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Preface to the Series 

The RIKEN BNL Research Center (RBRC) was established in April 1997 at Brookhaven 
National Laboratory. It is funded by the “Rikagaku Kenkyusho,” (RIKEN) The Institute 
of Physical and Chemical Research, of Japan. The Center is dedicated to the study of 
strong interactions, including hard QCD/spin physics, lattice QCD and RHIC 
(Relativistic Heavy Ion Collider) physics through nurturing of a new generation of young 
physicists. The’ fust Director of RBRC (1 997 - 2003) was Professor T. D. Lee. 

A Memorandum of Understanding between NKEN and BNL was signed on April 30, 
2002 extending this collaboration and the RIKEN BNL Research Center (RBRC) for 
another five years. 

Since its inception the Center has now matured with both a strong theoretical and 
experimental group. These consist of Fellows, Postdocs, RBRC PhysicsKJniversity 
Fellows and an active group of Consultants/Collaborators. Computing capabilities 
consist of a 0.6 teraflops parallel processor computer operational since August 1998. It 
was awarded the Supercomputer 1998 Gordon Bell Prize for price performance. This is 
expected to be augmented by a ten teraflops QCDOC computer in JFY 2004. The Center 
also organizes an extensive series of workshops on specific topics in strong interactions 
with an accompanying series of published proceedings. 

Members and participants of RBRC on occasion will develop articles in the nature of a 
status report, a general review, and/or an overview of special events, such as this one. 

N. P. Samios 
Director, RIKEN BNL Research Center 

*Work performed under the auspices of U.S.D.O.E. Contract No. DE-AC02-98-CH10886. 
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Forward 

Recent experiments at RHtC have produced matter at energy densities at 
least 20 times that of atomic nuclei and perhaps an order of magnitude even 
larger. At such extremely high energy densities, strongly interacting matter is 
composed of quarks and gluons. The extraordinary discoveries of jet 
quenching, strong elliptic flow and other properties at RHIC established that 
this matter strongly interacts with itself. 

The purpose of this special volume is to highlight and summarize these 
published experimental discoveries from RHIC so far, and to pinpoint their 
physics implications from our present theoretical understanding. Since the 
volume deals with published experimental results and their implications, the 
same results already exist in the literature. Yet, we feel strongly that there are 
urgent needs and great merit for such a timely compilation of experts’ views 
and summaries fiom the leaders in the field. 

The present success of RHIC is the culmination of intense efforts by 
many physicists through more than three decades. In the earlier time, whenever 
the term Quark Gluon Plasma (QGP) was used, the underlying idea was quite 
often a weakly interactive plasma, much like the electron plasma. For such a 
weakly interactive plasma, Debye length would play a most fundamental role. 
Yet, what has been discovered at RHIC is a strongly interactive QGP, quite 
different from the old preconceptions. Many of the properties of this strongly 
interactive plasma are unexpected, and much of its characteristics are yet to be 
discovered. This is truly an exciting time for physics. 

We are indebted to the contributors of this volume for their effort, and 
we sincerely hope this RBRC publication can be a useful service to the physics 
community at large. 

T. D. Lee 
N. P. Samios 
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Experimental Results from the Early Measurements at IRHIC; 
Hunting for the Quark Gluon Plasma 

T. Ludlam 
Physics Department 

Brookhaven National Laboratory 

Abstract 
This is a short survey of key measurements that have driven the exciting new 
physics results ftom the first years of RHIC operation. The focus is on those data 
that relate to the question of whether new forms of matter, e.g. the quark gluon 
plasma, can be explored with heavy ion collisions at RHIC. Only published, 
publicly available data are considered. 

Prologue: A very brief history of relativistic heavy ion experiments 

The first ideas for experiments to search for the quark gluon plasma came hard on 
the heels of the deep-inelastic scattering experiments of the 1970’s that convinced us of 
the physical reality of quarks, and the subsequent rapid development of QCD as a theory 
to describe the concepts of quark confinement and asymptotic freedom. By the late 
1970’s an equation of state was discussed for nuclear matter in which a postulated “quark 
phase” appeared at temperatures and densities that seemed to be accessible to 
experiments via high energy collisions of heavy nuclei. 

Figure 1: An early (c. 1979) phase diagram for nuclear matter showing a 
possible trajectory for exploring the quarkphase with heavy ion collisions. The 
calculation for oxygen-silver collisions was done with a cascade code. [Rex 11 

The search began at the Bevalac, at Lawrence Berkeley Lab, with nuclear beams 
in the range of a few GeV/u. Much was learned in this era of studies at LBL. 
Experiments showed that temperatures deduced fiom proton and pion spectra at 90” rose 
steadily with collision energies through the Bevalac range, and began to plateau near the 
Hagedorn temperature [2]. The phenomenon of flow in nuclear matter was developed as 
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a concept and established experimentally in the Bevalac program [3], as was the 
application of .Hanbury-Brown Twiss interferometry to nuclear systems [4]. 

By 1980 it was clear that much higher collision energies were called for, and LBL 
developed a design for a heavy ion collider, VENUS, using the Bevalac as injector [5]. 
VENUS would have achieved beam energies of 20 GeVh for heavy ions. At the same 
time efforts began, led by many in the Bevalac community, to promote the possibility of 
heavy ion collisions in the CERN PS, SPS, and ISR [6]. Brookhaven began exploring a 
possible heavy ion program at Isabelle, which was then under construction [7]. 

In the summer of 1983 a BNL-organized Task Force on Relativistic Heavy Ion 
Physics, including theorists, experimenters and accelerator physicists, presented a report 
to BNL Director Nick Sarnios with recommendations for the design parameters of a 
Relativistic Heavy Ion Collider that could be built in the footprint of the Isabelle/CBA 
project, whose fate had been sealed only weeks earlier [ 81. Key specifications for RHIC 
at that time were that the facility be capable of accelerating ion species over the full range 
of nuclear masses (including protons), that it be able to provide proton-nucleus collisions, 
and that it be operational over a wide range of collision energies - leaving no large gap 
between the top energy of the forthcoming SPS data and the range c0vere.d by RHIC. 

It was during this same summer of 1983 that the ten-year Long Range Plan for 
Nuclear Physics, carried out by the DOE/NSF Nuclear Science Advisory Committee, 
identified a high-energy colliding beams facility such as RHIC as the “highest priority 
new scientific opportunity in our field” [9]. 

With this impetus, a program began immediately to accelerate ions for 
experiments in the AGS just as similar plans were going ahead for the CERN SPS. The 
first experiments in the AGS, with oxygen and silicon ions accelerated to -10 GeVh, 
began in 1984. These were soon followed by gold beams. Experiments in the SPS, with 
s u l k  and then lead beams at 160 GeVh began in 1985. The fured-target experiments at 
Brookhaven and CERN provided the first opportunity for extensive studies of heavy- 
nucleus interactions in the energy regime associated with high-energy particle 
production. 

Helped by significant advances in detector and computing technology, the AGS 
and SPS heavy ion experiments made measurements of the abundances and spectra of 
many species of particles produced in these collisions. In particular, measurements were 
made at CERN of the production of the J/w resonance, a bound state of cham and anti- 
charm quarks, with results clearly indicating that the nucleus-nucleus collisions at high 
energy are very different fiom a simple superposition of nucleon-nucleon interactions. 
These, and many other measurements showed that nuclear collisions are indeed capable 
of producing the conditions needed for the existence of hot, compressed nuclear matter 
[ l o l a  

In 2000, after 15 years of ground-breaking experiments with the fured-target ion 
beams, and the SPS heavy ion program nearing completion, CERN scientists assessed the 
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combined results fiom the seven large experiments participating in the lead beam 
program. [ 111 They concluded that a “multitude” of different observations gave results 
which, taken together, could not be explained with models based on ordinary hadronic 
interactions, while on the other hand the data showed several of the expected indicators 
for a quark-gluon plasma. Having built a strong case of circumstantial evidence, the ‘ 

community expressed collfidence that defmitive observation of the elusive new state of 
matter would come with next generation of collision energies about to become available. 
In the words of Director General Lucian0 Maiani at a CERN press conference in 
February 2000, “The challenge now passes to the Relativistic Heavy Ion Collider at 
Brookhaven, and later to CERN’s Large Hadron Collider.” 

The Collider era begins: surveying the new landscape 

data-taking runs began in the summer of 2000, with full participation by all four 
experiments: BRAHMS, PHENIX, PHOBOS, and STAR. [12]. The m modes for RHIC 
operation to date are shown in Table 1. 

The RHIC construction project was formally completed in 1999, and the first 

Year 
2000 

2001- 
2002 

2003 

2004 

Beam Configurations Sample Physics 
Au-Au at 130 GeVlu 

Au-Au at 200 GeVh -50 pb-’ (14wk) Global properties; particle 

-5 pb-’ (5wk) First look at HI collisions in the 
new energy range 

spectra; first look at hard scat. 

Global connection to SPS energy 

Comparison data; first spin data 
Comparison data for Au-Au 

Au-Au at 19 GeVh 

p-p at 200 GeV 
d-Au at 200 GeVh 

<1 pb-’ (1 day) 

4 . 8  pb-l (5wk) 
-1 0 nb-’ (1 1 wk) 

analysis. I 
p-p at 200 GeV -5 pb-’(3wk) Spin data & commissioning 
Au-Au at 200 GeV/u -1.2 nb-’ (1Owk) “Long run” for high statistics 

Au-Au at 62.4 GeV I - 20 pb’ (lwk) I Energy scan 

p-p at 200 GeV (5 wk) Development run . 

Table 1. Overview of RHIC Physics runs f iom 2000 to 2004. 

As the sample sizes in this table indicate, the early RHIC runs were marked by a 
rapid increase in the machine performance. By the end of Run-2 (2001 -2002) the design 
luminosity for fill-energy Au+Au collisions had been achieved. This rapid development 
is graphically illustrated in Figure 2, which shows the rate at which Au+Au data were 
collected by the four experiments over three running periods. 
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Weeks into the ran (to 03/24/04) 

Figure 2. The integrated luminosity delivered to each of the four experiments 
during the three Au+Au runningperiods to date. 

Also evident in Table 1 is the importance of the flexibility built into the machine 
to operate in many modes. The ability to operate the collider in six different modes of 
beam species/collision energy during the first four physics runs has been a critical factor 
in making possible the extraordinary wealth of physics results that have come out so 
quickly. 

gross features of the data are consistent with monotonically increasing energy densities 
with increasing collision energy. The measured transverse energy spectrum in the 
PHENIX central spectrometer arms revealed unprecedented energy deposition in the 
central region of rapidity for the most central events (Figure 3) [ 131. 

The first Au-Au run at RHIC, at sqrt(S&) = 130 GeV, quickly showed that the 

In treating these early data, all four experiments came together to provide 
consistent, precisely defined centrality classes based on particle multiplicities and zero- 
degree calorimenters, and using a consistent set of Glauber-type calculations to extract 
the number of participating nucleons, Npart, and the number of binary nucleon-nucleon 
collisions, Ncoll, for each centrality class (see, for example, Fig. 3). 

Multiplicity data for the most central collisions, first published by PHOBOS [14], 
show a corresponding logaraithmic increase of particle density with collision energy 
(Figure 4a). The multiplicity density per interacting nucleon pair significantly exceeds 
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that measured in nucleon-nucleon collider data. Nonetheless, as discussed in Ref. 14, the 
measured multiplicity densities fall at the low end of the spectrum of pre-RHIC 
theoretical predictions. Also, significantly, the multiplicity density saturates with 
increasing centrality (Npart), as seen in Figure 4b. 

These ET and multiplicity results provide the basis for the first estimates of the 
energy density achieved in the RHIC collisions. The energy density obtained by 
PHENIX from the ET data, using the straightforward Bjorken formulation for central 
events, is EBJ = 4.6 GeV/fhi3 at sqrt(Sm) = 130 GeV [13]. The corresponding number at 
200 GeV is EBJ = 5.0 GeV/fin3. These estimates assume a formation time of 1 W c .  
More aggressive estimates, invoking smaller formation times, are often quoted as 15 
GeV/h3 or larger. Calculations of energy loss of high pT particles support the larger 
values (see later), as do the (model dependent) hydrodynamic calculations of initial 
conditions based on particle spectra and flow data. In any event, data indicate energy 
densities that well exceed the value inside a nucleon (-1 GeV/Sn3). 

Another important early result from the RHIC data was the rapid publication of 
well-measured spectra for identified particles at mid-rapidity, including mesons, baryons, 
and hyperons. From these data it was quicMy learned that the statistical thermal models 
that had previously been applied to the AGS and SPS heavy ion data work very well in 
the RHIC energy range. As shown in Figure 5, the relative abundances of observed 
particle types are very well described by a statistical system with an equilibrium 
temperature at chemical freeze-out of T = 177 MeV, and a baryochemical potential p~ = 
29 MeV [ 151. The near-zero value for the baryon density is a qualitatively new feature of 
the RHIC results, when compared to the lower-energy data. That the RHIC collisions 
closely approximate the ideal of a “baryon fkee” central rapidity region is nicely 
illustrated in the BR4Hh4S data shown in Figure 6 [ 161. The net baryons represent -1% 
of the particle density at mid-rapidity in central collisions. 

