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Abstract. The PHOBOS detector is one of four heavy ion experiments at the
Relativistic Heavy Ion Collider at Brookhaven National Laboratory. In this
paper we will review some of the results of PHOBOS from the data collected in
p+p, d+Au and Au+Au collisions at nucleon-nucleon center-of-mass energies
up to 200 GeV: Evidence is found of the formation of a very high energy
density and highly interactive system, which can not be described in terms of
hadrons, and has a relatively low baryon density. There is evidence that the
system formed is thermalized to a certain degree. Scaling with the number of
participants and extended longitudinal scaling behavior are also observed in
distributions of produced charged particles.
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1. Introduction

The bulk of the hadronic matter is made of quarks and gluons (partons), bound
into neutrons and protons. The fundamental interactions between partons are well
understood at large momentum transfer by the theory of Quantum Chromodynam-
ics (QCD). However, due to the non-commutative nature of the theory, strongly
interacting matter is only partially understood in terms of QCD. Thus the only
knowledge we can access on the properties of strongly-interacting matter comes
from experimental data.

Lattice gauge calculations suggest that at low baryon densities there is a phase
transition in a strongly interactive matter below and above a critical temperature
Tc ∼ 170 MeV, corresponding to an energy density ε ∼ 1 GeV/fm3 [1]. The clos-
est approach to the creation of matter under these conditions may be achieved in
collisions of large nuclei, as studied at the Relativistic Heavy Ion Collider (RHIC).
Data from these experiments are being studied to get a better understanding of
the physics of heavy-ion collisions and in particular to search for the evidence of
a phase transition in strongly-interacting matter. This paper summarizes some of
the results obtained by the PHOBOS collaboration.

The PHOBOS apparatus is composed of three major subsystems: a charged
particle multiplicity detector covering almost the entire solid angle, a two arm mag-
netic spectrometer with particle identification capability, and a suite of detectors
used for triggering and centrality determination. A full description of the PHOBOS
detector and its properties can be found in Ref. [2]. Also, a description of some of
the techniques used for the PHOBOS event selection (triggering) and event char-
acterization (vertex position and centrality of the collision) can be found in Ref.
[3].

2. The formation of a very high energy density state at RHIC

Figure 1 is the evolution of the midrapidity charged particle density dNch/dη�|η|≤1,
per participating nucleon pair, Npart/2, as a function of √s

NN
[4]. The data are

consistent with a logarithmic extrapolation from lower energies as shown by the
solid line drawn in the plot. The mid rapidity particle density at √s

NN
= 200 GeV

is almost a factor of two higher than the value observed at the maximum SPS
energy.

An approximation of the total energy density in the system created at midra-
pidity in Au+Au collisions at √

s
NN

=200 GeV can be calculated from the charged
particle pseudorapidity density, the average energy per particle and the volume
from where the system was originated. Fits to the yield of transverse momentum
distributions of identified particles emitted at mid rapidity in central Au+Au col-
lisions at √

s
NN

=200 GeV measured by PHOBOS [6] make it possible to estimate
the average transverse mass for all charged particles, 〈mT 〉 � 600 MeV/c, which is
equal to the transverse energy at midrapidity.

As for the volume where the system originated, elliptic flow results discussed in
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Sec. 4 suggest that an upper limit of the time for the system to reach approximate
equilibrium is of the order of 1–2 fm/c. Using the upper range of this estimate
and assuming that the system expands during this time in both longitudinal and
transverse directions one obtains a conservative estimate for the energy density
produced at RHIC when the system reaches approximate equilibrium of ε ≥ 3
GeV/fm3. This estimate is about 6 times the energy density inside the nucleons.
Thus, a very high energy system is created whose description in terms of hadronic
degrees of freedom should be inappropriate.
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Fig. 1. Evolution of the midrapidity charged particle density dNch/dη�|η|≤1, per
participating nucleon pair, Npart/2, for central Au+Au (RHIC, AGS) and Pb+Pb
(SPS) as a function of collision energy. Solid line is a logarithmic extrapolation
of the data from lower energies drawn to guide the eye.

