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This is an overview of the results from the rst 3 years of RHIC ex-
periments. RHIC is a collider built to accelerate nuclei to enter of mass
energies of 200 GeV per nucleon for the study of QCD in bulk syems.
The most important result so far is the observation of the suppression of
high pr hadrons in central Au Au collisions followed by the subseqient
null experiment where the same suppression was not seen in ukeron Au
collisions. The observed suppression is a nal state e ectnn which a large
amount of energy is lost by the fast parton as it penetrates tle medium.
This observation, together with measurements of the ellipic ow, leads to
the conclusion that the energy density reached is at least 1@imes that of
a normal nucleon. The simplest and most economical explanain of these
phenomenon is that the system is a dense, locally thermalizksystem of
unscreened color charges.

PACS numbers: 25.75.Nq, 12.38.Mh

1. Introduction

QCD (Quantum Chromodynamics) is the established theory of he strong
interactions which together with the electro-weak force castitute the forces
in the Standard Model. These, and perhaps all fundamental teories, picture
the vacuum as a complex sea of stu. It is the interaction of the fundamen-
tal constituents of the theories with the vacuum that generdes mass and
in the case of the strong interaction (QCD) gives rise to the penomenon
of quark con nement. Since the vacuum is a medium, its structire can be
altered as the temperature is changed [1]. The most violentfdhese changes
is a phase transition. The various components of the vacuumarrespond-
ing to the various forces each went through one or more such dnsitions
at their characteristic temperatures early in the history of the universe. It
is very likely that such a phase transition powered the sudde expansion
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of the universe known as in ation. Most of the phase transitons studied
experimentally  e.g. water to ice, Helium-3, magnetic domains all re-
sult from the electromagnetic force. It is natural to ask if we can study a
phase transition or transitions resulting from QCD. Such wa the task of the
Relativistic Heavy lon Collider (RHIC) which began taking data in 2001.
This talk is an overview of what we have learned from the rst three major
data taking periods. RHIC, located at the Brookhaven Nationd Labora-
tory, is a large accelerator which can accelerate heavy iors all species to
center of mass energies of 200 GeV. Such violent collisionslarge nuclei will
leave in its wake, a region of high energy density whose net bgn-density
is nearly zero, that is, a high temperature vacuum.

In the past year, the RHIC community, with its four major experiments,
STAR, PHENIX, PHOBOS and BRAHMS, has been taking stock of the of
its status, in regards to the discoveries made, and the quesins yet to be
answered [2]. The task was organized around 4 questions:

1. Does the system formed at RHIC reach thermal and chemicalgilib-
rium? If so, what is the initial temperature or energy densiy? How
does the system evolve?

2. Have we seen the signatures of the decon nement phase trsition? If so,
what have we learned about the mechanism of con nement?

3. Have we observed the chiral phase transition? What is thealationship
between the QCD vacuum and the masses of the hadrons? Or in ath
words, what is the origin of chiral symmetry breaking?

4. What are the properties of matter at very high energy dengies? Is the
quark and gluon description the best way to understand the sgtem?

Before describing the experimental data, it is worth reviewng some of
the expectations and ideas from theory. Quantitative predctions of QCD at
momentum transfers below 1 GeV are di cult, since the coupling constant
is large and perturbation theory will not work. Lattice gauge calculations,
often done on powerful computers, are used to obtain numerat values for
guantities of interest such as the hadron masses spectrum][3Such calcu-
lations can also be used to predict the critical temperaturefor the phase
transition. QCD has at least two transitions, which are in all likelihood con-
nected. The rst is the decon nement transition, in which th e quarks are
set free from the con nes of their parent hadrons. The seconds the chiral
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transition, the transition responsible for the bulk of the hadronic mass. The
two transitions are thought to be at the same temperature. Ldtice calcu-
lations predict a critical temperature T¢ of about 170 MeV, giving a critical
energy density"c  1GeV/fm?® [4]. In a theory with only gluons and no
quarks, the transition is rst order. In nature, since the u and d quarks have
a small mass, and the strange quark has a somewhat larger masise phase
transition is predicted to be a cross over. However, since th cross over
occurs over a very narrow range of temperatures, the transion is, for all
practical purposes, rst order, since the temperature canot be controlled
to anywhere near the accuracy needed to tell the di erence.

