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Abstract. We present some of the important experimental results from nucleus–nucleus
collision studies carried out by the STAR experiment at Relativistic Heavy Ion Collider
(RHIC). The results suggests that central Au+Au collisions at RHIC has produced a
dense and rapidly thermalizing matter with initial energy densities above the critical
values predicted by lattice QCD for establishment of a quark-gluon plasma (QGP).
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1. Introduction

There has always been considerable interest in knowing about the fate of nuclear
matter when subjected to extremes of density and temperature. Particularly in-
triguing was the suggestion that new phases of nuclear matter could be associ-
ated with a corresponding change in the structure of the vacuum [1]. This vac-
uum structure is modified at high temperatures and/or densities, suggesting that
quarks and gluons under such conditions would be deconfined [2]. When the en-
ergy density exceeds some typical hadronic value (>1 GeV/fm3), matter no longer
consists of separate hadrons (protons, neutrons, etc.), but as their fundamental
constituents, quarks and gluons. Because of the apparent analogy with similar
phenomena in atomic physics we may call this phase of matter the QCD (or quark-
gluon) plasma [3]. Lattice QCD [4] predicts a phase transformation to a quark-
gluon plasma (QGP) at a temperature of 175 MeV ∼ 1012 K. One of the primary
goals of the Relativistic Heavy Ion Collider (RHIC) is the experimental study of
the QCD phase transition by colliding heavy ions (Au+Au and Cu+Cu) at various
high energies (19.6 GeV to 200 GeV).

Here we shall discuss the most recent results from one of the four experiments
at RHIC [5–8], the STAR (Solednoidal Tracker At RHIC) experiment. The results
are discussed in terms of the bulk properties of the hadron production (transverse
momentum spectra and particle ratios), collective phenomena exhibited by the con-
stituents of the matter and the penetrating probes in the form of high transverse
momentum particle production. We will also briefly discuss the recent result from
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the photon multiplicity detector (PMD), an Indian contribution in STAR experi-
ment at RHIC [9,10].

2. The STAR experiment

The experiments at RHIC are aimed at capturing the thousands of particles pro-
duced in nucleus–nucleus collisions whose spectra may reflect thermal, and possible
chemical equilibrium of the radiating source. In order to accomplish this, STAR
was designed primarily for measurements of hadron production over a large solid
angle, featuring detector systems for high precision tracking, momentum analysis,
and particle identification at the center of mass (c.m.) rapidity. The large accep-
tance of STAR makes it particularly well-suited for event-by-event characterizations
of heavy-ion collisions and for the detection of hadron jets. The detector is oper-
ated with a uniform magnetic field of maximum value 0.5 T and consists of the
following sub-detectors: Charged particle tracking close to the interaction region
is accomplished by a silicon vertex tracker (SVT). A large volume time projection
chamber (TPC) for charged particle tracking and particle identification is located
at a radial distance of 50 to 200 cm from the beam axis. The TPC is 4 m long and it
covers a pseudo-rapidity range |η| < 1.8 for tracking with complete azimuthal sym-
metry. To extend particle identification to higher momenta there is a time-of-flight
(TOF) patch covering 1 < η < 0 with π/30 in azimuth. To extend the tracking to
the forward region, a radial-drift TPC (FTPC) is installed covering 2.5 < η < 4,
with complete azimuthal coverage and symmetry. To extend the particle identifi-
cation in STAR to electromagnetic sector, there exists a full-barrel electromagnetic
calorimeter (EMC) (|η| < 1) and an endcap electromagnetic calorimeter (EEMC).
The photon measurements at forward rapidity (2.3 < η < 3.8) is carried out by
PMD. The fast detectors that provide input to the trigger system are a central
trigger barrel (CTB) at |η| < 1 and zero-degree calorimeters (ZDC) located in the
forward direction at θ < 2 mrad.

3. Bulk properties

The multiplicities, yields, momentum spectra and correlations of hadrons emerging
from heavy-ion collisions, especially in the soft sector comprising particles at trans-
verse momenta, pT

<∼ 1.5 GeV/c, reflect the properties of the bulk of the matter
produced in the collision. Here we only discuss about pT spectra, particle ratios
and collective flow.

The measured hadron spectra reflect the properties of the bulk of the matter at
kinetic freeze-out, after elastic collisions among the hadrons have ceased. Somewhat
more direct information on an earlier stage can be deduced from the integrated
yields of the different hadron species, which change only via inelastic collisions.
The point where these inelastic collisions cease is referred to as chemical freeze-
out and usually takes place before kinetic freeze-out. The transverse momentum
distributions of the different particles reflect a random and a collective components.
The random component can be identified with the temperature of the system at
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Figure 1. Mid-rapidity hadron spectra from
√

sNN = 200 GeV Au+Au
collisions. The spectra are displayed for decreasing centrality from the top
to downwards within each frame, with appropriate scaling factors applied for
clarity of presentation. For K∗ only, the lowest spectrum shown is for 200
GeV p+p collisions. The dashed curves in frames (a), (b) and (e) represent
spectra from minimum-bias collisions. The invariant spectra are plotted as a
function of mT −mass ≡

√
p2
T/c2 + mass2 −mass.

kinetic freeze-out. The collective component which arises from the matter density
gradient from the center to the boundary of the fireball created in high-energy
nuclear collisions is called as collective flow. This collective flow is sensitive to the
equation-of-state (EoS) of the expanding matter.