3. Baryon chemical potential at RHIC energies: Approaching
a baryon free environment

One of the most interesting results from heavy-ion collisions at lower energies was
the observation that the production ratios for different particles with cross-section
varying over several orders of magnitude can be described in terms of a statistical
picture of particle production assuming chemical equilibrium [7]. One of the key
components in the particle production mechanism is the baryon chemical potential
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µB which can be extracted from the K+ to K− and proton to antiproton ratios.
The measurement of the ratios of charged antiparticles to particles produced at
RHIC is shown in Fig. 2. This figure, taken from Ref. [8], compares the antiparticle
to particle ratios for both kaons and protons to the corresponding data at lower
energies.

The system formed at RHIC is closer to having an equal number of particles and
antiparticles than that found at lower energies. The measured ratio for antiproton
to proton production as function of the energy indicates that the system approaches
smaller values of µB at higher energies showing that the system created at RHIC is
close to a baryon-free medium. Assuming a hadronization temperature of 160–170
MeV, a value of µB = 27 MeV was found for central Au+Au collisions at √s

NN
=200

GeV.
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Fig. 2. Ratios of identified antiparticles over particles measured near midrapidity
in central collisions of Au+Au (RHIC, AGS) and Pb+Pb (SPS) as a function of
nucleon-nucleon center-of-mass energy. Error bars are statistical only.

4. Interaction strength in high energy density medium and
evidence of thermalization

Figure 3 shows the magnitude of elliptic flow (v2) measured by PHOBOS around
midrapidity (|η| ≤ 1) in Au+Au collisions at √

s
NN

=130 GeV and 200 GeV as a
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function of the number of participants (Npart) [9, 10]. The elliptic flow signal is
strong over a wide range in centrality and close to the value predicted by a rela-
tivistic hydrodynamics calculation [13], an indication of a certain degree of ther-
malization. The observation of an azimuthal asymmetry in the out-going particles
is evidence of early interactions. Furthermore, from the strength of the observed
elliptic flow and the known dimensions of the overlap region it can be estimated
that the initially-formed medium equilibrates in a time less than about 2 fm/c [11],
the value used earlier in the calculation of the energy density.

0 50 100 150 200 250 300 350
0

0.02

0.04

0.06

0.08

0.1
Track-based 200 GeV Au+Au

Hit-based 200 GeV Au+Au

Hit-based 130 GeV Au+Au

Hydrodynamic calculation

>part<N

2v

Fig. 3. Elliptic flow of charged particles near midrapidity (|η| < 1) as a function
of centrality in Au+Au collisions at

√
sNN =200 GeV (closed circles and triangles,

are measurement using two different analysis methods) and at
√

sNN =130 GeV
(open triangles). Grey boxes show the systematic errors (90% C.L.) for the 200
GeV data. The curve shows the prediction from a relativistic hydrodynamics
calculation.

Figure 4 shows the yield of charged particles per participant pair divided by a fit
to the invariant cross section for proton-antiproton collisions [12] as a function of pT ,
for peripheral (45-50% cross section) and central (0-6%) interactions. The dashed
and solid lines show the expectation of the scaling of yields with the number of
collisions (Ncoll) and the number of participants (Npart), respectively. The brackets
show the systematic uncertainty. We can see that the general shape of the curves
is only weakly dependent on the centrality. More importantly, in each centrality
bin, there is an increase of the yield in Au+Au collisions compared to pp̄ at low
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transverse momenta and a decrease in the relative yields above 2 GeV/c.
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Fig. 4. Ratio of the yield of charged hadrons in Au+Au as a function of pT for the
most peripheral and most central bin to a fit of proton antiproton data scaled by
〈Npart/2〉. The dashed (solid) lines show the expectation of Ncoll(Npart) scaling
relative to pp̄ collisions. The brackets show the systematic uncertainty.

Two possible explanations have been suggested for the yield suppression as a
function of transverse momentum. The first (“initial state”) model suggests that
the effect is due to a modification of the wave functions of the nucleons in the
colliding ions. This produces an effective increase of the interaction length in such
a way the nucleons in a nucleus will interact coherently with all the nucleons in the
other nucleus in the longitudinal dimension [14]. This model predicts not only the
yield quenching at high pT , but also the scaling of the yield with the number of
participants. The second (“final state”) model suggests that the suppression is due
to the energy loss of the partons traveling through the hot dense medium formed
in the Au+Au collisions [15]. One way to discriminate between these models is to
reduce the size of the hot and dense medium, by colliding d+Au instead of Au+Au.
RHIC’s 2003 run was dedicated mainly to d+Au collision at √

s
NN

= 200 GeV.
Details of the analysis and a broader discussion of pT spectra are given in Ref. [16].

