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Abstract. A review of relativistic heavy ion physics is given, with emphasis on selected interesting results.
The charged particle multiplicity is compared from measurements at the AGS, SPS, and RHIC. Collective
motion due to a build-up of pressure is discussed, with implications on estimates of the energy density of
the produced medium. The suppression of J/1¢ and the enhancement of low-mass dileptons observed in
experiments at the SPS are highlighted. The high pr phenomena at RHIC are discussed in some detail.
The suppression of high pr hadrons in central Au+Au collisions is shown, as well as the absence of such

a suppression in d4+Au collisions.

PACS. 25.75.-q Relativistic heavy-ion collisions

1 Introduction

Numerical simulations of quantum chromodynamics
(QCD) on a lattice predict a phase transition from
hadronic matter to deconfined, chirally symmetric mat-
ter at sufficiently large energy densities [1]. The critical
energy density calculated is typically ~ 0.7 GeV/fm?, ap-
proximately 5 times the density of normal nuclear matter.
The primary goal of high energy heavy ion physics is to
achieve such a phase transition and to study this new state
of matter, the Quark Gluon Plasma (QGP). This field has
recently entered a new energy regime with the Relativis-
tic Heavy Ton Collider (RHIC) at BNL. In the 1980’s and
1990’s, experiments were performed at the AGS (BNL), at
center of mass energies \/syn ~ 5 GeV, and at the SPS
(CERN) at /sy ~ 20 GeV with fixed targets. With
the new collider, energies of \/syn ~ 200 GeV have been
reached.

To identify the Quark Gluon Plasma in heavy ion colli-
sions, we have been given several tools from theory. Among
them are the suppression of J/1 as a signature of decon-
finement [2], the quenching of jets in the medium as an
indication of large densities [3], thermally produced di-
rect photons or dileptons to extract the temperature of
the medium in the hot/dense phase [4], the dilepton con-
tinuum at low invariant masses to study chiral symmetry
restoration [5], and collective flow as an indication of equi-
libration of the system [6]. Here we review results from sev-
eral of these topics. In Sect. 2] we present the charged par-
ticle multiplicities over a range of system energies and dis-
cuss radial and elliptic flow. Then in the following sections,
we have chosen to highlight three particularly compelling
results from the field of relativistic heavy ion physics. The
first is J/1 suppression, and the second is low-mass dilep-
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Fig. 1. dN.n/dn per participant pair vs. \/syn [7]

ton enhancement, both observed at the SPS. The third is
high pr hadron suppression, which was a new discovery
at RHIC. Finally, a summary of this review is given in

Sect. [6]

2 Global observables

In relativistic heavy ion physics, a common way to present
observables is as a function of the centrality of the collid-
ing nuclei. The properties of the medium produced in a
collision depend on the centrality. Events are divided into
selections by percentiles of the total cross section, which
can be characterized by a mean impact parameter, a mean
number of participating nucleons Npqr¢, and a mean num-
ber of binary nucleon-nucleon collisions Nyjnqry. In this
section, we present data on charged particle multiplicities
to provide a general idea of the amount of entropy pro-
duced in these collisions. Then we discuss the collective
motion or “flow” of the system produced in the collisions.
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Fig. 2. Invariant yields of identified hadrons as a function of
mr for the most central collisions to peripheral, from top to
bottom [13]. The bottom spectrum in each panel is measured
in p+p collisions

2.1 Charged particle multiplicity

The charged particle multiplicity is a basic observable
which provides input to theoretical models to help con-
strain the initial conditions. Figure[Il shows the pseudora-
pidity density of charged particles, dN.p,/dn, per partici-
pant pair as a function of /sy for central heavy ion colli-
sions (Pb+Pb and Au+Au) [78,/9] and p+p collisions [10}
11].