3.1 Transverse momentum spectra

The characteristics of the system at kinetic freeze-out can be explored by analy-
sis of the transverse momentum distributions for various hadron species, some
of which are shown in figure 1. In order to characterize the transverse motion,
hydrodynamics-motivated fits [11] have been made to the measured spectra, per-
mitting extraction of model parameters characterizing the random (generally inter-
preted as a kinetic freeze-out temperature Tfo) and collective (radial flow velocity
〈βT〉) aspects. Results for these parameters are shown for different centrality bins
and different hadron species in figure 2.

As the collisions become more and more central, the bulk of the system, domi-
nated by the yields of π, K, p, appears from figure 2 to have lower kinetic freeze-out
temperature and to develop stronger collective flow. On the other hand, even for
the most central collisions, the spectra for multi-strange particles φ and Ω appear
to reflect a higher freeze-out temperature while exhibiting considerable collectivity.
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Figure 2. The χ2 contours, extracted from thermal + radial flow fits (with-
out allowance for resonance feed-down), for produced hadrons π, K and p and
multi-strange hadrons φ and Ω. On the top of the plot, the numerical labels
indicate the centrality selection. For π, K and p, nine centrality bins (from
top 5% to 70–80%) were used for

√
sNN = 200 GeV Au+Au collisions. The

results from p+p collisions are also shown. For φ and Ω, only the most central
results are presented. Dashed and solid lines are the 1-σ and 2-σ contours,
respectively.

3.2 Particle ratios

Figure 3 compares STAR measurements of integrated hadron yield ratios for central
Au+Au collisions to statistical model fits. In comparison to results from p+p
collisions at similar energies, the relative yield of multi-strange baryons Ξ and Ω
is considerably enhanced in RHIC Au+Au collisions [7]. The measured ratios are
used to constrain the values of system temperature and baryon chemical potential
at chemical freeze-out, under the statistical model assumption that the system is in
thermal and chemical equilibrium at that stage. The excellent fit obtained to the
ratios in the figure, including stable and long-lived hadrons through multi-strange
baryons, is consistent with the light flavors, u, d, and s, having reached chemical
equilibrium (for central and near-central collisions only) at Tch = 163± 5 MeV [7].
The deviations of the short-lived resonance yields, such as those for Λ∗ and K∗

collected near the right side of figure 3, from the statistical model fits, presumably
result from hadronic rescattering after the chemical freeze-out and needs to be
further understood.

The saturation of the strange sector yields, attained for the first time in near-
central RHIC collisions, is particularly significant. The saturation is indicated
quantitatively by the value obtained for the non-equilibrium parameter γs for the
strange sector for central collisions. The temperature deduced from the fits is es-
sentially equal to the critical value for a QGP-to-hadron-gas transition predicted
by lattice QCD [4], but is also close to the Hagedorn limit for a hadron reso-
nance gas, predicted without any consideration of quark and gluon degrees of free-
dom [12]. If thermalization is indeed achieved by the bulk matter prior to chemical
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Figure 3. Ratios of pT-integrated mid-rapidity yields for different hadron
species measured in STAR for central Au+Au collisions at

√
sNN = 200 GeV.

The horizontal bars represent statistical model fits to the measured yield ratios
for stable and long-lived hadrons. The fit parameters are Tch = 163± 4 MeV,
µB = 24 ± 4 MeV, γs = 0.99 ± 0.07. The variation of γs with centrality is
shown in the inset, including the value (leftmost point) from fits to yield ratios
measured by STAR for 200 GeV p+p collisions.

freeze-out, then the deduced value of Tch represents a lower limit on that thermal-
ization temperature.

4. High pT particle production

The most exciting results to date at RHIC are the discovery of high-pT suppression
of mesons in nucleus–nucleus collisions compared to binary collision scaled p+p
collision data. This has been interpreted in terms of energy loss of quarks in a
high-density medium. The other interesting aspect seen is the non-suppression of
baryons or equivalently, the anomalously high p/π ratio.

The results on high-pT suppression are usually presented in terms of the nuclear
modification factor (RAB), defined as

RAB =
dNAB/dηd2pT

TABdσNN/dηd2pT
, (1)

where the overlap integral TAB = Nbinary/σpp
inelastic where a RAB value of 1 at high

pT would indicate the absence of nuclear effects, value of >1 at high pT would
indicate effects such as transverse momentum broadening and value of <1 at high
pT would indicate energy loss of particles passing through a dense medium. To
establish the observation of RAA < 1 at RHIC is indeed due to the formation of
matter with densities well above the normal nuclear matter. It is essential to first
establish the understanding of the data from p+p collision baseline, and then to
study the RAB for d+Au collisions, various collisions centrality and particle species.
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Figure 4. Mid-rapidity invariant yields for (π+ + π−)/2 and (p+p̄)/2 at
high pT for minimum bias p+p collisions at

√
sNN = 200 GeV compared to

results from NLO pQCD calculations using AKK (PDF: CTEQ6M) set of
fragmentation functions. The calculations from AKK are for three different
factorization scales: µ = pT/2, µ = pT, and µ = 2pT.