2. Preliminaries

The ideal experiment would be to make a trap for nuclear matte and
raise the temperature, as in the center of a star. Unfortunagly, there is no
containment mechanism which can withstand such forces in th laboratory.
Such enormous pressures and temperatures can be producedhigh energy
collisions from an accelerator. However the duration that he relevant state
exists is very short, and evolves with time. Experimentaliss must examine
the debris of such a collision, whose products come from ewestage of the
system both above the transition temperature and below. Some of the
products will come from the initial collision before equilbration is reached,
and other products will come from reactions taking place sigi cantly af-
ter the system has cooled below the transition temperature rad will give
a background to the interesting products made during the hip temperature
phase. One of the key ideas is to utilize experimental probewhich give
information about particular time periods in the evolution of the system.
The RHIC experiments become an archaeological expeditiomalbeit, the
timescale is rather short, less therl0 2! seconds. But like the archaeologist
we must be able to date the relics that we nd.

Fig. 1 is a cartoon of the evolution of a heavy ion collision sbwing
the energy density vs time on a log scale. The inset shows theemper-
ature as a function of the time. If one assumes a Stefan Boltzann re-
lationship between the energy density and the temperature tien one has
"se = Npor( 2=30)T* where the Npor is the number of degrees of free-
dom in the system which ranges from 37 to about 47.5 dependingn whether
the strange quark is taken as massless. Unlike traditional qrticle physics

! The masses of the quarks, at temperatures above the chiral transition are several MeV
and can be taken to be nearly zero. In this case, the left- and right-handed sector
of quarks are completely separate hence the name chiral s ymmetry. At low
temperature, quarks attain a dressed mass due to their int eraction with the vacuum
and chiral symmetry is broken.
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experiments, we are not interested in processes involvinghty a single scat-
tering. Rather we are interested in the many body processesf dhe bulk
where concepts such as a local temperature and entropy haveeaning. The
collision proceeds in 5 stages.

Fig. 1. A schematic of the energy densityvs time history of the systems studied at
RHIC in Au Au Collisions. The ve stages are described in the text. The inset is
a temperature vs time history for the stages where the temperature is reasorialy
well de ned. Although the gure shows what appears to be a rst order transition,

the best estimates from lattice calculations tell us that with 2 light quarks, and

a moderately heavy strange quark, the transition is a cross wer which occurs over
a relatively narrow band of temperatures ( gure due to Larry McLerran).

1. The initial state a Colored Glass Condensate so named be cause
of a model in which the color elds are studied in a classical pprox-
imation because of the high occupation numbers. The elds ofast
moving particles serve as sources for the slower elds and gvide the
frustration that is typical of a glass. The large Q? processes occur-
ring during this stage provide the high pr probes of the system useful
for studying later stages of the collision.

2. Quark gluon matter a pre-equilibrium stage of quarks and gluons
lasting about 1fm leading to a locally equilibrated system.The phe-
nomenon of elliptic ow begins to develop at the end of this sage.

3. The Quark Gluon Plasma phase. Hard probes leading to the be-
nomenon of jet suppression are particularly important heresince most
of their energy is lost in this phase.
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4. The mixed phase, which presumably spans a narrow range iemper-
ature and hadrons form. Even if the transition is strictly a cross over,
it is assumed that there is some time during the collision whee there
is a mixture of quark gluon plasma and hadrons, while the hadons
are forming. It is also in this phase, together with the QGP plase
where chiral symmetry is restored.

5. The hadronic phase where hadrons interact with one anothre Ra-
dial ow develops and ends in freezeout of the nal hadronic poducts
(meaning that all interactions between particles cease) $tng the ki-
netic and chemical freezeout temperatures.