The HBT interferometry results from RHIC provided an early surprise, and 
remain a puzzle. The measured source sizes grow with centrality, and decrease with 
transverse momentum. But, as seen in Figure 7, the HBT parameters exhibit a very weak 
dependence on collision energy, spanning the range of AGS, SPS, and RHIC data [17]. 
The anomalously large radii and emission durations that had been predicted as a 
consequence of HBT formation are not seen. 

The RHIC Harvest: Major new results 

Flow and hvdrodynamics 
Having established that the Au-Au collisions produce high temperature and 

energy density over an apparently large volume, an essential question is whether or not 
this is a manifestation of a self-interacting medium. Is the hot volume in, or near, thermal 
equilibrium? 
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Among the first, surprising results from the early Au-Au data was the strength of 
the observed elliptic flow, and the degree to which the flow measurements agree with the 
calculations of models based on “ideal” hydrodynamics [18, 191. This is illustrated in 
Figure 8, which shows measured charged-particle v2, the asymmetry with respect to the 
reaction plane that defines elliptic flow, as a h c t i o n  of centrality (Fig Sa), and also a 
compilation (Fig. 8b) that graphically illustrates the saturation of hydrodynamic effects in 
RHIC energy range. It has, of course, been pointed out that the linear increase of the 
strength of elliptic flow shown in Fig. 8b shows no sign of actually saturating at the 
calculated hydro limit! 

A convincing demonstration of the relevance of the observed flow behavior to 
hydrodynamic phenomena is shown in Figure 9 [ 19,201, where the measured flow 
parameter, v2, is plotted as a fbnction of transverse momentum for identified mesons and 
baryons. For soft particles, PT less than -1GeV/c, the dependence of flow on particle 
mass is described with remarkable accuracy by the hydrodynamic calculations. This is a 
strong indicator of bulk collective flow. 

At large PT, strong azimuthal correlations are still seen, but show a saturation for 
PT above - 3 GeVIc, with values that decrease systematically with increasing centrality 
(Figure 10) [21]. This is a departure from nondissipative hydrodynamics, which predicts 
a monotonically increasing v;! with increasing PT. 

Hard scattering at RMC: Jet Uuenching 

The RHIC collision energy brings heavy-ion physics into the realm of hard- 
scattering QCD phenomena for the first time, and the first time, and the first look through 
this new window quickly revealed a qualitatively new phenomenon: In central Au-Au 
collisions the rate of particle production at large PT does not scale with the number of 
nucleon-nucleon collisions in the interaction, but is dramatically suppressed in 
comparison with extrapolation from proton-proton collision data. 
The comparison is made in terms of the “nuclear modification function”, 

Where TAA is the scaled number of binary nucleon-nucleon collisions, obtained fiom 
Glauber calculations for each centrality class: The suppression, seen in Figure 11 [22], is 
in sharp contrast with the enhancement seen in the previous, lower energy heavy ion data, 
which exhibit the “Cronin effect” familiar from high-energy proton-nucleus data. 

In subsequent measurements at 200 GeVIu, all four of the RHIC experiments 
have obtained well-measured spectra, as a function of centrality, for charged particles 
over transverse momenta out to PT > 10 GeVIc. PHENIX has measured nos over this 
range as well. Importantly, all four experiments have directly measured p-p comparison 
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data at sqrt(S) = 200 GeV in their own detectors. Some representative data are shown in 
Figure 12 [23-251. 

The published RHIC data now map out in considerable detail the systematics of 
high-p~ suppression. Figure 13a shows RAA for charged hadrons vs. transverse 
momentum, as a function of centrality (STAR) [23]. Figure 13b shows R u  vs. PT for no 
data measured by PHENIX [25]. In both cases the suppression seen in central Au-Au 
events appears to saturate at R u  = 0.2, extending to the highest measured PT . Charged 
hadron data appear to behave differently from the no data at intermediate PT . Indeed, 
data fiom both PHENIX and STAR indicate that the degree of suppression in the PT 
range .from -2 - 5 GeV/c depends very much on the type of observed particle, with 
pronounced differences in the behavior of mesons and baryons in this range [20,26]. See 
Figure 14. 

The observed high-pT particles are generally assumed to be the products of jet 
production.. . the fiagmentation of hard-scattered partons in the collision. Hence the 
observed suppression of high-p~ particles is readily associated With the phenomenon of 
“jet quenching”, the predicted energy loss of hard-scattered partons in a dense final-state 
medium [27]. An important development in the analysis of the Au-Au data at RHIC has 
been the direct identification of jet structure through azimuthal correlations among high- 
PT particles, as illustrated in Figure 15 [28]. 

The Color Glass Alternative: deuteron-gold data 

The observation of jet quenching is a powerful argument for the existence of a 
dense, thermalized final-state medium. Furthermore, if this medium is quark-gluon 
matter described by QCD, then energy-loss mechanisms can be calculated, and 
quantitative measurements of the modified high-PT spectra can become an important 
probe of the properties of deconfined matter. 

First, however, it became important to verify the energy-loss interpretation, in 
light of the recent theoretical work on the role of initial-state gluon saturation: the color 
glass condensate [29]. From this perspective, the paucity of jets in nuclear collisions may 
be purely an initial-state effect, resulting from the fact that the wavefunction of a nucleus 
during a high-energy collision differs significantly fiom a simple superposition of 
nucleon wavefunctions. The results on multiplicity density, noted above, are in general 
agreement with the color glass condensate scenario of strong coherence and extreme 
shadowing in the initial, formative stages of the collision. 

The RHIC deuteron-gold run, carried out from January to March in 2003, was 
undertaken to discriminate between these two interpretations of the jet quenching results. 
In these collisions of a large nucleus with a small one, the color glass condensate 
mechanism should be operative, while there should be no significant volume of hot 
matter in the final state to slow down the hard-scattered partons. 
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By June 2003 the striking results of these measurements were presented by all 
four of the RHIC experiments. Figure 16 shows the comparison of R u  vs. PT for d-Au 
and Au-Au collisions fiom BRAHMS [30], PHENIX [31], PHOBOS [32], and STAR 
[33]. The suppression at high pT seen in central Au-Au data is absent in the d-Au data. 
The result is further illustrated in the high-pT correlation data shown in Figure 17, 
comparing Au-Au central, d-Au central, and p-p collisioris. The recoil jet peak, absent in 
the Au-Au data, is clearly present in both d-Au and p-p collisions. 

These data, presented simultaneously by the four collaborations on June 18,2003, 
provide a conclusive experimental determination that the jet quenchjng effects seen in 
Au-Au collisions at mid-rapidity are in fact the result of final-state interactions, as 
expected fiom the formation of a hot, dense medium of deconfhed matter. 

Outlook 

The published data fiom RHIC, through the 2003 runs, give convincing evidence 
that high-energy collisions of heavy nuclei produce a hot, dense state of matter 
characterized by strong collective interactions. This state has the earmarks bf the long- 
postulated quark gluon plasma, and the details of this identification are now coming into 
focus [34]. In several important ways, the exploration of this new state of matter has 
taken a different course fi-om what was envisioned when RHIC was first proposed. 
Instead of “smoking gun” signatures among the remnants of quark gluon plasma found in 
the collision debris, we have found a silver bullet in the ability to probe deconfmed 
matter directly with high-pT signals that can be calculated fiom the theory of QCD, rather 
than relying on phenomenological models. 

RHIC may also be giving us a window on yet another elemental form of matter 
predicted by QCD: the color glass condensate. Although the d-Au results have ruled out 
color glass effects as the origin of jet quenching at mid-rapidity, there are many global 
features of the Au-Au data that support the hypothesis of strong saturation effects at early 
times in the collision. Furthermore, results reported by BRAHMS, PHENIX, and 
PHOBOS at the recent Quark Matter 2004 conference [38] indicate suppression of high- 
PT production in d-Au data at large rapidity, where smaller values of Feynman-x are 
sampled than at mid-rapidity. 

Thus, there are strong indications for an emerging picture in which the formation 
of quark-gluon plasma is preceded by an initial state described by color glass condensate, 
and that both of these states can be explored experimentally at RHIC. The stage is now 
set for a detailed understanding of these new phenomena and their relationship to the 
nature and origins of hadronic matter. The sensitive new probes involve measurements 
of rare processes, requiring large data samples. As illustrated in figure 2, the fust step 
toward these precision measurements has been taken: The 2004 data samples, now being 
analyzed, have benefited fi-om rapidly improving accelerator performance and exceed the 
previous statistics for Au-Au collisions by more than an order of magnitude. 
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Figure 3 

b. Transverse energy spectrum from STAR, 
presented at the Quark Matter 2004, 
Oakland Ca, January 2004. 

a. Transverse energy spectrum at mid-rapidity 
mearured by PHENIX in Au-Au collisions at 130 
GeV. The solid curve shows minimum-biar dab.  The 
darhedcurves show the top four centrality classes 
[Ref: 131 

STAR preliminary 
AuCAu @ 200 GeV 1 

Figure 4a 

Charged particle multiplicity density per interacting nucleon pair vs. collision energy. 
Central collision data from nucleus-nucleus interactions are compared wfih proton-antiproton 
collider data. Ref. 14 

Figure 4b 
PHOBOS measurement of 
multiplicity density as a 
function of centrality (?(part) 
Ref: 14 



Figure 5 
Measured particle abundance ratios at RHIC compared with statistical thermal 
model calculation. Ref: 15 

Figure 6 

a. The measured antiparticldparticl 
ratios as afirnction of rapidity, for 
central Au-Au collisions at sgrt(S,,,J = 
200 GeV. BRAHMY, Ref: 16 
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Figure 7 
Measured tlBTparameter.y as afrrnction of (a,) collision 
energy and (b.) trunsverse momentum at the RHIC 
energy. [Ref: 171 

Figure 8a 
The measured ellipticflow asymmety 
Parameter as afunction of centrality 
for 130 GeV/u Au-Au collisions (data 
points). The open rectangles show the 
range of values expected in the 
hydrodynamic limit. [Rd 181 
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k, (GEVJC) 

Figure 8b 
The strength of ellipticflow afunction of the 
density ofpartices in the collision overlap 
region [Ref: 181. Here? E measures the 
initial spatial eccentricity, and S is the area 
of the overlap re@.on. 
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Figure 9 

The ellipticflowparameter vs. tramverse momentum for dyerent 
particle species. Data@om ReJs 19, 20. 
Hvdro colculafions: Huovinm et ai., Phys. Lett. B Z  58 (2001) 

Transverse Momentum pr (GeVlc) 

Figure 10 

The reaction-plane agmmetiyparameter as ajimction of 
t r m e r s r  momentum, for differ& centralities in Au-Au 
collisions at 130 GeVh. [Ref: 211 



Figure 11 
The nuclear modification ratio RAA for charged hadrons an neutral pions in central Au-Au 
collisions. The bandshows the range of values measured at the SPS, ssqrl(S,,J = I7  GeV. 
Ref: 22. 
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Figure 12 

12a 
Chargedparticle spectrafrom Au-Au andp-p 12b 
collisions at200 GeVh in STAR, showing 
cenlaliy clmses. [Ref: 231 

d spectrdfi.ompp and central Au-Au 
collisions at 200 &Vu in PHENLX 
[Rex 24, 251 

xu p, (GeVk) 

Clear suppression in central Au-Au'relative to p - p at large pt 
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Figure 13a Figure 13b 
The nuclear modi&alionfiritcfion2 RM, vs. 
transvwse momentum for charged hadrons, 
as ajirnction oj-centrali!v. STAR, Ref: 23 

RAA vs. pr for central andperipheral n% 
PHENN, Ref: 25. 
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Figure 14 
Suppression data, measuring the ratio ofyeilh iii central to periphwal collisiom, 
for idcntified mesons and bayom as a function of t r m v m e  momentum. 

PHENM: Ref. 26 STAR: Ref20 



Figure 15 
Two particle correlatioils at high pT 
The top panel shows azimuthal correlations behwen a '?rigger" particle wirh pT* 4 Gel% 
andall otherpirrlicles in the event with pT > 2 GeVc. The open circles are the estimated 
contribution fromjlow qfjkc~s. The dz@erence, shown in the loner panrl, shows a jet peak at 
Q = 0. STAR, Ref: 28. 
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Figure 16a,b 

Deuteron-gold daia at vkm = 200 GcVrecorded Jan - Mar 2003, compared with Au-Au suppression results. 