At RHIC, the number of participants Ny, is approx-
imately 350 for the most central collisions, so there are
more than 650 charged particles per unit of pseudora-
pidity at mid-rapidity. The charged particle multiplicity
per participant in the heavy ion data increases logarith-
mically with /syn. From SPS at /syn ~ 20 GeV to
RHIC at 200 GeV, there is a factor of two increase. The
increase with energy is faster than the increase observed
in p + P collisions. It is also interesting to note that the
charged particle multiplicity per participant at RHIC is
significantly larger (~ 65%) than that measured in p +p
collisions at the same energy. This rules out simple models
in which particle production scales with the the number of
participants Nper [12]. The stronger increase with energy
in central heavy ion collisions may be explained by the in-
creasing role of hard processes (which scale with memy)
with increasing collision energy. The role of hard processes
at RHIC will be discussed in more detail in Sect.

2.2 Flow

Heavy ion collisions create large, coherently interacting
systems in which the particles can undergo numerous
rescatterings leading to a build-up of pressure. Radial flow
is the term used to denote the collective expansion of the
system driven by pressure. If the matter elements move
with a common velocity, then heavier particles will be
shifted to higher transverse momenta. Thus, the flow ve-
locity can be deduced by examining transverse momentum
spectra for particles of different masses. Figure 2lshows the
transverse mass spectra of charged particles measured by
the STAR experiment [13].
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Fig. 3. Invariant yields of identified hadrons as a function of

pr for the most central collisions to peripheral, from top to
bottom panels [14]

The proton spectra are flatter than the pion and kaon
spectra, and they systematically become flatter with in-
creasing centrality. Figure Blshows the transverse momen-
tum spectra, measured by the PHENIX experiment [14],
for identified hadrons in collisions at /sy = 130 GeV in
a higher pr range than the previous figure.

The spectra can be described by hydrodynamic models
up to 2-3 GeV/c for baryons and 1-2 GeV/c for mesons.
Hydrodynamics is not expected to be valid at high pr be-
cause fast particles escape the system before they have
enough reinteractions to thermalize. It also breaks down
for peripheral collisions where the system size is too small,
and again the particles can escape before thermalization.
With a blast-wave model [15], a hydrodynamically moti-
vated model, one can extract the freeze-out temperature
T}, and transverse expansion velocity Br by fitting the 3
particle species simultaneously. At the SPS, such fits pro-
duce Ty, ~ 120 — 130 MeV and Br ~ 0.4 — 0.5, and at
RHIC, Ty, ~ 100 —110 MeV and 37 ~ 0.5—0.6. The pro-
tons and pions in Fig.[3 become comparable in magnitude
at pr ~ 2 GeV/c. This is not expected from particle pro-
duction due to hard scattering and fragmentation. How-
ever, it is in good agreement with the expectation from
hydrodynamics [I6], where heavier particles are shifted to
higher pp. Other recent theoretical explanations of the
large proton content at pr ~ 2 GeV/c include coalescence
models [I7)18[19,20], in which the coalescence of quarks
rivals parton fragmentation as the production mechanism
in this pp range.

Another important observable characterizing the col-
lective expansion is the azimuthal anisotropy, known as
elliptic flow. While radial flow is largest in the most cen-
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Fig. 4. va, averaged over pr, measured in mid-central colli-
sions, shown as a function of /syn [21]

tral collisions, elliptic flow depends on the initial asym-
metry of the system and is thus largest for non-central
collisions. In a non-central collision, the region of interac-
tion is almond-shaped. With enough reinteraction, the sys-
tem builds up pressure transforming the initial asymmetry
present in coordinate space into a momentum anisotropy.
In order for such a momentum anisotropy to be observed,
the pressure must build up before the system has ex-
panded and the initial asymmetry has disappeared. There-
fore, the elliptic flow reflects the amount of reinteraction in
the early times of the collision dynamics. To quantify the
azimuthal anisotropy, we measure the second coefficient
v9 in a Fourier expansion in ¢ of the particle spectrum
d*N/prdprdp, where ¢ is measured with respect to the
reaction plane determined for each event. Figure Fl shows
the vy measured at different energies from the AGS to
RHIC [21122,23,[24].