We can divide the processes in a relativistic heavy ion coflion into
two categories; hard and soft. Hard processes are those withpr > 3GeV,
where perturbative calculations are reasonably accurateHard processes can
be used as a calibrated probe of the medium since they shouldale as the
number of initial parton parton collisions. Shadowing wil | give a correction
to this which must be accounted for by studying proton (or deueron) nucleus
collisions. The modeling of hard processes follows the stdard methods of
pQCD calculations using structure functions followed by j& fragmentation.
These hard processes provide high momentum partons, whicledse energy
in the medium. This phenomenon, known as jet quenching, is anof the
major experimental signatures seen at RHIC.

Models of the soft processes are more complicated since thaye non-
perturbative. These are the processes which lead to the maijity of particle
production and hence to the quark gluon plasma. Non-viscos hydrodynam-
ics, which assumes that the bulk matter is a continuous medim, is often
used to model the evolution of the system. Hadronization is dne using
the so called Cooper Frye formalism which simply convertghe continuous
matter to hadrons conserving charge, momentum and energy ia Lorentz
invariant manner. Hydrodynamics requires two external inputs the initial
conditions, and the equation of state. For the latter of the®, one can simply
assume the EOS of an ideal gas either in the hadronic stage, imhich the
degrees of freedom are the hadrons, or the QGP stage in whichd degrees
of freedom are the quarks and gluons. These are often taken dimiting
cases and a variety of EOS's are tested. The assumption of zeviscosity
will turn out to be important, as this implies that the medium is actually
not an ideal gas, but is rather strongly interacting. IB hindsight, that this
is true might seem to be obvious as the value ofsat Q2 T  300MeV
is rather large during the QGP phase.

Recently, McLerran [5] and his collaborators have used a caical ap-
proximation for the initial stage of the collision, arguing that the occupation
numbers at low x, where much of the particle production occurs, are rather
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high. This model, which they have named the Colored Glass Qulensate ,
shows the phenomenon of gluon saturation and makes prediots which can
be used to calculate the initial conditions in a heavy ion cdlsion which in
turn can then be used as input to the hydrodynamical calculaions. This
calculation relies on the fact that very early in the collision, gluon saturation
e ects at low x set a value ofQ Qs where g can be considered small but
the occupation numbers are high. The value ofs at RHIC is 12 GeV so
2 1=10. The saturation assumed by these authors is present in the itial
state before the nuclei collide. This fact will be important in distinguishing

these e ects, from nal state e ects such as the formation ofa quark gluon
plasma.

A second recent advance has to do with the later stages of theollision
hadronization. Several groups have conjectured that low momentum
hadrons in the nal state, come primarily from the recombination of partons
and not from the fragmentation. While a rigorous calculation can only
be done in a range of momenta where masses can be ignored, theneral
trends predicted by these models seem to explain a variety afxperimental
observables between about 1 and 4 Ge\d/momentum [21].

Fig. 2 shows a schematic of these various models and their auoections.
The division in the applicability of these models is not abstute. In fact, hy-
drodynamics which provides the framework for understandig the motion of
low and moderate momentum partons will feed into parton recmbination
models. Parton recombination, which was initially believel to recombine
only thermal partons, appear also to incorporate low momenim partons
from jet fragmentation as well. For a complete understandig of the exper-

Fig.2. A diagram of models used for understanding collisioa at RHIC. Di er-
ent approximations are appropriate in each regime dependig on the scale of the
interaction being modeled, and the degree of thermalizatia ( gure due to S. Bass).
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imental data, a rather sophisticated picture, involving all of these models is
necessary. This processes is still in its infancy and the cperation of various
types of theorists and experimentalists will be needed to ga a detailed un-
derstanding of the dynamics of the heavy ion collision. In tke initial stages
of this task it is important that we concentrate on whether the overall ideas
are correct even if all the experimental data is not fully re produced by
the models.

One of the important control parameters used by the RHIC expements,
is the impact parameter or centrality of the collision. By corvention 0% cen-
trality refers those collisions having the smallest impactparameter, and the
term peripheral refers to glancing collisions. The four RHC experiments
all have identical devices (the zero degree calorimeters)hich measure the
centrality. Soft processes generally scale with the numbeof participating
nucleons in the collisions oM 5t Which is a gross measure of the size and/or
energy density of the reball, whereas the number of hard inéractions scale
with the number of collisions or N¢g. Once the impact parameter is deter-
mined via measurements of the zero-degree calorimeters, ample Glauber
model is used to determineNpat and N¢gj.