BRAHMS data: Ref 30 PHENLYdata: Ref 31 
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Figure 16 b,c 
Deuteron-gold data at vknn = 200 GeV recorded Jan - Mar 2003, compared with Au-Au supprmsion results. 
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Figure 17 
High-pT correlation data forp-p, central d-Au, central Au-Au at sqrt(S,J = 200 Gel: 
Showing trigger jet peaks ut 0 degrem and recoil jei  peaks at I80 degrees. 
STAR &ta: Rex 33 
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Abstract 

We discuss two special limiting forms of QCD matter which may be produced at RHIC. We 
conclude from the available empirical evidence that an equilibrated, but strongly coupled Quark 
Gluon Plasma has been made in such collisions. We also discuss the growing body of evidence 
that its source is a Color Glass Condensate. 

1 Introduction 
Thirty years ago[l], T.D. Lee suggested that it would be interesting to explore new phenomena 
“by distributing high energy or high nucleon density over a relatively large volume.” In this way 
one could temporarily restore broken symmetries of the physical vacuum and possibly create novel 
abnormal dense states of nuclear matter[2]. W. Greiner and collaborators pointed out that the 
required high densities could be achieved via relativistic heavy ion collisions[3]. Concurrently, 
Collins and Perry and others[4] realized that the asymptotic fieedom property of Quantum Chro- 
modynamics (QCD) implies the existence of an ultra-dense form of matter with deconiined quarks 
and gluons, called later the Quark-Gluon Plasma (QGP)[5]. In 1982 J.D. Bjorken developed a 
relativistic hydrodynamic theory[6] of the novel “inside-out” evolution of the central low baryon 
density regions of ultra-relativistic heavy ion collisions. While many signatures of QGP formation 
were proposed, he suggested that “if the quark-gluon plasma is produced, it will manifest itself in 
experimental signatures as yet unforeseen. The system is after all a complicated relativistic fluid 
subject to highly nonlinear forces. . . . If very interesting and novel phenomena will be seen in 
ion-ion collisions, theory must develop the capability to interpret them, if not to predict them”. 

With this theoretical background, the 1983 DOE/NSAC Long Range Plan set in motion plans 
that led to the construction of the Relativistic Heavy Ion Collider (RHIC) [7] to explore properties 
of ultra-dense matter above the deconfinement transition point. Now, after its first three years of 
operation, a vast data base[8] on p + p ,  D + Au, and Au + Au at 4 s  = 20 - 200 AGeV has been 
harvested from RHIC. The published data are available through 22 (4 PRL) publications from 
BRAMHS[9], 92 (15 PRL) from PHENM[10], 34 (6 PRL) from PHOBOS[11], and 127 (21 PRL) 
from STAR[12]. This body of data extends and builds upon the knowledge gained about dense 
hadronic matter measured at the SPS/CEF?,N (publications include 108 NA49/35, 69 NA50/38, 26 
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CERES/NA45, 79 WA98/80, 32 na57/wa97) at  ds 5 20 AGeV The SPS heavy ion data already 
displayed several signatures that hinted at the onset of QGP formation[l3]. Based on the SPS data 
and theoretical predictions, RHIC with its factor of 10 increase in the center of mass energy to 200 
AGeV was assured to create matter well above the deconfinement transition point. The fourth 
year run of RHIC with AufAu at 200 AGeV has just concluded with a gain of about another 
factor N 20 integrated luminosity (N 1400/pb). These and future RHIC data with signscantly 
upgraded detectors will provide even higher resolution measurements of the detailed properties of 
the new forms of matter discovered at RHIC. 

While there naturally remain many open questions and unsolved puzzles, a striking set of new 
phenomena have been conclusively discovered at RHIC. Those phenomena furthermore can now 
be readily interpreted and predicted from significant advances in theory and from the empirical 
information gained from the past 30 years from the Bevalac, SIS, AGS, and SPS experiments. 

In this report, we discuss[14, 151 the evidence that at least one and possibly two new forms of 
QCD matter have been discovered at RHIC. We consider the Quark Gluon Plasma, which is a form 
of matter characterized by a thermal equilibrium density matrix of a system of quarks and gluons. 
We also consider the Color Glass Condensate (CGC), which is a form of matter characterized 
by a universal initial density matrix which describes high energy strongly interacting particles - 
including nuclei. The QGP is the incoherent thermal limit of QCD matter at high temperatures 
while the CGC is the coherent limit of QCD at high energies. Since the QGP has to be created 
at RHIC from the interaction of initial nuclear enhanced coherent chromo electric magnetic fields, 
both limiting forms of QCD matter need to be considered at RHIC. 

The first 275 published experimental papers from RHIC have of course only barely scratched 
the surface of the new physics of these forms of matter, but the data are so striking and decisive 
that several strong physics conclusions can already be drawn. They establish empirically that a 
special form of strongly interacting QGP (sQGP) exists with remarkable properties. In addition, 
there is growing evidence that its source is well described by a saturated gluon CGC initial state. 
These RHIC discoveries and those at the SPS/CERN pave a clear path for future systematic 
studies of these new forms of matter in the laboratory. 

We begin in section 2 by describing the basic ingredients of the QGP hypothesis. The hypoth- 
esis concerning the existence and properties of this form of matter has a firm basis in QCD. Much 
is known about its theoretical properties on the basis of numerical computation within QCD (lat- 
tice gauge theory). In section 3 we review the CGC hypothesis, which is newer but is also based 
firmly in QCD. The CGC hypothesis can be tested in a wide range of experimental environments 
(HERA, RHIC,LHC,eRHIC) not restricted to heavy ion collisions. It is newer, and because of 
this, somewhat more tenuous than is the QGP hypothesis. 

The scientific method is based on the paradigm that theories are tested by falsifkation. This 
is an important concept, since simple models with many adjustable parameters are often used to 
“fit” heavy ion data. However, one of the most compelling motivations for extending studies of 
heavy ion physics into the ultra-relativistic RHIC energy frontier 4 s  N 20 - 200 AGeV, is that pre- 
dictions, based on the QCD theory itself, of new physics under extreme conditions of temperature 
and energy can be tested. For RHIC and higher energies controlled QCD theoretic approximations 
and methods have been developed that are applicable to a wide class of observables. 

At lower energies, BEVALAC, SIS, AGS, and SPS, the physics of nuclear collisions is now 
known to be dominated by the non-equilibrium dynamics of the confined intermediate phase of 
QCD, known as hadronic resonance matter[l6]. Unfortunately, even lattice QCD methods are 
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not yet powerful enough to predict the dynamics or thermodynamics of this intermediate form of 
matter. For low temperature nuclear matter, effective quantum hadro-dynamic theories (QHD, 
Chiral Perturbation Theory) have successfully been constructed incorporating the known (Lorentz 
and Chiral) symmetries of QCD. However, at moderate temperatures where matter is in the hadron 
resonance excitation region (below the decodnement temperature) no quantitative theory yet 
exists. This handicaps the interpretation of data at such lower energies in terms of fundamental 
QCD properties. Many phenomenological hadronic dynamical models have been advanced to 
help interpret data at lower energies, but as yet they have not evolved into a consistent effective 
theory. The existing huge data base .from lower energies provides valuable information for further 
development of such an effective theory. However, RHIC energies provide for the first time the 
possibility of exploring a qualitatively new kinematic regime where the uncertainties due to  our 
as yet incomplete understanding of the intermediate hadronic resonance phase of QCD may be 
minimized. 

The case that we present in this report, based on the published data from RHIC, about the 
Quark Gluon Plasma and the Color Glass Condensate is predicated by the firm root of these 
concepts in first principles in QCD. As such, these concepts must be tested thoroughly through 
a wide array of observables to see whether they are consistent with available measurements, and 
that they are robust in their predictions. It was a priori not at all obvious whether any observables 
exist at RHIC that can be described quantitatively by the QGP or CGC concepts. This is where 
a healthy bit of experimental “luck” was essential in order to find the “needles in the haystack” 
that are least distorted by uncertain non-equilibrium hadronic final state dynamics. We make the 
case in this report that a few sharp needles have been found through three convergent lines of 
empirical evidence that point to the discovery of a new strongly coupled QGP’and its source, the 
saturated CGC. 

It is also important to understand when an approximation to the QCD theory breaks down. 
Only special limits of QCD can be quantitatively predicted at this time: (1) long wavelength QCD 
thermodynamics, (2) very short wavelength pQCD, and (3) very high energy CGC coherence. 
New quark coalescence techniques are being developed to address the intermediate wavelength 
observables. Any breakdown of a given approximation must be understood for solid reasons. One 
case in point is applying the QGP hypothesis to observables (such as radial flow) which are strongly 
influenced by the uncertain late time dynamics of hadronic matter in heavy ion collisions. Another 
caSe is at the earliest formation times, when the description changes between the initial coherent 
CGC and the produced thermal QGP. In the- latter case, one needs to determine directly from 
careful control experiments, which approximation to QCD is better suited to the phenomena under 
study. In this report we will discuss both the strengths and limitations of the present theoretical 
understanding of the RHIC discoveries. 

2 What is the Quark Gluon Plasma? 
Quantum Chromodynamics (QCD) predicts the existence of a deconfined form of matter called a 
Quark Gluon Plasma (QGP), in which the quark and gluon degrees of .freedom normally con6ned 
within hadrons are mostly liberated[4]. This transition occurs when the energy density of matter 
is of the order of that of matter inside a proton. This density is about an order of magnitude 
larger than the energy density inside of atomic nuclei, that is about 1 - 10 GeV/Fm3. 
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To get a more accurate determination of the energy of this transition to a Quark Gluon Plasma, 
QCD can be numerically studied using numerical methods[l7]-[20]. Such computations show 
that there is a rapid rise of the energy density, e(T), of matter when the temperature reaches 
T x T, - 160 MeV. The energy density changes by about an order of magnitude in a narrow 
range of temperatures AT - 10 - 20 MeV as can be seen from Fig. 1. 
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Figure 1: (a) The energy density as a function of temperature scaled by T4 from lattice 
QCD [17]. Various number of species of quarks are considered. The realistic case is for 2 + 1 
flavors. An estimate of the typical temperature reached at SPS and RHIC, and estimated 
for LHC is included in the figure.(b) The pressure as a function of temperature scaled by 
T4. Note that the pressure is continuous in the region where there is a sharp change in the 
energy density. 

One can understand this transition as a change in the number of degrees of freedom of the 
system. Far below T,, the active hadronic degrees of freedom are limited to three, corresponding 
to a dilute gas of 3 charge states of pions. Above T,, 8 colors of gluons times two helicity degrees 
of freedom become activated. In addition, there are N f ( T )  x 2 - 3 active light flavors of quarks 
(for T not far above T,). Each flavor has equal number of quarks and antiquarks when the 
chemical potentials vanish, and each have two spin states and three colors. Therefore, there are 
g&') NN 24 - 36 quark degrees of freedom in a QGP. In the quark gluon plasma phase, there 
are then about 40 - 50 internal degrees of freedom in the temperature range (1 - 3)T,, while 
the low temperature and vanishing chemical potentials the pion gas has 3. Since the energy 
density, pressure and entropy are all roughly proportional to the number of degrees of .freedom, 
one understands this rapid change in the energy density over a narrow range of temperature as a 
change in the degrees of freedom between the cordined and deconiined worlds. 

The system above T, is called a plasma because the degrees of freedom carry the non-Abelian 
analog of charge as in ordinary plasmas. Just as there are different regimes of ordinary plasmas, 
the QGP plasma also has weakly coupled and strongly coupled limits. At extremely high temper- 
atures, the asymptotic freedom property of QCD predicts that it will be weakly coupled[4]. For 
moderate temperatures (1 - 3)Tc accessible at RHIC, on the other hand, the plasma is predicted 
by nonperturbative lattice techniques to be strongly coupled - even though the thermodynamic 
variables are near the ideal Stefan Boltzmann limit. Thus, nonperturbative correlations beyond 
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dielectric phenomena persist in the QGP well beyond T,. 
The transition between the confined hadronic world and the deconfined QGP world may or 

may not be a phase transition in the strict statistical mechanical sense. Stricly speaking, a phase 
transition requires a mathematical discontinuity in the energy density or one of its derivatives 
in the infinite volume limit. The QGP transition may in fact be a “crossover”, or rapid change, 
as is suggested numerical computation and a number of theoretical arguments. Nevertheless, the 
change as measured in numerical computation is very abrupt as seen in Fig. 1. 

We shall refer to matter in the transition region as a “mixed phase”. If there were a strict 
statistical mechanical first order phase transition, then matter in this region would be a mixture of 
hadronic gas phase and quark gluon plasma domains, as is the case when there is phase coexistence 
between water and ‘ice. If there is a rapid crossover, then many of the bulk properties of the 
system, which axe determined by the relation between energy density and pressure, are to a good 
approximation similar to those when there is a strict phase transition. 