The elliptic low v was measured to be ~ 0.03 in mid-
central collisions at the SPS, and ~ 0.06 at RHIC. This
is a larger increase than expected, and it suggests early
equilibration at RHIC [25]. From hydrodynamical models,
the equilibration time may be as fast as 0.6 fm/c. This has
an interesting implication on the energy density. Using the
Bjorken formula [26],

. 1 dEr (1)

TR219 dy ’

combined with the measurement for transverse energy,
dEr/dy ~ 720 GeV at \/syn = 200 GeV [27], and the
equilibration time estimated from hydrodynamical mod-
els, 790 = 0.6 fm/c, the energy density is approximately
8 GeV/fm?. Using a more conservative 75 of 1 fm/c, the
energy density is ~ 5 GeV/fm3. At the SPS, similar es-
timates of the energy density, assuming 7o = 1 fm/c, are
typically ~ 2.5 GeV/fm3. Such estimates are well above
the predictions for the critical energy density from lattice

QCD (see Sect. ).
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Fig. 5. NA50 J/4 cross section scaled by the Drell-Yan cross
section (for di-muons with invariant mass in the range 2.9-
4.5 GeV/c?) as a function of Er. The data from different anal-
yses [30] are shown in different colors. The line shows the ex-
pectation of the suppression as a function of Er assuming the
nuclear absorption cross section that is measured in p+Au col-
lisions

3 J /4 production and suppression

It was predicted that the formation of the Quark Gluon
Plasma would lead to a suppression of J/v [2]. The J/v
are expected to dissociate and the charm quarks to be
color-screened in the deconfined medium, leading to fewer
observed J/v [28]. Such a suppression was discovered in
Pb+PDb collisions at the SPS [29]. Figure[§ shows the mea-
sured J/1 divided by the Drell-Yan cross section as a func-
tion of Erp, or centrality [30]. The Drell-Yan cross section
was shown to scale with the number of binary nucleon-
nucleon collisions (“binary scaling”), and thus provides
the reference for the J/i¢ measurement. The ratio de-
creases with respect to centrality, showing that the J/
cross section is suppressed in more central collisions rel-
ative to binary scaling. NA50 measured the absorption
cross section in p+Au collisions to be (4.4 +0.5) mb [31].
The suppression in excess of the expectation from “nor-
mal” nuclear absorption (shown as a solid line in Fig. [H)
is referred to as “anomalous” J/v suppression.

Although the J/v suppression may be the most com-
pelling evidence for the formation of the QGP at SPS,
at RHIC the theory has a possible additional component.
On the one hand, the J/v¢ is expected to be more sup-
pressed than at the SPS because the energy density is
larger. On the other hand, there are significantly more c¢
pairs produced initially in collisions at RHIC energies, al-
lowing for the possibility of recombination of pairs to form
more J/1 at a later stage [32l[33[[34,35]. A first measure-
ment at RHIC was made by the PHENIX experiment [36],
but the statisics are very limited. Figure [6l shows the J /4
yield scaled by Nyinary as a function of the number of
participants Npqr¢, or centrality. With the available statis-
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tics, the Au+Au data was divided into 3 centrality selec-
tions and compared to the p+p data. The data point at
Npart = 2 is a measurement from the p+p reactions in
the same experiment [37], and the shaded band around
this data point denotes the expectation from binary scal-
ing within uncertainties. The p+p measurement is an im-
portant baseline for the Au+Au measurement. The stars
show the NA50 suppression normalized to the PHENIX
p+p data point. The 2 solid lines show the expectation
from normal nuclear absorption, assuming 2 different ab-
sorption cross sections. RHIC has recently provided d4+Au
collisions at /sy~ = 200 GeV. The J /¥ measurement in
d+Au collisions is important to determine the nuclear ab-
sorption cross section at this energy.

Figure[d shows the same data compared to theoretical
models.

