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The PHOBOS detector is one of four heavy-ion experiments at the Relativistic
Heavy Ion Collider (RHIC) 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.

In the most central Au+Au collisions at the highest energy, evidence is found for
the formation of a very high energy density and highly interactive system, which
can not be described in terms of hadrons, and which has a relatively low baryon
density.
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1. Introduction

The bulk of the hadronic matter is made of quarks and gluons (par-
tons), bound into neutrons and protons. These hadrons then form nu-
clear structures held together by the strong interactions mediated by the
gluons. The fundamental interactions between partons are well described
by the theory of Quantum Chromodynamics (QCD). However, due to the
non-commutative nature of the parton interactions, the phase structure of
strongly interacting matter is only partially understood in terms of QCD.
The knowledge we have of the properties of strongly interacting matter
comes from experimental data.

At distances close to the hadronic size, the QCD coupling constant
decreases with decreasing distance between the partons. As a consequence
it is expected that at high temperatures a parton conglomerate should
have properties of an ideal relativistic gas 1, traditionally designated as the
Quark-Gluon Plasma (QGP). The transition between the QGP and the
strongly interacting matter that exist at normal temperature and density
(protons and neutrons) happens, according to QCD, with the spontaneous
breaking of “chiral symmetry” and “deconfinement” 2.

Lattice gauge calculations suggest that at low baryon densities there is
a phase differentiation in a highly interactive matter below and above a
critical temperature Tc ∼ 170 MeV, or energy density ε ∼ 1 GeV/fm3 3.
The closest approach to the creation of matter under these conditions is
achieved in relativistic heavy-ion collisions. The most recent facility for the
study of these collisions is the Relativistic Heavy Ion Collider (RHIC). Four
experiments at RHIC have studied the collisions of p+p, Au+Au and d+Au
systems at nucleon-nucleon center-of-mass energies, √sNN , from 19.6 GeV
to 200 GeV. 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 the phase transition of the highly interactive
parton matter or QCD 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 magnetic 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. 4. Also, a description of some of the techniques used for the PHOBOS
event selection (triggering) and event characterization (vertex position and
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centrality of the collision) can be found in Ref. 5.

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

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

sNN
6. 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. The details
of the evolution of the charged particle pseudorapidity density are shown
in Fig. 2, where dNch/dη is presented for Au+Au collisions at √s

NN
=19.6,

130, and 200 GeV for various centralities 7. The particle densities peak
near midrapidity and increase with both √

s
NN

and centrality.
An approximation of the total energy density in the system created at

midrapidity 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. Figure 3 shows the
transverse momentum distributions of identified particles emitted at mid
rapidity in central Au+Au collisions at √

sNN =200 GeV. The yield at low
transverse momentum (pT ) was measured by PHOBOS 8 and the high pT

data was measured by PHENIX 9. Fits to the yield 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. Under the
assumption of a spherically symmetric distribution in momentum space,
which would have equal average transverse and longitudinal momenta.

As for the volume where the system originated, elliptic flow results dis-
cussed below 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 conser-
vative 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
is inappropriate.
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Figure 1. Evolution of the midrapidity charged particle density dNch/dη�|η|≤1, per
participating nucleon pair, Npart/2, 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: Approach
to a baryon free environment

One of the most interesting results from heavy-ion collisions at lower en-
ergies 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 10. One of the key components in the particle production mech-
anism is the baryon chemical potential µB which can be extracted from the
kaon to antikaon and proton to antiproton ratios. The measurement of
the ratios of charged antiparticles to particles produced at RHIC is shown
in Fig. 4. This figure compares the antiparticle to particle ratios for both
kaons and protons to the corresponding data at lower energies 11.

The system formed at RHIC is closer to having 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
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the system approaches smaller values of µB at higher energies. Assuming a
hadronization temperature of 160–170 MeV, a value of µB = 27 MeV was
found for central Au+Au collisions at √

sNN =200 GeV, showing that the
system created at RHIC is close to a baryon-free medium.