3. The initial state a Colored Glass Condensate

One of the surprising (and for some, disturbing) early obsestions, was
that the multiplicities coming from heavy ion collisions at RHIC energies,
was lower than many of the predictions coming from naive pQCDestimates.
Kharzeev and his colleagues used the Colored Glass Condetesanodel to
make a prediction of the multiplicity as a function of centrality. They ob-

tained
dN 1

dy (Qg) P

where Qs is the saturation momentum which is a slow function of Npart
coming from the fact that the particle density and hence the aturation scale
is dependent on the centrality. Fig. 3 shows a comparison ofhtee models
with multiplicity data from PHENIX. One can see that the mode | based
on saturation by Kharzeev, Levin and Nardi, (labeled K.L.N.) [6] makes
a reasonable accounting for the data at both 200 and 130 GeV o&er of mass.
The paucity of particles compared to naive expectations is @ributed to
saturation which limits particle production. What is somewhat disconcerting
is that the calculation seems to work reasonably at & s=19.6 GeV, where
one might not expect the model to be valid. Whether this is case to doubt
the model remains to be seen. In any case one can extract frorese models,
an energy density in the early stages of the collision of aboud 8 GeV/fm 2 [6]
well above the lattice value of 1 GeV/fm® required for the phase transition.
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Fig.3. The charged particle multiplicity per unity pseudor apidity, normalized to
Npart at 200 GeV and 130 GeV center of mass energy for Au Au collisios as a func-
tion of Npat. K.L.N. is the model by Kharzeev, Levin and Nardi [6] based on
saturation ideas. E.K.R.T. refers to a model which assumesaturation in the nal
state [7] and Hijing 1.35 [8] is a model based on pQCD mini-jeg.

A second piece of evidence for the CGC relies on the fact thahigoing
to forward rapidities, one begins to sample a lower range ir in the nucleus.

- _ Yield(central) =N (Central) : :
The ratio Rcp = Vield(peripheral) =Ny (Peripheral)” IS @ measure of the yield per

collision from hard processes coming from central as compaa to peripheral
collisions, where the peripheral collisions are taken as aalseline. Ifp p data
is available, it is often used as the baseline as will be donatkr in the de -
nition of Raa. The BRAHMS experiment, whose strength is the capability
to measure very forward rapidities, looked at this ratio in deuteron nucleus
collisions. For a givenpr, a lower and lower value ofx is sampled as one
moves to higher rapidity. Since the gluon structure function increases at
low x one would see a stronger suppression as one moves to highgpidaty.
Fig. 4 shows just this e ect, with the more central collisions showing a larger
suppression as one might expect. At midrapidity, above gt of 2GeV, one
sees an enhancement instead of a suppression. This phenomenknown as
the Cronin e ect, comes from initial state multiple scattering of the incom-
ing projectile parton. Even with this enhancement, the satuation e ects are
strong enough to show an overall suppression at forward ragities of fac-
tor of 2. Theoretical saturation calculations by Kharzeev, Kovchegov and
Tuchin show a similar qualitative trend.
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Fig.4. The ratio Rcp for charged hadrons in deuteron Au collisions for central
events and mid-central events in varying bins of pseudorapglity, showing the Cronin
enhancement at mid-rapidity and suppression at forward rapdity (Brahms). The

ts are to a model by Tuchin et al., [10].