The 4 upper red dashed lines are from a plasma
coalescence model assuming 4 different charm rapidity
widths [33]. The lower blue solid line is a calculation with
absorption in the nuclear medium and in the plasma, while
the upper also includes the regeneration of J/v assuming
the equilibration of charm [35]. The hashed line is a statis-
tical model [38]. The comparison leads to the conclusion
that models predicting a large enhancement relative to bi-
nary scaling are not supported by the data. However, the
data cannot discriminate between different models that
lead to a suppression. This coming run at RHIC is ex-
pected to provide much increased luminosity which will
improve this measurement.

4 Low-mass dileptons

Another compelling result from the SPS is the large ex-
cess of low-mass dilepton production. The CERES exper-
iment measured a strong enhancement of low-mass dilep-
tons in Pb+Au collisions relative to the yield expected
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from known sources [39]. Figure Rlshows the yield of eTe™
pairs as a function of their invariant mass. The dashed-
dotted green line is the cocktail calculation, based on the
decays of produced hadrons. The enhancement is a factor
of 2.6 £ 0.5(stat.) £ 0.6(syst.) in the mass region between
250 and 700 MeV/c?.

It should be noted that in p+Au collisions the mea-
surement was found to be consistent with the hadron de-
cay cocktail [40]. The theoretical interpretation of the en-
hancement requires a thermal source of w7 annihilation,
in the hadron gas phase of the collision, contributing to
the yield of dileptons through the p-meson channel. But in
order to reproduce the invariant mass dependence of the
enhancement, the leading theoretical interpretations in-
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voke medium modifications of this thermal source [41142].
Two different approaches that have been proposed are the
broadening of the spectral function of the p-meson mass
distribution [42] and the dropping of the p-meson mass [41]
due to interactions in the hot and dense hadronic medium.
The dotted green line in Fig. §is the cocktail calculation
with additional production from the thermal source, but
calculated with the free line-shape of the p spectral func-
tion. The red solid line denotes the total yield as a func-
tion of invariant mass from invoking the broadening of
the p spectral function, and the purple dashed line from
invoking the dropping mass of the p. The connection to
chiral symmetry restoration is that the chiral partner of
the p is the a;-meson. Both theoretical approaches can,
in principle, lead to degenerate states of the a; and the p
(although it has not been explicitly shown for the broaden-
ing approach), and both calculations reproduce the data.
This measurement, which will also be made at RHIC, will
hopefully give insight to how chiral symmetry is restored.

5 High pr hadrons

At sufficiently high transverse momenta, particle yields
are dominated by the production of jets from hard scat-
terings. In p+p collisions, it is known that hard scatter-
ing and the fragmentation of the scattered partons domi-
nates the production of hadrons above pr ~ 2 GeV/c [43].
In heavy ion collisions, the boundary between where
hard and where soft production dominates the mea-
sured hadron yields is affected by flow [16l6] and possi-
bly parton coalescence [T7,A8I19,20]. In Run II at RHIC
(v/snn = 200 GeV), hadrons have been measured up to
pr ~ 10 GeV/c in Au+Au collisions [44,45] and in p+p
collisions [46]. At such large transverse momenta, parti-
cle are expected to undergo incoherent interactions even
in heavy ion collisions, and perturbative QCD calcula-
tions can reliably be used as a baseline for hadron pro-
duction [47,48][49,50].

In a heavy ion collision hard scattering occurs early,
before the hot, dense phase is formed. A hard scattering
occurs on a timescale of ~ 1/py, which for pr = 2 GeV
is approximately 0.1 fm/c. This is smaller than the equi-
libration time (see Sect.[2]). Therefore, the hard-scattered
partons experience the entire space-time of the system and
serve as a probe of the produced medium. It has been pre-
dicted that the hard-scattered partons will reinteract in a
deconfined medium of free color charges, losing much of
their energy [3]. This would result in a suppression of the
high transverse momentum tail of the hadron spectrum,
where a hadron is likely to be the leading particle of a jet.
We generally measure the effects of the nuclear medium
by comparing the yields at high pr measured in A+A col-
lisions to those measured in p+p collisions scaled by the
number of binary nucleon-nucleon collisions Nyinary-