In the transition region, the energy density changes by roughly an order of magnitude, but 
the pressure is continuous and varies slowly. The sound velocity, 4 = dP/de  must therefore 
become very small in this range of energy densities[l8, 191. It is very difficult to generate pressure 
gradients and do mechanical work in the mixed phase region, since as we vary the energy density 
we generate little change in pressure. We will call a relation between energy density and pressure 
(an equation of state) stiff when the sound velocity is big (c8 of order the speed of light) and 
soft when it is small. The quark gluon plasma equation of state is stiff at high temperature, but 
becomes soft near T,. The sound velocity as a function of temperature as determined by numerical 
computation is shown in Fig. 2a. It is expected that hadronic matter again becomes stiffer below 
T,, and eventually softens as the temperature tends to zero. Unfortunately, lattice QCD is still not 
powerful enough to predict accurately the thermodynamic properties of hadronic matter below 2’‘. 
Preliminary results[21] (still with rather large pion mass N 700 MeV) are roughly consistent with 
a heavy hadronic resonance gas equation of state, but the thermodynamics of the confined phase 
of QCD remains an open problem. This fact again underscores the necessity of concentrating on 
those (few) observables that are least influenced by the poorly known hadronic phase dynamics. 

The relationship between the energy density send pressure determines the evolution of matter 
from a given initial condition IF local equilibrium is maintained. This then can determine experi- 
mentally by measuring “barometric” observables. The softening of the QGP equation of state near 
Tc is the key feature that can be looked for in the collective hydrodynamic flow patterns produced 
when the plasma expands. 

Another distinctive feature of the QGP phase diagram is shown in the right panel in Fig.(2). 
Recent numerical calculations[20] have begun to show evidence that the QGP may have a phase 
transition in the strict statistical mechanical sense, if one also allows the system to have a high 
baryon number density as well as high temperature. [22, 231 In the plot on the right hand side of 
Fig. 2, the possible phases of QCD are shown as a function of both temperature and a measure of 
the baryon number density, p ~ .  At low baryon number density, there is probably a rapid crossover 
from the low density hadronic world to that of the quark gluon plasma. At higher baryon number 
density, there is quite likely a first order phase transition. The computations on this issue are still 
work in progress and extrapolation to realistic quark masses are very difficult, so the position of 
the endpoint of first order phase transitions is still rather uncertain. There is an ongoing program 
at the SPS concentrating on lower energies to search for possible signatures of high baryon density 
quark plasma transition. 
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3 What is the Color Glass Condensate? 
The ideas for the Color Glass Condensate are motivated by HERA data on the gluon distribution 
function shown in Fig. 3(a) [24]. The gluon density , zG(z,Q2), rises rapidly as a function 

Low Energy 

Gluon \3/ 
Density 

Figure 3: (a)The HERA data for the gluon distribution function as a function of x for 
various values of Q2. (b) A physical picture of the low x gluon density inside a hadron as 
a function of energy 

of decreasing fractional momentum, x, or increasing resolution, Q. This rise in the gluon density 
ultimately owes its origin to the non-Abelian nature of QCD and that the gluons carry color charge. 
At higher and higher energies, smaller z and larger Q become kinematically accessible. The rapid 
rise with log(l/z) was expected in a variety of theoretical works[25]-[27]. Due to the intrinsic 
non-linearity of QCD, gluon showers generate more gluon showers - producing an exponential 
avalanche toward small z. The physical consequence of this exponential growth is that the density 
of gluons per unit area per unit rapidity of any hadron including nuclei must increase rapidly as 
x decreases [28]. This follows because the transverse size, as seen via the total cross sections, rise 
more slowly at high energies than the number of gluons. This is illustrated in Fig. 3(b). The 
non-linearity of gluon interactions, however, led to the conjecture that the transverse density of 
gluons measured at some fixed Q2 resolution scale should eventually become limited , that is, there 
is gluon saturation at SUfEiciently high energies. [25]-[26], [28] 

The low x gluons are closely packed together in the transverse direction, therefore, as in the 
thermal case at extreme temperatures or chemical potentials, the strong interaction strength must 
become weak, as << 1. Weakly coupled systems should be possible to understand from first 
principles in QCD [28]. 

This dense but weakly coupled system is called a Color Glass Condensate for reasons we now 
enumerate: [29] 

. 
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0 Color The gluons which make up this matter are colored. 
0 Glass The gluons at small x are generated from gluons at larger values of x. In the infinite 

momentum frame, these larger momentum gluons travel very fast and their natural time 
scales are Lorentz time dilated. This time dilated scale is transferred to the low x degrees 
of freedom which therefore evolve very slowly compared to natural time scales. This is the 
property of a glass. 

0 Condensate The dimensionless transverse phase space density 
1 dN p =  -- 

nR2 dyd2pT 
saturates at a’value p = c/as(Q,), where c is a constant of order unity. Saturation is due 
to the competition between extra gluon radiation originating from the source current, cx p, 
and non-linear gluon fusion, oc -asp2, that reduces the number of gluons at high density. 
Because QS << 1, this means that the quantum mechanical states of the system associated 
with the condensate are multiply occupied. They are highly coherent, and share some prop- 
erties of Bose condensates. The gluon occupation factor is very high, of order l/as, but it 
is only slowly (logarithmically) increasing when further increasing the energy, or decreasing 
the transverse momentum. This provides saturation and cures the infrared problem of the 
traditional BFKL approach [30]. 

There is a critical momentum scale, Q J x ,  A) ,  which controls the occupation number through 
l / a S ( Q , ) .  This is called the CGC saturation scale. The transverse phase space density, p ,  is 
constant only up to p~ < &,(x, A). For wavelengths, l / p ~ ,  much smaller than l/Qs, the coupling 
becomes even weaker and perturbative QCD predicts that p c( a b ) / ( R 2 p $ ) .  

Note that Qs plays a role in the CGC form of matter similar to what Tc plays in the QGP 
form of matter. Both delineate two different phases of matter. However, in the QGP case, the 
critical scale, Tc - A g ~ o ,  is small and the matter on both sides of the transition remain in the 
strong coupling sector of QCD! In the CGC case, on the other hand, it is possible to find kinematic 
regimes of x that depend on A, where the CGC can be weakly coupled but in nonlinear regime 
due to high occupation numbers. 

The crux of the search for the CGC therefore is to locate those kinematic regimes where the 
corrections to the weak coupling methods can be controlled. The non-linear dependence of Qs 
on x and A will be discussed further in section 6. We note here only that both as x becomes 
small and A becomes large, Q8 grows. The saturation momentum itself does not saturate. The 
gluon distribution function for resolution scale Q 5 Qs grows slowly and saturates, ,while the gluon 
distribution function for Q 2 Q, grows rapidly. The physics is easy to understand: As more gluons 
are added to the hadron, they have to go to the unsaturated region since the saturated region is 
already densely packed. 

The Color Glass Condensate is important to search for at RHIC because: 
0 It represents the universal form of high energy QCD wavefunctions at small x, not only of 

hadrons but heavy nuclei as well. 
0 It is a new form of matter because the gluons inside the hadron are separated by distance 

scales small compared to the hadron size, they evolve on time scales long compared to 
microphysics time scales, and the CGC itself is specified by a special new density matrix 
that encodes the non-linear virtual fields of QCD in the high energy limit. 
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0 It already begins to become important at z N in protons at HERA, and and should 

0 It provides a rigorous QCD theoretical description of the initial state in A + A from which 

0 It can be tested directly at RHIC via p + A or D + A, where no final state interactions and 

begin to become important at comparable values of z at RHIC. 

the QGP must evolve. 

hence no QGP formation can occur. 

4 
clear Collisions 

The Space-Time Picture of Ultra-Relativistic Nu- 

Heavy ion collisions at ultrarelativistic energies are visualized in Fig. 4 as the collision of two sheets 
of colored glass.[31] The nuclei appear as sheets at ultrarelativistic energies because of Lorentz 
contraction. The CGC gluons are shown as vectors which represent the polarization of the gluons, 
and by colors corresponding to the various colors of gluons. 

At ultrarelativistic energies, these sheets pass through one another. In their wake is left melting 
colored glass, which eventually materializes as quarks and gluons. These quarks and gluons would 
naturally form in their rest frame on some natural microphysics time scale. For the saturated 
color glass, this proper formation time scale, TO, is of order the inverse saturation momentum. At 
RHIC, l/Qs N 0.2 fm/c N 5 x sec. Note that 0.2 fm/c is also comparable to the natural 
crossing time of two 10 fm nuclei, each contracted by a gamma factor 100, in the center of mass 
frame at RHIC. For particles with a large momentum or rapidity along the beam axis, this time 
scale is Lorentz dilated. This means that the slow (smaller rapidity) particles are produced first 
towards the center of the collision regions and the fast (larger rapidity) particles are produced 
later further away from the collision region. 

___)c - 
Figure 4: The collision of two sheets of colored glass. The mows represent the polarization 
vectors for the gluons which live on the sheets, and their colors correspond to the different 
colors of gluons 

This Bjorken “inside-out” correlation[6] between space and momentum is similar to what hap- 
pens to matter in Hubble expansion in cosmology. The stars which are further away have larger 
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outward velocities. This means that the matter produced at RHIC, like the universe in cosmology 
is born expanding. One important difference is that the “mini-bang” at RHIC is born with one 
dimensional Hubble flow along the collision axis, while the Big-Bang is three dimensional. This is 
showninFig. 5 

c- 

largep s m d p  Iargep 

Figure 5: Particles being produced after the collision of two nuclei. 

As this system expands, it cools. On some time scale req > 70 the produced quarks and gluons 
may thermalize. It is by no means obvious that local equilibrium can be reached on the short 
time scale - (1 - 2)R/c - LO fm/c available in nuclear collisions. IF local equilibrium is reached 
early with 7eq < 1 fm/c , then the QGP can develop collective flow according to the laws of 
hydrodynamics. In any case, when the energy density decreases due to expansion below about 1 
GeV/fm3, the QGP must begin to hadronize through some mixture of hadrons and quarks and 
gluons. Eventually, all the quarks and gluons must become confined into hadrons that may still 
interact as hadronic matter before being detected. 

The particle multiplicity as a function of energy has been measured at RHIC[32], as shown 
in Fig. 6. Combining the multiplicity data together with the measurements of transverse energy 
or of typical particle transverse momenta, one can determine the energy density of the matter 
when it decouples.[33] One can then extrapolate backwards in time using 1 dimensional (Bjorken) 
expansion, since decoupling occurs soon after the matter begins to expands three dimensionally. 
We canextrapolate backwards only until TO, when the matter is formed fkom the “shattered” Color 
Glass. 

To do this extrapolation we use that the proper density of particles falls as N/V N 1 / ~  during 
1 dimensional expansion. If the particles expand without interaction and work, then the energy 
per particle remains constant ( and E/V(.ro) x (~ET/~~)/(TOTR~) in terms of the final observed 
transverse energy per unit rapidity). If the particles thermalize, then E/N(T)  - 3T(7), and the 
entropy rather than the energy per particle remains constant. For a massless gas, the temperature 
then falls as T - 7-lI3. For a gas which is not massless or not in perfect equilibrium, the 
temperature falls somewhere in the range To > T(T)  > T0(7eq/7)1/3 This 1 dimensional expansion 
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Figure 6: The particle multiplicity as a function of c.m. energy, Js, per nucleon pair at 
RHIC[32] and lower AGS and SPS energies. 

continues until the system begins to feel the effects of finite size in the transverse direction, and 
then rapidly cools through three dimensional expansion. We shall take a conservative overestimate 
of this time to be of order t o  N 0.3 fm/c The extrapolation of the energy density backwards is 
bounded by ~ f ( t f / t )  < ~ ( t )  c ~ f ( t f / t ) ~ / ~ .  The lower bound is that assuming that the particles 
do not thermalize and their typical energy is frozen. The upper bound assumes that the system 
thermalizes as an ideal massless gas. These bounds on the energy density is shown in Fig. 7. On 
the left axis is the energy density and on the bottom axis is time. The system begins as a coherent 
Color Glass Condensate, then melts to Quark Gluon Matter which may eventually thermalize to 
a Quark Gluon Plasma. At a time N 3Fm/c, the plasma becomes a mixture of quarks, gluons 
and hadrons which further expand together. 

At a time of about 10 Fm/c, the system falls apart and decouples. At a time o f t  N 1 Fm/c, 
the estimate we make is identical to the Bjorken energy density estimate, and this provides a lower 
bound on the energy density achieved in the collision. (All estimates agree that by a time of order 
1 Fm/c, matter has been formed.) The upper bound corresponds to assuming that the system 
expands as a massless thermal gas from a melting time of .3 Fm/c. (If the time was reduced, 
the upper bound would be increased yet further.) The bounds on the initial energy density are 
therefore 

2 - 3 GeV/Fm3 5 E 5 20 - 30 GeV/Fm3 (2) 

where we included a greater range of uncertainty in the upper limit because of the uncertainty 
associated with the formation time. The energy density of nuclear matter is about 0.15 GeV/Fm3, 
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Figure 7: Bounds on the energy density as a function of time in heavy ion collisions. 

and even the lowest energy densities in these collisions is in excess of this. At late times, the energy 
density is about that of the cores of neutron stars, E - 1 GeV/Fm3. 