4. Thermalization and elliptic ow

One of the surprising results which was immediately apparenat RHIC
was a strong directional anisotropy in momentum known as eiptic ow.
Initially the concept may seem foreign to particle physiciss, but this is akin
to other measurements that have been used in the study of themmng inter-
actions the jet shape variables of thrust, and sphericit y. In the case of
heavy ion collisions, such behavior involves all particleemerging from the
interaction and has nothing to do with jets or hard scattering, but arises
from pressure gradients in a spatially anisotropic colligin. The anisotropy
is strongest in mid-central collisions and disappears forery peripheral or
very central collisions. The conversion e ciency from spa@l to momentum
anisotropy depends on the properties of the medium and hencean be use
to understand its properties. In order for e cient conversion, the medium
must be strongly coupled. Contrary to what one might presupmwse, this
implies a zero viscosity and zero mean-free path. Such systs, often called
perfect uids, have been studied in other areas such as atomiphysics [11].
One can also calculate the viscosity in particular stronglycoupled theories
using the AdS5/CFT duality, where one nds that the viscosity zero [12].
In relativistic heavy ion physics, non-dissipative hydrod/namics is used. The
guantity of interest is the value of the second Fourier coe cient of the az-
imuthal momentum anisotropy the elliptic ow. In simple te rms it is
the extent to which the shape is elliptical as opposed to sphi&al. One of
the important external inputs to these models is the initial thermalization
time at which the pressure gradients begin to be operational Before this
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time, the system is assumed to free stream and expand isotraally reduc-
ing the spacial anisotropy and thereby the elliptic ow. Using this fact, the
value of the elliptic ow when compared to the spacial anisotopy which
one obtains from centrality measurements, can give an estiate of the ther-
malization time. It is found that thermalization times of ab out 0.6 to 1 fm
are required to t the data. In these models one obtains an engy density
of 15 25 GeV/fm3 [13] similar to the estimate given from the CGC initial
conditions.

5. Jet quenching

A long sought signal of high density matter has been the largéoss of
energy of a fast parton as it penetrates the medium. The eneygloss can
easily be understood as the radiation of gluons from the fagtarton, because
of the strong color charges. Since higpr particles from hard processes scale
as N1, One simply compares thept spectrum measured in central heavy
ion collisions scaled byNq to a baseline measured irp p collisions. This
e ect was dramatically seen at RHIC as shown in Fig. 5 where oa can see
the rather large (factor of 4 5) suppression for highpy %'s as compared to
the p p scaled expectation. One can also see that for peripheral disions,
the scaling works rather well. TheNgq scaling of hard processes has been

Fig.5. Left: The pr spectrum of °'s normalized to Ny for p p collisions com-
pared to peripheral Au Au collisions. Right: The same for central Au Au colli-
sions, showing that the Au Au data do not scale the eect of p arton energy
loss [15].
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double checked using direct photons, which are produced viaard processes
but do not loose energy in the medium since they have no coloharge?.

In the third year of data taking, an important null experim ent was
done in which deuteron gold collisions were studied. It wasimportant to
establish that the suppression of highpt particles was the result of nal
state interactions which would be an indication of the formaion of a QGP
and not due to some alteration of the initial state such as a C&. Again,
PHENIX looked at mid-rapidity, central collisions. Fig. 6 shows the quan-
tity Raa for 9's similar to Rcp described above, but usingp p collision
data in the denominator. One sees for central Au Au collisims, a factor of
4 5 suppression at highpr, whereas for deuteron gold collisions the ratio is
about unity. There is a slight indication of a Cronin type enhancement in
the d Au collisions.

Fig.6. The ratio Raa as explained in the text for d Au collisions and central
Au Au collisions. One can see the clear suppression below uty for central Au Au
data, and a lack of suppression in thed Au data [15 17].

At this point, it was clear to RHIC experimentalists, that we were ob-
serving a nal state phenomena whose most probable explan@in was the
loss of energy due the passage of partons through a dense aric medium.
Calculations done by Vitev and Gyulassy [17] reproduced thelata reason-
ably well and gave an energy density of 15 GeV/fr early in the history of

the expanding reball, with an initial gluon density of abou t ng% 1100

Reasonable hadronic calculations are unable to reproducaich a large en-
ergy loss [18].

