.
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5. Summary

At RHIC, a system with low net-baryon density at mid-rapidity is produced.
2/3 of the baryons come from baryon-antibaryon pair production, while
1/3 of mid-rapidity net baryons come from the initial nuclei. The system
undergoes chemical freeze-out at Tch ≈ 175 MeV and µb ≈ 25 − 50 MeV.
The single particle pT spectra suggest that the system undergoes further
elastic re-scattering until final freeze-out at 〈βT 〉 ≈ 0.50−0.6c and a kinetic
freeze-out temperature Tfo ≈ 100 MeV.

The striking phenomena that have been observed at high pT in nu-
clear collisions at RHIC: strong suppression of the inclusive hadron yield
in central collisions, large elliptic flow which saturates at pT > 3 GeV/c,
and disappearance of back-to-back jets, are all consistent with a picture
in which observed hadrons at pT > 3 − 4 GeV/c are fragments of hard
scattered partons, and partons or their fragments are strongly scattered or
absorbed in the nuclear medium. The observed hadrons therefore result
preferentially from hard-scattered partons generated on the periphery of
the reaction zone and heading outwards. These observations appear con-
sistent with large energy loss in a system that is opaque to the propagation
of high-momentum partons or their fragmentation products. The upcom-
ing results from d-Au collisions at √sNN=200 GeV will help in determining
whether the observed effects are due to the final state interactions.
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