We conclude that based on the observed multiplicity at RHIC alone, the initial 
energy densities achieved in RHIC collisions can be high enough to producea quark 
gluon plasma. 

5 Empirical Evidence for QGP at RHIC 
In this section, we discuss RHIC data which show that the matter produced in central ollisions in 
RHIC becomes well thermalized, and behaving in a way consistent with theoretical expectations 
from QCD. 

5.1 Collective Flow 
The identification of a new form of “bulk matter” requires the observation of novel and uniquely 
different collective properties from ones seen before. In heavy ion reactions the flow pattern 
of thousands of produced hadrons is the primary observable used to look for novel collective 

36 



phenomena[3], [34]- [37]. The collective flow properties test two of the conditions necessary for the 
validity of the QGP hypothesis. 

The first is the degree of thermalization. Nothing is yet known from lattice QCD about far 
off equilibrium dynamics of a QGP. However, the evolution of matter from some initial condition 
can be computed via the equations of viscous relativistic hydrodynamics if local equilibrium is 
maintained. These equations can be further approximated by perfect (Euler) fluid equations when 
the corrections due to viscosity can be neglected. Such viscous corrections can be neglected when 
scattering mean free paths are small compared to the scale of spatial gradients of the fluid. 

The second condition is the validity of the numerically determined equation of state or relation- 
ship between energy density and pressure. The required input for perfect fluid hydrodynamical 
equations is the equation of state. With a specific initial boundary condition, the future evolution 
of the matter can be then predicted. We shall show that the data on elliptic flow confirms the 
idea that to a very good approximation, local thermal equilibrium is reached at RHIC energy and 
that the flow pattern is entirely consistent with numerical determinations of the equation of state 
from QCD. 

The different types of collective flows are conveniently quantified in terms of the first few Fourier 
components of the azimuthal angle (angle around the beam axis for the collision) distribution. [38, 
391, v n ( y , p ~ ,  Np, h),  of the centrality selected triple differential inclusive distribution of hadrons, h. 
The centrality or impact parameter range is usually specified by a range of associated multiplicities, 
from which the average number of participating nucleons, Np, can be deduced. The azimuthal 
angle of the hadrons are measured relative to a globally determined estimate for the collision 
reaction plane angle @(M).  The “directed” 211 and “elliptic” 212 flow components [37]-[39], [40]-[47] 
are readily identified from azimuthal dependence 

+ 2212(y,pT, N p ,  h)  cos 24 + * - .> . (3) 

The first term in the above equation also contains information about flow. Produced particles 
should have their momentum spectrum broadened in heavy ion collisions relative to the case for 
proton-proton collisions. Because flow is due to a collective velocity, the flow effects should be 
largest for the most massive particles, and therefore the mass dependence is a powerful diagnostic 
tool. 

Figure (8) shows the striking bulk collectivity elliptic flow signature of QGP formation at 
RHIC. Unlike at SPS and lower energies, the observed large elliptic deformation ((1 + 2212)/(1 - 
2212) N 1.5) of the final transverse momentum distribution agrees for the first time with non- 
viscous hydrodynamic predictions [48]-[60] at least up to about p~ N 1 GeV/c. However, the 
right panel shows that when the local rapidity density per unit area [40, 411 drops below the 
values achieved at RHIC - 30/fm2, then the elliptic flow (scaled by the initial spatial ellipticity, 
E = ((y2 - z2)/(y2 + z2))) falls below the perfect fluid hydrodynamic predictions. We will discuss 
in more detail the origin of the large discrepancy at SPS energies in the next section. 

The most impressive feature in Fig.(8) is the agreement of the observed hadron mass de- 
pendence of the elliptic flow pattern for all hadron species, n, K,p, A, with the hydrodynamic 
predictions below 1 GeV/c. This is the QGP fingerprint that shows that there is a common bulk 
collective azimuthally asymmetric flow velocity field, @(T, r, 4). Such good agreement with the 
hadron mass dependence of the 212(p~, mh)  data is furthermore only found when the input equation 
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Figure 8: First line of evidence: Bulk collective flow is the barometric signature of QGP 
production. Left figure combines STAR [43]-[46] and PHENIX [47] measurements of the 
azimuthal elliptic flow ( Q ( ~ T ) )  of T, K,p, A in Au+Au at 200 AGeV. The predicted hydro- 
dynamic flow pattern from [48]-[52] agrees well with observations in the bulk p~ < 1 GeV 
domain. Right figure from [41] shows 212 scaled to the initial elliptic spatial anisotropy, E ,  as 
a function of the charge particle density per unit transverse area. The bulk hydrodynamic 
limit is only attained at RHIC. 

of state has the characteristic "softest point" near T, as predicted by lattice QCD [48]-[60]. When 
equations of state without the predicted drop of speed of sound near Tc were used as input, the 
flow velocity field, especially that of the heavy baryon, was over estimated. 

The flow velocity and temperature fields of a perfect (non-viscous) fluid obeys the hydrody- 
namic equations: 

ap ( [EQCD(T(S))  -k PQGD(~(2))]up(z)~"(~) - g ' " ~ Q C D ( T ( z ) ) )  = 0 7 (4) 

where T(z )  is the local temperature field, PQ~D(T) is the QGP equation of state, and E&CD(T) = 
(TdP/dT - P)QCD is the local proper energy density. The above equations apply in the rapidity 
window IyI < 1, where the baryon chemical potential can be neglected. Eq.(4) provides the 
barometric connection between the observed flow velocity and the theoretical properties of the 
QGP. 

We note that in any hydrodynamic treatment of collective flow there is a tradeoff between the 
combined effects due to the initial state boundary condition, the equation of state of the matter, 
and dissipation effects. In order to use the flow pattern to constrain the equation of state the 
initial condition must be constrained &om other measurements and dissipation must be negligible. 
Here is where the measurements of the global multiplicity systematics[32, 331 are so important. 
The remarkably weak energy and centrality dependence of the bulk entropy observed via the d N d y  
plays a pivotal role as perhaps the most convincing test of the CGC initial condition hypothesis 
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Figure 9: Left figure shows the pseudo rapidity dependence of elliptic from PHOBOS [62]. 
Right figure is CERES[63] data on elliptic flow at SPS. It is well below hydrodynamic 
predictions with freeze-out 2’’ = 120 MeV required to reproduce the single inclusive radial 
flow. Early freeze-out with 2’’ = 160 MeV, simulating effects of dissipation, is needed to 
reproduce the data. 

at RHIC[61]. Without such an experimental and theoretical constraint on the initial condition no 
meaningful constraint on the QGP equation of state could have been found. 

The study of the interplay between the equation of state and dissipative phenomena is more 
difficult and can only be untangled through detailed systematics of the flow pattern as a function 
of beam energy, centrality, and rapidity dependence. Here the detailed systematics from AGS and 
SPS data have played a pivotal role in helping sorting out the different viscous effects in hadronic 
and QGP matter as we discuss in the next section. 

Why is 212 more emphasized than u1 or radial flow as a signature of QGP formation? The 
primary reason is that elliptic flow is generated mainly during the highest density phase of the 
evolution before the initial geometric spatial asymmetry of the plasma disappears. It comes from 
the azimuthal dependence of the pressure gradients, which can be studied by varying the centrality 
of the events [39]. Detailed parton transport [64] and hydrodynamic [54] calculations show that 
most of the 212 at RHIC is produced before 3 fmJc and that elliptic flow is relatively insensitive 
to the late stage dissipative expansion of the hadronic phase. The reason for the generation of 212 

at relatively early times is that it is very difiicult to convert the spatial anisotropy of the matter 
distribution into a momentum space anisotropy once the system cools into the mixed phase, since 
in the mixed phase pressure gradients cannot be set up. Actually, it was a surprise how well 
the observed collective flow agrees with perfect fluid hydrodynamic predictions. Ideal fluid flow 
requires very strong interactions of the quarks and gluons in the plasma at early times r 2 Teq % 0.6 
fm/c. 

In contrast, radial flow has been observed at all energies [65] and has been shown to be mainly 
sensitive to late time “pion wind” radial pressure gradients [l6, 661, which continue to blow long 
after the QGP condenses into hadronic resonances. 



It is important to point out that no detailed 3+1D hydrodynamic calculation [56]-[60] has yet 
been able to reproduce the rapid decrease of vz(1q1 > 1) observed by PHOBOS in Fig.(9). This 
is most likely due to the increasing role hadronic dissipation effects in the “corona” when the 
comoving density decreases with increasing y .  The volume of the QGP shrinks while the hadronic 
corona thickens as the rapidity density dN/dy is reduced within a fixed nuclear geometry away 
from midrapidity. From the right panel of Fig.(8), we see that a decrease of the local transverse 
density from midrapidity RHIC conditions leads to an increasing deviation from the perfect fluid 
limit. The initial density was also observed to decrease at RHIC as IyI increases [67]. Therefore, 
from the known SPS data, we should expect deviations from the perfect fluid limit away from the 
midrapidity region. 

Another set of RHIC data that show deviations from perfect fluid hydrodynamic predictions is 
the centrality dependence of 212. The observed v2 (b) decreases relative to hydrodynamic predictions 
also when the impact parameter increases toward the more peripheral collisions. This is again due 
to the fact that the produced multiplicity, dN/dy 0: Np(b), decreases with increasing b. The 
hadronization time decreases with b since the QGP is formed with smaller initial density and the 
hadronic fluid is less efficient in transferring pressure into collective flow. 

To elaborate further on this important point, Fig.9 shows CERES data [63] on 212(p~)  at SPS 
energy fi = 17 AGeV. In agreement with the NA49 data shown in the right panel of Fig.(8), 
the CERES data falls well below the hydrodynamic predictions. At even lower energies, AGS 
and BEVALAC, the 212 even becomes negative and this “squeeze out” of plane [36] is now well 
understood in terms of low energy non-equilibrium nuclear transport theory [42, 681. 

In order to account for the smallness of 212 at SPS, hydrodynamics has to be frozen out at 
unphysically high densities and temperatures, Tj x T,. However, the observed radial flow rules 
out this simple fix. The reduction of 212 while maintaining radial flow can be approximately 
understood in approaches [54] that combined perfect fluid QGP hydrodynamics with dissipative 
final state hadronic evolution. 

In light of the above discussion on the breakdown of collectivity due to hadronic dissipation 
at high rapidity and large impact parameters at RHIC and even at midrapidity at SPS and lower 
energies, the smallness of dissipative corrections in the central regions of RHIC is even more 
surprising. At mid-rapidities, the lack of substantial dissipation in the QGP phase is in itself 
a remarkable and unexpected discovery [69] at RHIC. Calculations based on parton transport 
theory [64] predicted large deviations from the ideal non-viscous hydrodynamic limit even in a 
QGP. Instead, the data show that the QGP at RHIC is almost a perfect fluid. A Navier Stokes 
analysis [55] of the RHIC data also indicates that the viscosity of the QGP must be about ten 
times smaller than expected if the QGP were a weakly interactive conventional Debye screened 
plasma. This unexpected feature of the QGP must be due to strong coupling QCD physics that 
persists to at least 3Tc. (See [14, 69, 701 and refs therein for further discussion). . 

Summarizing this section: Elliptic flow measurements confirm that the quark- 
gluon matter produced at RHIC is to a very good approximation in local thermal 
equilibrium up to about 3 fm/c. In addition, the final hadron mass dependence of 
the flow pattern is remarkably consistent with numerical QCD computations of the 
equation of state. Viscous corrections furthermore appear to be surprisingly small 
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during this early evolution. The produced Quark Gluon Plasma must therefore be 
very strongly interacting. Such behavior wq not seen at lower energy because the 
highly dissipative hadronic fluid component masked the QGP flow signals. The perfect 
fluid behavior is also masked at RHIC at higher rapidities and in more peripheral 
reactions again due to the increased role of the dissipative hadronic “corona”. 

5.3 Perturbative QCD and Jet Quenching 
In addition to the breakdown of perfect fluid collectivity at high rapidity seen in Fig.(9), Fig.(8) 
clearly shows that hydrodynamics also breaks down at very short wavelengths and high transverse 
momenta, p~ > 2 GeV. Instead of continuing to rise with p ~ ,  the elliptic asymmetry stops growing 
and the difference between baryon vs meson 212 even reverses sign. Between 2 < p~ < 5 GeV the 
baryon $ ( p ~ )  exceeds the meson vy(p~) by approximately 3/2. For such short wavelength 
components of the QGP, local equilibrium simply cannot be maintained due the fundamental 
asymptotic freedom property of QCD, i.e. the coupling strength becomes too weak. 