2 It also appears that single electrons coming primarily from charm (after the Dalitz
and photon-conversion contributions have been subtracted) follow this scaling as well.
Heavy quarks are thought not to loose energy due to a dead conee ect that limits
the radiation because of kinematics.
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One can then further study the loss of energy by looking at oppsite side
jets, since one of the hard partons would traverse a larger giance in the
dense medium. This was done by triggering on a higpy particle and look-
ing at the opposite side in the collision. In peripheral colkions (or in p p
collisions) the opposite side jet signal should be rather sbng, whereas in
central Au Au collisions, the opposite side jet would be corsiderably broad-
ened with a large multiplicity of soft particles resulting from the energy loss
of the outgoing parton. The typical pr of particles from collisions assuming
a thermal distribution would be well below 1.5GeV. Fig. 7 shavs a corre-
lation plot in azimuthal angle. An initial trigger particle was chosen with

Fig.7. Particles correlated with a high pr trigger particle showing the jet-like
structure. For p p and d Au collisions, one can see the recoil jet clearly. For
central Au Au collisions the recoil jet disappears [19].

the requirement that the pr be between 4 and 6 GeV. The angle between all
particles with pr above 2 GeV/c and the trigger particle are then plotted.
For p pand d Au collisions, one sees a clear two jet structure. In contast,
while the same side jet appears clearly in central Au Au colisions, the away
side jet disappears. The simplest explanation is that the had processes
occur near one surface. One of the jets escapes with very lidtenergy loss
while the other jet is almost completely quenched. The partles associated
with the away side jet can be identi ed if the correlation is extended down to
very low pr (0.15 GeV) since momentum must be conserved. These particde
are very soft, higher in multiplicity and broader in angle; in short they ap-
proach a thermalized distribution, as one might expect, if he phenomenon
is really due to the energy loss of partons in a colored plasma
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6. Hadronization

All of the processes discussed so far are amongst quarks antians.
However, we see hadrons in our detectors and not quarks andugins. The
process of hadronization is one of the most interesting aspes of the study
of QCD at RHIC, since this involves chiral symmetry breaking or the gen-
eration of hadronic mass, and con nement.

One of the curious puzzles that faced the experiments was tHarge pro-
ton to pion ratio at moderate pr's between 2 and 5GeV. Critical to this
measurement was the particle identi cation capabilities d the PHENIX ex-
periment. Fig. 8 shows the (anti)proton to pion ratio. For central events the
ratio is about 1.0 for protons and 0.8 for anti-protons. For peripheral events
the values are similar to that from p p collisions and jets [20]. The data
extends to about 4.5GeV where PHENIX's time of ight is no longer able
to uniquely identify protons. In order to check if this behavior extends to
higher momentum, the charged hadron to neutral pion ratio wa measured.
The charged hadron is a mixture of charged pions which one caassume is
about twice the neutral pion yield, (anti)protons, and kaons. Above 5GeV
this ratio returns to a nominal value of about 1.5 consistentwith p p col-
lisions, so the e ect is con ned to a pr range between 2 and 5GeV. Such
a large production of baryons at moderatepr contradicts our current un-
derstanding of fragmentation in the vacuum where only about20% of the
particles are baryons. This led theorists to assume that thee was some
mechanism for hadronization which depended on the densityThey assumed
that hadrons were forming from a recombination of quarks akeady present
in the medium [21]. Such a mechanism would enhance baryons bigh pr. If

proton/pion 1T anti-proton/pion

Ratio
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Fig.8. Left: (Anti)proton to O ratio for dierent centrality classes for Au Au
collisions at™ Syny = 200 GeV. Error bars represent the quadratic sum of statistical
and systematic errors (PHENIX). Right: charged hadron to 2 © ratio showing the
return to the nominal value above 5 GeV/c (PHENIX).



538 R. Seto

one assumes that there is a ball of thermal partons expandinfjom internal
pressure, the joining of 3 quarks (baryons) would create a tthon with a pr,
3/2 that of a hadron created from 2 quarks (mesons). Since thepectrum is
falling steeply, this would lead to a large enhancement of b&ons.