4. Interaction strength in high energy density medium

The medium produced in heavy-ion collisions at RHIC energies was initially
thought to consist of a weekly interacting plasma of quarks and gluons 12.
From experimental evidence it has been found however, that the nature of
the system formed is not weakly interacting. As shown in Fig. 3, the pro-
duction of particles with low pT is consistent with the extrapolations from
a fit to the distributions in the range from around 200 MeV to few GeV. If
at RHIC, a medium of weakly interacting particles was formed, one would
expect an enhancement of the production of particles with wavelengths
roughly equal to the size of the collision volume (coherent pion production)
13. The absence of an excess of particles at low transverse momentum is
a manifestation of the strongly interacting nature of the medium produced
at RHIC, which also gives rise to a large radial and elliptic flow signal.

Figure 5 shows the magnitude of elliptic flow (v2) measured by PHO-
BOS around midrapidity (|η| ≤ 1) in Au+Au collisions at √s

NN
=130 GeV

and 200 GeV as a function of the number of participants (Npart) 14,15. The
elliptic flow signal is strong over a wide range in centrality and close to the
value predicted by a relativistic hydrodynamics calculation 18. The obser-
vation 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 16, the value used earlier in the calculation of the energy density.

Figure 6 shows the yield of charged particles per participant pair divided
by a fit to the invariant cross section for proton-antiproton collisions (200
GeV UA1 17) plotted as a function of pT , for the most peripheral and most
central 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 and for pT values up to 2 GeV/c there is an
increase of the yield in Au+Au collisions compared to pp̄. Above 2 GeV/c,
the relative yield decreases for all centrality bins.
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Two possible explanations have been suggested for this yield suppres-
sion as function transverse momentum relative to Ncoll scaling for central
collisions. 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
that the nucleons in a nucleus will interact coherently with all the nucleons
in the other nucleus in the longitudinal dimension 19. 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 comes from an increase of the energy loss of the partons
traveling through the hot dense medium formed in the Au+Au collisions
20. 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 collisions at √

s
NN

= 200 GeV.
Details of the analysis and a broader discussion of pT spectra are given in
Ref. 21.

In Fig. 7 we present the nuclear modification factor RdAu as function
of pT for four centrality bins 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〉. For the centrality bins 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 also increases initially as function of pT but above 2 GeV/c
it decreases sharply.

The suppression of the inclusive yield observed in central Au+Au col-
lisions is consistent with final-state interactions with in a dense medium
crated in such collisions. Thus we find that the matter created at RHIC
interacts strongly with high-pT partons as expected for a partonic medium.

5. Final remarks

In central A+Au collisions at the highest RHIC energies, a very high energy
density medium is formed. Conservative estimates of its density are around
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. The
transition to this state does not create abrupt changes in any observable
including charged particle multiplicity, elliptic flow, interferometric radii,
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and other derived quantities which have been studied so far. This lack of
strong signals will make it difficult to delineate the boundaries between
high density highly interactive matter and hadronic states.
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Figure 2. Pseudorapidity density of charged particles emitted in Au+Au collisions at
three different values of the nucleon-nucleon center-of-mass energy. Data are shown for a
range of centralities, labeled by the fraction of the total inelastic cross section in each bin,
with smaller numbers being more central. Grey bands shown for selected centrality bins
indicate the typical systematic uncertainties (90% C.L.). Statistical errors are smaller
than the symbols.
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Figure 3. Transverse momentum distributions of identified charged particles emitted
near midrapidity in central Au+Au collisions at

√
sNN =200 GeV. Invariant yield data
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curve shows the prediction from a relativistic hydrodynamics calculation.



November 26, 2004 23:39 Proceedings Trim Size: 9in x 6in peru04

11

2

4

6

45-50%

 scalingcollN

0 1 2 3 4

2

4

6

0-6%

 scalingcollN

 (GeV/c)Tp

 f
it

p
/p

+
〉

/2
p

ar
t

N〈
Y

ie
ld

/
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Figure 7. Nuclear modification factor RdAu as a function of pT for four centrality bins.
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