Figure 4 shows the comparison of the charged pion and proton+anti-proton spec-
tra in p+p collisions at

√
s = 200 GeV measured by STAR [13] to NLO pQCD cal-

culations using the AKK fragmentation functions for various factorization scales.
It is observed within the systematic errors in both theory and data that the results
are consistent with each other.

Figure 5 shows the RdAu for charged pions ((π++π−)/2) and combined proton
and anti-proton (p+p̄) in d+Au minimum-bias collisions for

√
sNN = 200 GeV at

|y| < 0.5 [13]. The RdAu > 1 indicates a slight enhancement of high pT charged
pion yields in d+Au collisions compared to binary collision scaled charged pion
yields in p+p collisions within the measured (y, pT) range. The RdAu for p + p̄ is
again greater than unity for pT > 1.0 GeV/c and is larger than that of the charged
pions.

The measurement of RAA (0–5% central Au+Au/scaled minbias p + p) from
STAR experiment with respect to pT is shown in figure 6. While the measure-
ments for mesons (h+ + h−, K0

S , φ) RAA are suppressed, RAA of strange baryons
shows significant differences. Strange baryons do not show any suppression. In-
stead there is an enhancement and ordering with strangeness content: the higher
the strangeness content, the higher the RAA measurement in the intermediate pT

region. Another interesting point to note is the suppression of more than a factor
5 when compared to results from d+Au collisions. This is a strong evidence that
the suppression is not an initial state effect, but a final state effect caused by the
high density medium created in the collision. Comparison to theoretical prediction
[14] using the GLV parton energy loss model shows that an initial parton density
dNg/dy = 1100 is needed to explain the data, which corresponds to an energy
density of approximately 15 GeV/fm3, thereby providing so far the best evidence
of a dense partonic matter formed at the initial stages of nucleus–nucleus collisions
at RHIC.
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The baryon and meson differences observed at intermediate pT region is explained
reasonably well (at least the trends) by assuming that hadron formation at moder-
ate pT proceeds via two competing mechanisms: the coalescence of nq constituent
quarks at transverse momenta ∼pT/nq, drawn from a thermal (exponential) spec-
trum, plus more traditional fragmentation of hard-scattered partons giving rise to
a power-law component of the spectrum [15]. This comparison to STAR data is
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shown in figure 7. This can be viewed as another evidence of a matter formed at
RHIC which is partonic with collectivity exhibited at partonic level.

5. Indian contribution in STAR experiment at RHIC

The main Indian group contribution to RHIC is in the form of a photon multi-
plicity detector (PMD). First results on photon distribution in the forward region
at 62.4 GeV energy recently became available from the PMD in the STAR experi-
ment [10]. In figure 8 we have plotted the photon pseudorapidity distribution per
participant nucleon in Au+Au collisions at 62.4 A GeV as a function of η–ybeam

for central collisions. Also superposed are the data from the WA98 experiment for
the Pb+Pb collisions at 17 A GeV c.m. energy, from the WA93 experiment for
S+Au collisions at 20 A GeV c.m. energy and from the UA5 experiment for p + p
collisions at 546 GeV. The data at SPS and at RHIC are found to be consistent with
each other, suggesting that photon production follows the limiting fragmentation
hypothesis. It is further found that the data are consistent with impact parameter
and energy-independent behavior of longitudinal scaling.

6. Summary

In summary, there is compelling experimental evidence (some more experimental
evidence can be found in refs [5–8]) that heavy-ion collisions at RHIC produce a
state of matter characterized by very high energy densities, density of unscreened
color charges ten times that of a nucleon, large cross-sections for the interaction
between strongly interacting particles, strong collective flow, and early thermal-
ization. Measurements indicate that this matter modifies jet fragmentation and
has opacity that is too large to be explained by any known hadronic processes.
This state of matter is not describable in terms of ordinary color-neutral hadrons,
because there is no known self-consistent theory of matter composed of ordinary
hadrons at the measured densities. The most economical description is in terms of
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Figure 8. Limiting fragmentation in the photon production.

the underlying quark and gluon degrees of freedom. Models taking this approach
have scored impressive successes in explaining many, but not all, of the striking
features measured to date. Determining whether the quarks and gluons in this
matter reach thermal equilibrium with one another before they become confined
within hadrons, and eventually whether chiral symmetry is restored, are two among
the many other profound questions one may ask as we move from the initial dis-
covery phase of dense partonic matter to the next phase of probing the properties
of the matter created at RHIC. Indian photon multiplicity detector at RHIC has
successfully taken data. The first results from this detector has contributed to a
significant understanding of the particle production mechanism at RHIC [10].
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