In this section, we concentrate on the p~ > 2 GeV meson observables that can be readily 
understood in terms of QGP modified perturbative QCD (pQCD) dynamics [71, 721. (Baryons at 
intermediate 2 GeV 5 p~ 5 5 GeV are outside the range of a perturbative treatment and several 
competing mechanisms have been proposed and are under theoretical development[73, 74, 751 .) 

The quantitative study of short wavelength partonic pQCD dynamics focuses on the rare high 
p~ power law tails that extend far beyond the typical (long wavelength) scales p < 32’ N 1 GeV of 
the bulk QGP. The second major discovery at RIHIC is that the non-equilibrium power law high 
pr jet distributions remain power law like but are strongly quenched [76]-[84]. Furthermore, the 
quenching pattern has a distinct centrality, p ~ ,  azimuthal angle, and hadron flavor dependence 
that can be used to test the underlying dynamics in many independent ways. 

Below RHIC energies, there is an enhancement of moderately high p~ tails that was observed in 
central Pb+Pb reactions at the SPS. (Very recent reanalysis of the WA98 data shows a somewhat 
weaker enhancement at SPS [85]) This enhancement was expected as a consequence of the Cronin 
enhancement: now understood as an initial state effect[86]t which is also seen in PA collisions. 
Since the Cronin enhancement is an effect of the initial state nuclear wavefunction, it plays a role 
in the Color Glass Condensate, but we wish to isolate final state effects for our study of the Quark 
Gluon Plasma. In contrast, at RHIC a large suppression, by a factor of 4-5, was discovered in 
central Au + Au that extends beyond 10 GeV for TO. 

Jet quenching in A + A was proposed in [87, 881 as a way to study the dense matter produced 
at RHIC energies. As noted before, the pQCD jet production rates finally become large enough 
to measure yields up to high p~ > 10 GeV. Order of magnitude suppression effects were predicted 
based on-simple estimates of induced gluon radiative energy loss. Ordinary, elastic energy loss [89] 
was known by that time to be too small to lead to significant attenuation. 

As reviewed in [71, 721 refinements in the theory since then have opened the possibility of using 
the observed jet quenching pattern as a tomographic tool [go] to probe the parton densities in 
a QGP. The right panel of Fig.10 shows a recent jet tomographic analysis [91] of the PHENIX 
7ro data [76, 771 based on the GLV opacity formalism [92]. This analysis concludes that the 
initial gluon rapidity density required to account for the observed jet quenching pattern must be 
dN,/dy N 1000 z t  200. 

This jet tomographic measure of the initial dN,/dy is in remarkable agreement with three 
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Figure 10: Jet Quenching at RHIC. Left [93] shows the jet quenching pattern of xo discov- 
ered by PHENIX [76,77] at RHIC compared to previous observation of highpT enhancement 
at ISR and SPS energies The nuclear modification factor BAA = c Z N A A / T A A ( ~ ) ~ C ~ ~ ~  mea- 
sures the deviation of AA spectra from factorized pQCD. Right shows predictions [91] of the 
f i  and p~ dependence from SPS, RHIC, LHC based on the-GLV theory [92] of radiative 
energy loss. 



other independent sources: (1) the initial entropy deduced via the Bjorken formula from the 
measured multiplicity, (2) the initial condition of the QGP required in hydrodynamics to produce 
the observed elliptic flow, and (3) the estimate of the maximum gluon rapidity density bound from 
the CGC gluon saturated initial condition, (which will be described later). 

These four independent measures make it possible to estimate the maximal initial energy 
density in central collisions 

where po x Qsat 1.0 - 1.4 GeV is the mean transverse momentum of the initial produced 
gluons from the incident saturated virtual nuclear CGC fields[l5, 61, 941. This scale controls 
the formation time t i /po x 0.2 fm/c of the initially out-of-equilibrium (mostly gluonic) QGP. The 
success of the hydrodynamics requires that local equilibrium be achieved on a fast proper time scale 
req x (1 - 3)/po < 0.6 fm/c. The temperature at that time is T ( T ~ ~ )  x ( ~ 0 / ( 1 -  3) x 12)1/4 x 2Tc. 

In HIJING mode1[95], the mini-jet cutoff is po = 2 - 2.2 GeV limits the number of mini-jets to 
well below 1000. The inferred opacity of the QGP is observed to be much higher and consistent 
with the CGC[61] and EKRT[94] estimates. 

5.3.1 IAA and Di-Jet Tomography 

Measurements of near side and away side azimuthal angle correlations of di-jet fragments provide 
the opportunity to probe the evolution of the matter produced at RHIC in even more detail. 
Fig.(l l)  show the discovery [81, 82, 831 of mono-jet production [87] in central collisions at RHIC. 
In peripheral collisions, the distribution dN/dA$ of the azimuthal distribution of p~ N 2 GeV 
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Figure 11: Monojets at RHIC from STAR [82, 83, 811. Strongly correlated back-to-back 
di-jet production in p p  and peripheral AuAu left side is compared to mono-jet production 
discovered in central AuAu. 
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Figure 12: The dA control: PHENIX [96] 7ro and STAR [97] h* data compare R D A ~  
to R A ~ A ~ .  These and BRAHMS [98] and PHOBOS [99] data prove that jet quenching in 
Au + Au must be due to final state interactions. Curves for 7ro show predictions from [91] 
for AUAU and from [lo31 DAu. The curves for DAu show the interplay between different 
gluon shadow parameterizations (EKS, none, HIJING) and Cronin enhancement and are 
similar to predictions in [101,102,103]. In lower panel, the unquenching of charged hadrons 
is also seen in D + Au relative to Au + Au at high p ~ .  

hadrons relative to a tagged p~ N 4 GeV leading jet fragment shows the same near side and 
away side back-to-back jetty correlations as measured in p + p .  This is strong evidence that the 
kinematic range studied tests the physics of pQCD binary parton collision processes. For central 
collisions, on the other hand, away side jet correlations are almost completely suppressed. 

The published data are as yet limited to y1 M y2 M 0, broad p~ cuts: p ~ 1  > 4 GeV-and 
p~ N 2 GeV, two bins of $1 - $2, and of course averaged over @ b .  The measured modikation of 
di-jet correlations is obtained by subtracting out the correlations due to bulk elliptic flow, and this 
introduces some uncertainty. Analysis of present and future data at higher transverse momenta 
for a variety of rapidities will allow better tests of the underlying perturbative QCD dynamics. 

Only one year ago [loo] the interpretation of high p~ suppression was under intense debate 
because it was not yet clear how much of the quenching was due to initial state saturation (shad- 
owing) of the gluon distributions and how much due to jet quenching discussed in the previous 
section. There was only one way to find out - eliminate the QGP final state interactions by substi- 
tuting a-Deuterium beam for one of the two heavy nuclei. In fact, it was long ago anticipated [88] 
that such a control test would be needed to isolate the unknown nuclear gluon shadowing con- 
tribution to the A+A quench pattern. In addition D + Au was required to test predictions of 
possible initial state Cronin multiple interactions [86, 101, 102, 103, 1041. In contrast, one model 
of CGC [lo51 predicted a substantial suppression in D + Au collisions. The data [96, 97, 98, 991 
conclusively rule out large initial shadowing as the cause of the Z B J  > 0.01 quenching in Au+Au. 

The  IDA^ measurement from STAR [97] shows clearly how the suppression disappears in D+Au 
collisions. The return of back-to-back jet correlation in D + Au to the level observed in p p  is seen 
in Fig.13. The data appear to be entirely consistent with jet quenching as a final state effect in 
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Figure 13: The dA "Return of the Jeti": Dijet fragment azimuthal correlations from 
STAR [97] in DAu are unquenched relative to the mono jet correlation observed in central 
AuAu. 

AuAu with little initial state effect in D+Au. These D+Au data support the conclusion [106,107] 
that the observed jet quenching in AuAu is due to parton energy loss. 

Theoretical analysics of jet quenching confirm the energy density estimates deter- 
mined from measurements of particle multiplicity. They give large energy losses for 
jets propagating through the matter produced at RHIC, and strengthen the case for 
multliple strong interactions of the quark rand gluon constituents of the matter made 
at RHIC. 

6 Empirical Evidence for the Color Glass Condensate 
In this section, the accumulated evidence for the Color Glass Condensate hypothesis is discussed[l5]. 
The evidence rests in a variety of measurements done at different accelerators with different type 
of particles scattering. The discussion of the results from RHIC will be emphasized here, but it is 
first important to briefly review the results from HERA involving electron proton scattering. 

6.1 Results from Electron-Hadron Scattering 
Electron-hadron scattering provide information about the wavefunction of a hadron. The Color 
Glass Condensate describes the contribution to this wavefunction which have very many gluons 
in them. These pieces of the wavefunction control the physics at very small x, typically z 5 
The various pieces of experimental information which support the CGC hypothesis come largely 
from ep scattering experiments at HERA: 
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Figure 14: The cross section aY*P as a function of the scaling variable 7 = Q2/Q:ut.[109] 

0 Geometrical Scaling 
Geometrical scaling is the observation[lOS]-[ 1091 that the deep inelastic cross section for 
virtual photon scattering as a function of Q2 and x is really only a function of 

where the saturation momentum increases as the fractional momentum, x, of the gluon tends 
to zero as 

with X N 0.3 and xo N and over 
the available Q2 range at HERA as shown in Fig. 14. 
It is straightforward to understand why this scaling works for the small Q2 5 Q:ut. This 
is the region of the CGC, and there is only one dimensionful scale which characterizes the 
system: the saturation momentum.[l10] The surprise is that there is an extended scaling 
window for Qtat 5 Q2 5 Q~ut/A&,.[lll] This can be proven analytically. As well, one 
now has reliable computation of the dependence on x of the saturation momentum, that is, 
one knows the exponent X to about 15% accuracy, and it agrees with what is seen from the 
geometrical scaling curve.[llZ] What is not determined from the theory of the CGC is the 
scale 20, and this must be found by experiment. This comes from the boundary conditions 
for the renormalization group equations. 

This scaling with T = Q2/Q:ut works for x 5 
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0 The Structure Function F2 
Using the dipole description of the virtual photon wavefunction, the structure function 3’2 

can be related to the gluon distribution function which arises from the CGC. The results for 
the description of the data are remarkably good for z 5 and Q2 5 45 GeV2. One should 
note that this description includes both the high and low Q2 data. Descriptions based on 
DGLAP evolution can describe the large Q2 points. The CGC description is very economical 
in the number of parameters which are used [113]. 

The CGC provides a description of the underlying structure of gluonic matter inside a hadron. 
As such, it should be sensitive to probes of the transverse extent of this matter, which can be 
experimentally studied in dwaction and related quasi-elastic particle production.[114]-[118] 
Diffractive scattering can be computed in the CGC description for small inclusive masses of 
produces particles. The CGC agrees both with generic features of the data, and provides a 
reasonably good quantitative description. 
There are additional computations of quasi-elastic p meson production and J/!P production[ll9]- 
[120]. Again, up to uncertainties associated with the overall normalization (which arises from 
imprecise knowledge of hadronic wavefunctions) , the CGC hypothesis provides a reasonably 
good quantitative description. 

0 Diffraction and Quasi-Elastic Processes 

6.2 Heavy Ion Collisions 
The collision of two ultrarelativistic heavy ions can be visualized as the scattering of two sheets 
of colored glass, as shown in Fig. 4. [121]-[124] 

At very early times after the collision the matter is at very high energy density and in the form 
of a CGC. As time goes on, the matter expands. As it expands the density of gluons decreases, and 
gluons begin to propagate with little interaction. At later times, the interaction strength increases 
and there is sufficient time for the matter to thermalize and form a Quark Gluon Plasma. This 
scenario is shown in Fig. 7, with realistic estimates for energy density and time scales appropriate 
for the RHIC heavy ion accelerator. 

6.3 The Multiplicity 
The CGC allows for a direct computation of the particle multiplicity in hadronic collisions. If one 
naively tries to compute jet production, the total multiplicity is infrared divergent. This follows 
because of the l/p$ nature of the perturbative formula for gluon production 

1 dN 1 Qtat ---.-w-- 

rR2dyd2m as p.$ 

In the CGC, when p~ 5 Qsat, this divergence is cutoff and the total gluon multiplicity goes as 
1 dN 1 

rR2 dy QS Qfat  
-- N - 

One can compute the proportionality constant and before the RHIC data appeared, predictions 
were made for the gluon multiplicity. In Fig. 15, the predictions for the first RHIC run are 
presented. The CGC correctly predicted the multiplicity. 
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Figure 15: Predictions for the total multiplicity as measured at RHIC. The band is the 
experimentally measured region. The CGC prediction is marked McLV. 