(Yield per A + A collision)
Npinary)(Yield per p + p collision)
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Fig. 9. Raa for neutral pions in central Au+Au collisions
at RHIC [56l44], central Pb+Pb collisions at the SPS [55]
(v/svn =17 GeV), and a+« collisions [54] ({/syn = 31 GeV)

At low pr, where soft production dominates the measured
yields, R4 is less than one because soft production is
expected to scale with the number of participants Npqr¢,
rather than Npipqry. At transverse momenta sufficiently
large to be in a hard-scattering regime and in the absence
of any nuclear effects, R 4 4 is expected to be equal to unity.
In this case, an A+A collision can simply be described as a
superposition of binary N+N collisions. A deviation from
unity at high pr is a measure of the effect of the nuclear
medium. Previously measured nuclear effects include the
“Cronin” effect [51], an enhancement in the yields relative
to binary scaling attributed to kr broadening due to initial
state multiple scattering [52153]. The predicted energy loss
due to the dense medium is a suppression, known as “jet
quenching.” Figure [l shows the measured R 44 for neutral
pions in a4« collisions at \/syy = 31 GeV [54], in Pb+Pb
collisions at \/syy = 17 GeV at the SPS [55], and in
Au+Au collisions at \/syy = 130 GeV [56] and \/syn =
200 GeV [44] at RHIC.

In o + « collisions, the system size is small, and the
effect of energy loss is not expected. However an effect
of the nuclear medium is present and is observed as the
Cronin effect. At the SPS, in Pb+Pb collisions, there is
no apparent suppression, and any possible energy loss ef-
fect present in these collisions is completely dominated by
the Cronin effect. At RHIC, for the first time, a suppres-
sion was observed in central Au+Au collisions in Run I
for pr between 2 and 4 GeV/c [56], consistent with the
prediction for jet quenching. The suppression persisting
up to pr = 10 GeV/c, observed in Run II, was success-
fully predicted by theoretical calculations that invoke an
energy loss proportional to the energy of the parton com-
bined with shadowing and initial-state kp-broadening [57,
58]. Important to note is that the suppression is not ob-
served in peripheral Au+Au collisions at RHIC, but that
the measured hadron yields in peripheral collisions are
consistent with the binary-scaled yields measured in p+p
collisions, i.e. Ra4 is consistent with unity [44].

Due to the high multiplicity environment, jets cannot
be directly observed in a heavy ion collision. When inter-
preting the modification of the particle spectra at high pr
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as an effect of the medium on the hard-scattered partons,
one assumes that the hadrons measured at high pr em-
anate from jets. A method to detect the presence of jets in
high multiplicity environment is via two-particle angular
correlation measurements. To extract the jet signal from
the correlation distributions, other sources of correlation,
such as flow and resonance decays, and the combinato-
rial background need to be disentangled from the corre-
lations due to jets. The STAR experiment has made such
a measurement [59] and found that the away-side jet dis-
appears in central Au+Au collisions. This is shown in the
bottom right panel of Fig. [0l The ”near-side” correla-
tions are those at |A¢| ~ 0°, and the "away-side” are
at |A¢| ~ 180°. Since the near-side contains the trig-
ger particle, the correlation function can be understood
as a conditional probability. When triggering on a high
pr particle, the near-side correlation looks very similar
to the correlation due to jets measured in p+p collisions
(black histogram); but there is no jet correlation seen on
the away-side, contrary to what is measured in p+p col-
lisions. A possible interpretation is that the hadrons that
we measure at high pr in central Au+Au collisions come
from hard scatterings near the surface of the system. This
would allow one jet to escape the medium; while the cor-
responding jet must traverse the dense medium where it
could interact, lose much its energy, and become lost in
the low pr soft part of the spectrum. Although both of
these observations that were made in central Au+Au col-
lisions at RHIC (the suppression in the hadron spectrum
at high pr and the disappearance of the away-side jet)
seem to indicate that the hard-scattered partons lose en-
ergy in the dense medium, the effect of the “cold” nuclear
medium (p+A or d+A collisions) had to be measured to
rule out initial-state nuclear effects.