The nuclear modification factor is defined as the ratio of the d+Au invariant
cross section divided by the pp̄ UA1 yield, scaled by the proton-antiproton invariant
cross section (41 mb) and 〈Ncoll〉. In Fig. 5 we present RdAu as a function of pT for
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four centrality bins. For each centrality bin there is a rapid rise of RdAu, reaching a
maximum at around pT = 2 GeV/c. For comparison, the R-factor is also plotted for
the most central bin for Au+Au collisions at

√
sNN = 200 GeV. In striking contrast

to the behavior of RdAu, RAuAu increases initially as function of pT but above 2
GeV/c it decreases sharply.
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Fig. 5. Nuclear modification factor (RdAu) as a function of pT for four centrality
bins. For the most central bin, (lower right) the spectral shape for central Au+Au
data relative to p + p̄ is shown for comparison. The shaded area shows the
uncertainty in RdAu due to the systematic uncertainty in 〈Ncoll 〉 and the UA1
scale error (90% C.L.). The brackets show the systematic uncertainty of the
d+Au spectra measurement (90% C.L.).

The suppression of the inclusive yield observed in central Au+Au collisions is
interpreted to be consistent with final-state interactions within a dense medium
created in such collisions. Thus we find that the matter created at RHIC seems to
interact strongly with high-pT partons.

5. Global Observables

The range of systems and energies provided by RHIC has allowed the systematic
study of the properties of particle production over a broad range of pseudorapidity
and transverse momentum. Two global trends from this study have emerged, the
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scaling of the yields with Npart and the extended longitudinal scaling behavior.
Although a direct link between these observed trends in the data and the nature
of the system created is not immediately obvious these features seem to reflect
important aspects of the dynamics of the collisions.

5.1. Npart Scaling

The centrality dependence of the mid-rapidity yields has often been interpreted in
a two-component picture of particle production with “soft” processes scaling with
Npart and “hard” processes scaling with the number of binary collisions, Ncoll. As
the beam energy increases particle production from the hard processes is expected to
dominate over that of soft processes [17]. This expectation is examined by studying
the ratio of the yields at different energies at the same fraction of the cross sec-
tion, as shown in Fig.6. The ratios are observed to be constant over the measured
centrality range, showing a factorization of the centrality and beam energy depen-
dences. Hence, the bulk particle production does not appear to exhibit the growing
contribution from hard processes with collision energy.
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Fig. 6. The top panel is the Au+Au pseudorapidity distributions per participant
pair at mid rapidity as a function of Npart for four energies. Also is shown the
inelastic p+p data. The systematic errors are shown as 90% C.L. ellipses. The
bottom panel is the ratio of the scaled pseudorapidity distributions.
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5.2. Extended longitudinal scaling

The extended longitudinal scaling also referred as limiting fragmentation [5] is the
invariance of the scaled pseudorapidity yields with beam energy in the reference
frame of one of the projectiles, that is the scaled yields plotted as a function of
η′ = η − ybeam, where ybeam is the beam rapidity. Extended longitudinal scaling is
shown for the Au+Au data in Fig. 7. This scaling is also found in d+Au collisions
[18].
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Fig. 7. Scaled pseudorapidity distribution per participant pair for two centrality
bins and four energies as a function of the eta of the rest frame of one of the
projectiles η′ = η − ybeam, where ybeam is the beam rapidity. For clarity the
systematic errors are not shown in the figure, but can be found in Ref. [5].

6. Final Remarks

In central Au+Au collisions at the highest RHIC energies, a very high energy density
medium is formed. Conservative estimates of its density give a lower bound of
3 GeV/fm3. This is greater than hadronic densities and it is inappropriate to
describe this medium in terms of hadronic degrees of freedom. The medium has been
found to have a low baryon chemical potential and there is evidence of some degree
of thermalization. Two global trends from the study of the data have emerged,
the scaling of the yields with Npart and the phenomenon of extended longitudinal
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scaling. We expect to find more general features that characterize the system formed
in the collisions by analyzing the rest of the PHOBOS data including p+p and
Cu+Cu datasets.
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