Also, the dependence of the multiplicity on the number of participants can also be computed, 
realizing that the saturation momentum squared should be (for not too small x) proportional 
Nji:t. This leads to 

so that a very slow logarithmic dependence on the number of participants is predicted in agreement 
with experiment, as shown in Fig. 16.[125]-[128] 

One can go much further[59] and compute the dependence of the multiplicity on rapidity and 
centrality, and the transverse momentum distribution of produced hadrons by using CGC initial 
conditions matched together with a hydrodynamic calculation which evolves the matter through 
the Quark Gluon Plasma[60]. At high p~ 2 2 GeV, jet quenching of the small is pQCD power 
law tails is also taken into account. This combined hydrodynamic calculation of Nara and Hirano 
accounts very well for many important features of the data at RHIC. [129],[76] 

We emphasize the importance of constraining the QGP hydrodynamics with a QCD theoretic 
initial condition, the CGC. At SPS energies, the uncertainty about initial conditions together with 
failure of hydrodynamics to account for the highly dissipative hadronic flow are in remarkable 
contrast to situation at RHIC. If the initial condition were not well constrained at RHIC, then 
the conclusion that a QGP was formed could not be sustained. Hydrodynamics is a dynamical 
mapping of a given given initial condition to final spectra that depends on the equation of state. 

48 



dN/dq vs Centrality at q=O 

0 1 00 200 300 400 

Npan 

Figure 16: The total multiplicity as a function of the number of participants as measured 
by Phobos and Phenix. 

Only with a known or predicted initial state does that mapping have the power to falsify the QCD 
equation of state. 

In Figs 15 and 16, one can see that several phenomenological models, such as HIJING[95], could 
also account qualitatively for some of the global multiplicity observables. However, the surprising 
very weak centrality and beam energy dependence observed[62, 129, 67, 1301 is most satisfactory 
explained and predicted by the CGC as arising from .the slow l/as - log &;,(N,,t, ds) in 
eqs.(g,lO). This is one of the strongest lines of empirical evidence fkom RHIC that the CGC initial 
state (with its predicted ATpart and ds dependence) is formed and that it is the seed of the QGP 
that evolves from it. 

6.4 High p~ Particles 
The early results from RHIC on gold-gold collisions revealed that the high p~ production cross 
sections were almost an order of magnitude below that expected for jet production arising from 
incoherent parton-parton scattering.[131] This could be either due to initial state shadowing of 
the gluon distribution inside the nuclei,[132] or to final state jet quenching.[l33] For centrally 
produced jets, the x of the parton which produces a 5-10 GeV particle is of order lo-’, and this is 
outside the region where on the basis of the HERA data one expects the effects of the CGC to be 
important. Nevertheless, nuclei might be different than protons, so it is not a priori impossible. 

The crucial test of these two different mechanisms is the comparison of dA scattering to pp. If 
there is suppression of jet in dA collisions, then it is an initial state effect. The experiments were 
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Figure 17: Results of hydrodynamic calculations[60] with a CGC initial condition. Left 
is the centrality dependence of the rapidity density fiom PHOBOS[129]. Right shows 
the transverse momentum distribution at zero rapidity for different centralities from 
PHENIX[76]. For p~ > 2 GeV jet quenching through the evolving QGP is also taken 
into account. 

performed, and all there is little initial state effect for centrally produced jets.[134] The suppression 
of centrally produced jets in AA collisions at RHIC is indeed due to final state interactions, that 
is jet quenching. 

This is not in contradiction with the existence of a CGC. The particles which control the 
multiplicity distribution in the central region are relatively soft, and arise from x - To 
probe such small x degrees of freedom at high transverse momentum at RHIC requires that one 
go to the forward region.[135]-[136] 

If one uses naive Glauber theory to compute the effects of shadowing by multiple scattering, 
one expects that if one goes into the forward region of the deuteron, the probe propagates through 
more matter in the nucleus. This is because we probe all of the gluons with x greater than the 
minimum x of the nucleus which can be seen by the deuteron. Going more forward makes this 
minimum x smaller. Now multiple scattering will produce more particles at some intermediate 
value of p T .  (At very high PT, the effects of multiple scattering will disappear.) This is the source 
of the Cronin peak and it is expected to occur at p~ of 2 - 4 GeV. Clearly the height of this peak 
should increase as one goes more forward on the side of the deuteron, and should increase with 
the centrality of the collision.[137] A result of such a computation is shown in Fig. 18. 

Classical rescattering effects are included in the computation of the properties of the CGC. 
There is another effect however and that is quantum evolution generated by the renormalization 
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Figure 18: The expectations of classical multiple scattering for the rapidity and p~ depen- 
dence (with and without shadowing) for the PT distribution in D + Au collisions from [103]. 

group equations. It was a surprise that when one computed the evolution of the gluon distribution 
function including both effects, the quantum evolution dominated. This means that the height of 
the Cronin peak, and the overall magnitude of the gluon distribution decreased as one went from 
backwards to forward angles.[138]- [140] The results of one such computation are shown in Fig. 19 

It was also a surprise how rapid the effect set in. 
The Brahms experiment at RHIC recently presented data[l41] on the ratio of central to pe- 

ripheral transverse momentum distributions.The ratio R C ~  is defined in such a way that if the 
processes were due to incoherent production of jets, then &p = 1. A value less than one indicates 
suppression, and a value larger than one indicates a Cronin type enhancement. The results for 
a variety of forward angles for &p as a function of p~ is shown in Fig. 20 a. There is clearly 
a decrease in RCP as one goes to forward angles, in distinction from the predictions of classical 
multiple scattering. The effect is very rapid in rapidity, as was expected .from computations of the 
CGC. In Fig. 20, the ratio &p is shown as a function of p~ for the forward pseudorapidity q - 3 
for less central and more central events. The ratio decreases for more central collisions, against 
the expectation of classical multiple scattering and consistent with the CGC hypothesis. 

Preliminary data[142]-[144] from all four experiments on the rapidity dependence of the trans- 
verse distributions in D + Au suggest striking effects consistent with CGC. This is a very active 
area of research both theoretically and experimentally at this time. 
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Figure 19: The gluon intrinsic gluon distribution function as a function Of pT for different 
pseudo-rapidit ies. 

This data suggest a Cronin enhancement on the gold side and the depletion on the deuteron 
side, and as well a definite dependence on centrality. When these D + Au data become finalized, 
they could prove that classical multiple scattering dominates on the gold side (large z > 0.01), 
but quantum evolution - i.e., deep gluon shadowing- on the deuteron side (small x < 0.01). 

By a "happy coincidence", these effects nearly cancel in the mid-rapidity region, making RHIC 
well suited for studying QGP effects at midrapidity for hard probes. 

6.5 The Developing Case for the CGC 
In addition to the results.described above, the Color Glass Condensate will be the subject of 
further experimental study at RHIC, LHC and eRHIC. At RHIC, one can study forward backward 
correlations in the forward direction in analogy with what was done for centrally produced jets. 
At LHC, in the forward region one measures relatively large p~ jets at x N This provides a 
direct measurement of the very small x gluon distribution function. Eventually eRHIC would be 
required to provide precision measurements of quark and gluon distribution functions at small x 
in a variety of nuclei. 

The Color Glass Condensate hypothesis describes remarkably well generic features 
of ep measurements of properties of protons at small x. It also successfully predicted 
the the previously unexpected slow growth of multiplicity of produced particles 
with ,./s and centrality at RHIC. The data from Brahrns on the forward particle 
production appear to be qualitatively in accord with prediction of the CGC, and 
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Figure 20: The central to peripheral charged and negative hadron ratios Rcp as a function 
of p~ for various forward pseudorapidities in 200 AGeV D + Au from BRAHMS[141]. 

the preliminary data from Phobos, Star and RHIC on this subject await submission 
for publication. While the CGC hypothesis successfully describes the data from 
disparate experimental measurements, it can be further tested in a variety of new 
environments. 

7 Conclusions 
Our criteria for the discovery of the Quark Gluon Plasma at RHIC are: 

Matter at energy densities so large that the simple degrees of freedom are quarks 
and gluons. This energy density is that predicted by lattice gauge theory for the 
existence of a QGP in thermal systems, and is about 2 GeV/Frn3 
The matter must be to a good approximation thermalized. 
The properties of the matter associated with the matter while it is hot and 
dense must follow from QCD computations based on hydrodynamics, - lattice 
gauge theory results, and perturbative QCD for hard processes such as jets 

All of the above are satisfied from the published data at RHIC. A surprise is the degree to 
which the computations based on hydrodynamics agree so well with elliptic flow data. This leads 
us to conclude that the matter produced at RHIC is a strongly interacting Quark Gluon Plasma, 
contrary to naive expectation based on weakly coupled plasma estimates. 

The case for the Color Glass Condensate is rapidly evolving into a compelling case. Much of 
the exciting new data from RHIC presented at QM2004 has not yet been published. Nevertheless, 
the data from HERA taken together with the data on particle multiplicities, and the data sub- 
mitted for publication by Brahms make a strong case, which may become compelling with further 
reinforcement from results from the other experiments at RHIC, and future experimental tests at 
LHC and eRHIC. This area is rapidly evolving both experimentally and theoretically. 

Although in our opinion, the case for the QGP at RHIC is now overwhelming, there are of 
course many important scientific issues not yet addressed in the first three years of data. The 

53 



experiments have demonstrated that a new form of matter, the sQGP, exists. The harder long 
term task of mapping out its properties can now be confidently continued at RHIC. 
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Abstract 
We start with brief summary of the main experimental discoveries made at RHIC, and then 

proceed to why we think quark-gluon plasma at RHIC is in strong coupling regime. The robust 
collective flow phenomena are well described by ideal hydrodynamics, with the Equation of State 
(EoS) predicted by lattice simulations. However the transport properties turned out to be unex- 
pected, with rescattering cross section one-to-two orders of magnitude larger than expected from 
perturbative QCD. These and other theoretical developments indicate that Quark-Gluon Plasma 
(QGP) produced at RHIC, and probably in a wider temperature region Tc < T < 4Tc, is not at 
all a weakly coupled quasiparticle gas, but is rather in a strongly coupled regime, sQGP for short. 
After reviewing two other “strongly coupled systems”, (i) the strongly coupled supersymmetric 
theories studied via Maldacena duality; (ii) trapped ultra-cold atoms with very large scattering 
length, we return to sQGP. We show that one can get a consistent picture unifying lattice results 
about quasiparticle masses, their interactions, correlation functions and thermodynamics. Its main 
new element is the existence of hundreds of bound states, most them colored. We then discuss t h e  
implications of this picture on the EoS, viscosity and jet quenching. 

1 Two sets of major discoveries made at RHIC 
The Relativistic Heavy Ion Collider at Brookhaven is the largest facility dedicated to heavy ion physics, 
built t o  produce and study the properties of new f o r m  of matter, the Quark-Gluon Plasma (QGP). Let 
me emphasize from the onset that this goal of the RHIC project has been met with widely spread 
skepticism, especially by people with a high energy physics background. It was argued that even if a 
large number of quarks and gluons be created at RHIC, it will simply fizzle into a firework of multiple 
jets and mini-jets, with small (and calculable by pQCD) deviations from a set of independent multiple 
pp collisions. 

RHIC just completed its Run-4, in which a record number of events N lo9 per detector was recorded. 
Obviously our experimental colleagues are eager to have a look at it now. However, let us all make a 
break from ever continuing stream of work and have a look back, summarizing what have we learned 
from the data of Runs 1-3 and recent theory development and comparing it with the original picture 
we had in mind many years ago. 

The goal “to produce QGP” via certain set off signals, new flavor, dileptons and photons, vector 
meson melting including J /$ ,  together with the name itself, was first formulated in my papers  [l]. 
They followed earlier theoretical ideas that very high temperature QCD should be weakly coupled [2], 
in which the color charge should not be confined but rather screened [l] (thus “plasma”). S o  QGP 
was thought to be a “normal phase” of QCD, and expected to be much simpler in its structure than 
the “QCD vacuum7’, with its chiral symmetry breaking and (still mysterious) confinement, leading to 
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thousands of quark bound states filling the particle data tables. It was widely expected (for about 3 
decades!) that a simple perturbative approach to  QGP properties, similar to that used e.g. for &ED 
plasmas, would adequately describe its properties right from T = T,, at least qualitatively. 

But, when one penetrates into the domain never studied before, one may always find quite unex- 
pected things1. The same happened at RHIC. Not only the skeptics have been proved wrong about 
“matter” production and robust collective phenomena seen there, but the whole view of QGP structure 
underwent a major revision in the last year or so. 

I will start with a list of major discoveries 2, which I will group into 2 sets, those related with soft 
pt < 2 GeV and hard pt > 2 GeV parts of the observed particle spectra. 