In Run IIT at RHIC, high pr particle production was
studied in d4+Au collisions. To distinguish initial-state ef-
fects from final-state effects on the suppression observed
in central Au+4Au collisions, d+Au collisions provide a
good comparison experiment with only initial-state nu-
clear effects. Figure shows the results from all 4 RHIC
experiments [601[61/62./63].

From these results, the consistent conclusion is that
the suppression observed in central Au+Au collisions is
not observed in d+Au collisions. Similarly, the disappear-
ance of the away-side jet (bottom right panel) is also not
observed in d4+Au collisions.

6 Summary

Results from the relativistic heavy ion program show that
we are producing conditions that are necessary, although
perhaps not sufficient, for the formation of the Quark
Gluon Plasma. Flow measurements show that there is sig-
nificant pressure in heavy ion collisions both at the SPS
and at RHIC. The transverse expansion velocity of the sys-
tem is found to be B = 0.4—0.5 at SPS and 67 = 0.5—0.6
at RHIC. The large elliptic flow at RHIC, moreover, is ev-
idence pointing to early equilibration, perhaps as early
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Fig. 10. Results of measurements in d+Au collisions from all
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served in central Au+Au collisions. The two upper and the
lower left panel show Raa vs. pr, and the bottom right panel
shows the angular correlation measurement due to jets. The
upper left shows Raa for neutral pions and charged hadrons
measured in d+Au collisions by PHENIX [60]. The upper right
shows Raa for charged hadrons measured in different central-
ity selections in d4+Au collisions by PHOBOS [61], where the
most central in d+Au collisions is compared to the measure-
ment in central Au+Au collisions (the red line). The lower left
is Raa in d+Au collisions compared to central Au+Au colli-
sions measured by BRAHMS [62]. The lower right is the jet
correlation signal measured in p+p collisions, d+Au collisions,
and central Au+Au collisions by STAR [63]

as 0.6 fm/c, according to hydrodynamic models. Such es-
timates of the equilibration time imply a large energy
density. The energy density at RHIC is approximately
5 GeV/fm3, even assuming a conservative equilibration
time, 79 = 1 fm/c. This is almost an order of magnitude
larger than the critical energy density for the phase tran-
sition as predicted by lattice QCD.

Among the highlights at the SPS, the NA50 experi-
ment observed an anomalous J/1 suppression in Pb+Pb
collisions increasing with centrality. The suppression ex-
ceeds that from normal nuclear absorption and is consis-
tent with predictions due to deconfinement. The CERES
experiment observed an enhancement in low-mass dilep-
tons in the mass range between 250 and 700 MeV /c?. Such
an observation is consistent with a thermal source of dilep-
tons with large medium modifications on the p-meson.

At RHIC, after the first three runs, one of the most sig-
nificant observations thus far is the depletion of high pr
hadrons in central Au+Au collsions. Such a suppression
is consistent with predictions in which hard-scattered par-
tons lose energy in a dense medium. Complementing this
observation is the discovery of the disappearance of the
away-side jet in central Au+Au collisions, which also sup-
ports the explanation of interactions of the hard-scattered
partons in a dense medium. As a reference for the effect
of cold nuclear matter on hadron spectra at high pr and
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on correlations due to jets, the same measurements were
made in d+Au collisions. The charged hadron and neutral
pion spectra were not found to be suppressed relative to
the binary-scaled spectra measured in p+p collisions, and
the away-side jet did not disappear. This indicates that
the novel phenomena observed in central Au+Au colli-
sions at RHIC are due to effects of the medium produced
in these collisions, rather than initial-state nuclear effects.

All of these results are interesting effects observed in
heavy ion collisions. However, evidence for the achieve-
ment of a phase transition is not conclusive. There is much
to be learned about the dynamics of these collisions and
the properties of the produced medium. Further studies of
the high pr phenomena, and the competition between soft
and hard processes at intermediate py, will be performed
at RHIC. Measurements of J/1) and dilepton/photon pro-
duction will also be important for a better understanding
of the medium produced in heavy ion collisions.
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