One can test this idea another way. Elliptic ow (v2) develops early in the
collision when the degrees of freedom are presumably quarksd gluons. If
recombination is at work, then the elliptic ow of identi ed particles, scaled
by the number of constituent quarks should re ect the underlying elliptic
ow of partons. Fig. 9 shows the v, of a variety of particles vs pr. After
rescaling with n, the number of valence quarks, all hadrons fall on the same
line abovepr=n  1GeV. In fact the idea works down to very low py for
all particles aside from the pions. One of the causes of thisistrepancy is
that many of the low pr pions are actually from the subsequent decays of
resonances such as and . More complex models which actually include
such e ects bear this out [22].

Fig. 9. Top: v, for various particles as a function ofpr. Bottom: v, versuspr both
scaled byn, the number of valence quarks, showing that above 1 GeV, alldll on
the same line.

A question now arises. Is recombination from thermal quark®r do frag-
mentation quarks from hard collisions also participate? Ifrecombination is
from purely thermal quarks, then hadrons formed from recommation should
show no jet-like correlations. Fig. 10 shows the centralitydependence of the
associated charged hadron yield for particles betweeh7 <pt < 2.5 GeV/c
above a combinatorial background for trigger baryons and tigger mesons in
the pr range 2.54.0GeV/c in a 54 cone around the trigger particle [23].
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Both mesons and baryons, which presumably are made via recoliniation in
the momentum range in question, have associated particlesneaning that
they have some jet-like qualities to them. This appears to man that by
some mechanism, hard scattered partons, hadronize by piaky up partners
from the thermal bath. The radiated gluons (which are primarly collinear
with the fast quark) retain some of their directionality. For baryons in cen-
tral collisions, the e ect appears to be reduced, hinting that the formation of
baryons in the most central collisions is primarily from thermalized quarks.
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Fig. 10. Yield of particles withing a cone around highpr trigger particle as a func-
tion of centrality as described in the text (PHENIX).

The rather simple picture of recombination as means of hadmization,
while appealing, leaves some open questions. First, the gikedegrees of free-
dom have a place in this picture, but where are the gluons? InHis picture,
it is as if the quarks already have their dressed constituenimasses before
recombining. How did this happen? Where is chiral symmetry boken?
There is also a seeming reduction of entropy inherent to the echanism.
Where does it go? By its very nature this picture is a schematiccartoon
for non-perturbative physics. Mueller and his colleagues2l] among others
have tried to put it on a more theoretically sound footing, however, this
requires assumptions €.g. ignoring the masses of the hadrons) which limits
the direct applicability of the theory to pr > 2GeV or so.

7. Conclusion

The rst three years of data taking at RHIC have yielded a weath of
information. There is strong evidence that:. (1) the system las reached a
very high energy density, greater than 10 times that of an ordhary nucleon;
(2) the system thermalizes rapidly; (3) the system behavessa liquid of near
zero viscosity, indicating that it is very strongly interacting; (4) the system
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is very opaque indicating that the cross sections are extreety large, much
larger than is typical of hadronic cross sections. The simgist explanation of
these phenomena is that RHIC has formed a thermalized systemf quarks
and gluons. It may be that the degrees of freedom are more corigated.
Indeed recombination ideas may indicate that the degrees dfeedom may
change as the system passes through the phase transition.

Operationally, both experimentalists and theorists at RHIC no longer
think of the degrees of freedom as ordinary hadrons, but rathr as a near
thermalized system of quarks and gluons, a Quark Gluon Plasia. The
challenge now is that of characterizing the system that is aated. We siill
have very little experimental understanding of the chiral ymmetry and de-
con nement transitions. One of the most direct probes of themass is the
dilepton decay of light mesons (! , and ). These resonances have short
lifetimes. The invariant mass of electrons whose source it ¢ decay of res-
onances inside the high temperature reball, should re ectthe mass of the
resonance in a high temperature vacuum. In addition, we havenly begun
to probe the charm sector. A high statistics run including the J= has been
completed and analysis is now beginning which may yield mormsights into
the mechanism of con nement. Direct photon quark pairs can be used as
a calibrated probe to make more quantitative measurements foenergy loss.
Probes such as HBT correlations have yet to be understood. Albf these
probes are being pursued, and will be needed to understand éifundamental
connection between the QCD vacuum, the masses of the hadranand the
chiral and decon nement phase transitions.
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