Discoveries related with the bulk of secondaries (pt < 2GeV): are obviously about the 
properties of the matter produced. We learned that: 
(i) like at CERN, particle composition is quite well equilibrated, including strangeness; 
(ii) the multiplicity does not grow very rapidly with energy, as binary scaling for hard collisions would 
suggest, so there is some coherence in production; 
(iii) the magnitude of the radial flow velocity is reaching about .7 of speed of light, is larger than a*t 
SPS and its effect extends to higher pt N 1.5 - 2 GeV. 
(iv) Especially impressive are data on the so called elliptic flow, observed for non-central (and even 
rather peripheral) collisions. It is significantly stronger than at CERN. 
(v) Both radial and elliptic flows are correctly described by hydrodynamics, including their dependence 
on collision energy, centrality and - last but not least - the particle type. It gave good quantitative 
description of about 99% of the spectra for all secondaries3 (except for the hard part at pt > 2 GeV), 
essentially without any parameters other than (lattice-based) EoS. 

RHIC collisions are sometimes called the Lit t le  Bangs, and they are obviously quite different from 
a fizzle predicted by pQCD. 

Discoveries related with the hard tail of the spectrapt > 2GeV , naturally came from runs 2 
and 3. 
(i) Already the first data on high transverse momentum tail of the spectrum, from the second RHIC 
run, have shown its suppression by a factor N 5, exceeding expectations of the naive parton model. 
Including such initial state effects as Cronin effect, one finds that actual jet, quenching is closer to  a 
factor 10 suppression. 
(ii) The puzzle became more intense when it was found that even the large pt particles are emitted very 
anisotropically in the azimuthal angle. 
(iii) Observation of the 2-particle correlations at large pt have confirmed that in these region (of not-so- 
large p t )  the secondaries still originated from jets. The shadowing of the away-side jets confirmed the 
strong quenching, as it also reaches about an order of magnitude suppression . 
(iv) Further clarification came from the run 3, when a control experiment with deuteron-gold (dAu) 
collisions has confirmed that at mid-rapidity4 the suppression is not due to the initial state shadowing, 
but is instead indeed a final state absorption. 

The original intention [4] was to use jet quenching in order to get a kind of a tomographic picture 
of the QGP cluster. However, the data available so far (up to about pt = 12GeV mostly show that a 
produced matter is so black - up to 90% of produced jets are absorbed - that only jets from the surface 

’Recall that this very country was “accidentally” discovered by Columbus, searching only another passage to well 
known India. 

21 am certainly not in the position to comment on which experiment was the first on which particular observations, 
and use more or less random set of data, with a reference to the collaboration. (It is possible to use data from any 
one of them due to quite remarkable level of consistency between RHIC data.) A real experimental summary done by 
collaborations are expected soon. 

3Modulo the remaining disagreement with HBT radii, on the level of 30-40 percents. 
4The latest dAu data from BRAHMS experiment indicate much stronger initial state effects in the forward region, 

hopefully an expected gluon saturation signal. 
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Figure 1: (a) The pressure (divided by that for free gas) versus the temperature T/T,, from lattice 
thermodynamics studied by Bielefeld group. (b) Schematic plot of the cut-off scales during the evolution 
of the system with time, from 1151. At the collision time=O the scale is presumably the saturation scale 
Qs in the incoming nuclei, which grows with the collision energy. Then the cutoff decreases reaching 
some nearly constant value in QGP at T > T,, the thermal gluon mass MT (??) and stay at this value 
till it rises again in the mixed phase to its vacuum value in the hadronic (H) phase Q,,, - 1 GeV. 

is escaping. Clearly a drive to larger pt is still very much needed. 
In this brief report I would not discuss the large pt physics, except of mentioning some new ideas 

about the mechanism of jet quenching, but will try to summarize in more detail the physics implications 
of the data at smaller pt on the QGP production and properties. Before we go into specifics, let me 
summarize the successes and surprises we have seen on the way. 

Brief summary of QGP properties, as it is extracted from data: The thermodynamics at chemical 
freezeout tells us that it occurs at a universal temperature T, M 170MeV which coincides with the 
expected critical temperature. The hydrodynamics tells us parameters of the EoS: it has not yet been 
very precisely mapped (we need an energy scan for that), but e.g. the latent heat of the QCD transition 
is fixed by these works to be about 800 MeV/fm3, the same value its it was predicted by the lattice 
QCD. Furthermore, the expected EoS (pressure as a function of the energy density) above the transition 
region is also confirmed to be roughly p M ~ / 3 .  

In contrast to that, the transport properties (viscosity) of QGP turned out to be completely unex- 
pected. The rescattering of constituents needed to sustain the observed degree of collectivity is one to 
two orders stronger than it was predicted on the basis of pQCD. The ratio of the QGI? viscosity relative 
to its entropy density q / s  N 1/10, making it the most idealjluid ever observed. (In particularly: water 
would not flow, if only few thousands molecules would be put together.) 

2 Evolving theoretical views on QGP properties 
Since 1970's till quite recently Quark Gluon Plasma (QGP) was viewed as a gas of quasiparticles (dressed 
quarks and gluons) which interact relatively weakly with each other. A significant amount of theoretical 
work has been invested on refining the perturbative high-T calculations, to thermodynamics and kinetics 
of QGP, see e.g. my book [5] for more details. We now know all perturbatively calculable corrections 
to free gas expressions, O(gZ,g3,9*,g5,g6Zog(g)), making in total 7 terms of the weak coupling series 
(see e.g. [6] ) .  Although they are not converging, unless T N 106GeV or so, hopes remained that some 
clever re-summation will get all the physics right. 

The non-perturbative results which came from lattice QCD, such as pressure shown in Fig.l(a), 
seemed to support this view. Indeed, the ratio of the calculated pressure to that at zero coupling gets 
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to about 0.8 soon after the phase transition, so it was tempting to assume that the deviation, - .2, is 
a good measure of the interaction corrections. 

As I will argue below in more detail, this simple reasoning turned out to be very misleading, and it 
managed to fool us all for decades. Only recently had we learned that in two other examples of very 
strongly interaction matter - (i) the CFT gauge theory at comparable coupling; and (ii) trapped atoms 
at the Feshbach resonances - the same ratio also about .8. (And I will argue by the end of this paper, 
one can explain this .8 for QGP at T = 2Tc in a radically new picture, with only half of pressure coming 
from a quasiparticle gas and the rest from hundreds of bound states.) 

(i) a general idea that while confinement and chiral breaking disappear at T > T, and there is not 
much free charge to generate large Debye mass yet, the sizes of states and scale at which the coupling 
is defined should be rather low at T = (1 - 2)Tc, see e.g. Fig.1 (b). 
(ii) Triumph of hydro5 , compared with apparent failure of weak coupling “parton cascades” of various 
kinds. For example, Gyulassy and Molnar [7] concluded that the elliptic flow can only by reproduced 
by a gluon cascade if the cross section be enhanced by a factor of about 50. That forced us to think 
hard Whp is the Quark-Gluon Plasma at RHIC such an ideal fluid ? Important paper by Policastro, 
Son and Starinets [19] was a radical step in this direction. 
(iii) The last ringing bell came from the lattice practitioners. Surprisingly to all, recent works in Japan 
and Bielefeld [8] have found that the lowest charmonium states are not melting at T,, as was believed 
previously, but actually persist to at least T = 2T’. Then came similar evidences that mesonic bound 
states made of light quarks survive we into the QGP phase as well [9]. 

All these developments provided a hint, that the QGP quasiparticles at T - fewTc have much 
stronger interaction than previously expected, we have found a strongly coupled QGP. 

After more details about hydro and brief discussion of two other strongly coupled examples we will 
return below to recent attempts to understand what exactly sQGP is. 

The breakthrough in our thinking [27] came basically from 3 different sources: 

3 Collective flows, EoS and transport properties 

Is hadronic matter really produced in heavy ion collisions? Is there something qualitatively new in AA 
collisions, never seen in “elementary”6 pp or e + e- collisions? 

Indeed, the original motivation for heavy ion program is not just increase the number of secondary 
particles produced per event (up to several thousands at RHIC), but to reach a qualitatively dzflerent 
dynamical regime. characterized by a small microscopic scale I (e.g. mean free path) as compared to 
the macro scale L (the system’s size): 1 << L. If this is achieved, the fireball produced in heavy ion 
collisions should be treated as a macroscopic body, with thermo and hydrodynamics. 

Statistical models do indeed work remarkably well for heavy ion collisions, even at energies lower 
than RHIC. But they also work for p p  or e+e- (and we still do not know why). end to it. In contrast 
to that, p p  or e+e- show no sign of flow effects, see early attempts to see them [lo]. So, a multi-body 
excited systems produced in these case are not macroscopically large. It is not “matter” but just a 
bunch of particles. 

51n fact the hydrodynamics with its “non-ideal” expansion in powers of the mean free path is the oldest example of a 
strong coupling expansion, including the inverse powers of the cross section. 

6Apart of the large-pt tail, described by the parton model plus pQCD corrections, it is very fax from being elementary 
and is very poorly understood. One may argue that heavy ion collisions, described well by hydro/thermodynamics, are 
in fact even much simpler. 
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Figure 2: (a) The "blast model" fits to STAR collaboration data. The values of the and freezeout 
temperatures are shown in (a) and the mean collective velocity. (b) Comparison between STAR and 
PHENIX data for protons with hydro calculation by Kolb and Rapp [12] (which correctly incorporates 
chemical freezeout). 

3.1 Transverse flow 

Heavy ion collisions, on the other hand, showed a variety of ' ~ O W S ' '  since very low energies, but not all 
of them are indeed a collective expansion. 

Let me start with a historic comment. First attempts to connect the experimental information with 
the collective transverse flow were made independently by Siemens and Rasmussen [ll] for low energy 
(BEVALAC) and by Zhirov and myself [lo] for high energy pp collisions at CERN ISR around 1979. 
The idea of both papers was exactly the same: collective expansion boosts spectra of various secondaries 
differently, depending on their mass. Pions are light and their spectrum remains exponential, with a 
"blue shifted" temperature, while for heavy particles the effect is different. Fortunately it is easily 
calculable and depends on the value of the particle mass only. 

Siemens and Rasmussen found the expected difference for pions and protons produced by heavy 
ions at E N lGeV/N fitted them with two parameters, the freezeout temperature Tf N 30MeV and 
the velocity of what they have called the "blast wave". (Long discussion afterwords shown that ideal 
hydro is not really applicable in this case, however.). Zhirov and myself [lo] found no flow in p p  data 
from ISR: the 7r, K . N  spectra from p p  showed the same mt-slope. All of us had to wait for heavy ion 
collisions at high energies, and only at SPS and now at RHIC we have seen real hydrodynamical flow, 
radial and especially elliptic. 

Let me jump years ahead and show a modern version of the blust wave fit to RHIC data, shown in 
Fig.2 as a function of centrality. Two basic parameters are the freezeout temperature Thin and the mean 
flow velocity < ,B >.- Thin decreases and the velocity increases for more central collisions, displaying 
an expected conversion of the internal energy into flow. Note also that the temperature of chemical 
equilibration Td seem to be completely independent of the centrality: the interpretation of it is that it 
is in fact the QCD critical temperature. 

Fig.2 is an example of a hydro prediction for the proton pt  spectra. Note that no parameters (other 
than total entropy and EoS) are used, and the agreement of the predicted shape is very good, both in 
normalization and shape. 

At RHIC (rather unexpectedly) we found that different flow-related slopes for pion and nucleons 
holds till rather large pt N 2GeV, making both spectra to cross. As a result there are more baryons 
than pions above this point (till about pt  N 5 GeV). Observation of that lead to a very good question: 
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Figure 3: The pi-differential elliptic flow W ~ ( J I ~ )  from minimum bias Au+Au collisions at RHIC, for 
different identified hadron species (PHENIX). with negative (left) and positive (right) charge.The curves 
are hydrodynamic calculations. 

how far down the spectrum the hydrodynamics should be trusted? 

3.2 Elliptic Flow 
Non-central heavy ion collisions produced fireball which has an almond shape. It would not matter 
for independently produced secondaries, but in a collective expansion the shape matters, leading to 
“elliptic” flow pattern. This is quantified by vi harmonics defined as 

dN 210 212 v4 

d$  IT IT IT 
-=  - + -COS(%$) + - COS(@) f . * * 

Each of wi is a function of centrality (the impact parameter b ) ,  rapidity y, transverse momentum pt 
and, last but not least, the particle type. By now wl, v2, w4 have been studied. The important feature of 
elliptic flow is self-quenching, as a result of which the elliptic flow develops earlier than the radial one. 
This is why it is especially important for understanding the EOS of the QGP. 

The ellipticity depends on a particle mass, again in a predictable way [13]. Let me show few plots 
from Kolb and Heinz review [14] to convince the reader that the elliptic flow is a hydrodynamical effects. 

The next Fig.4 makes use of one important fact: centrality dependence of 212 is basically a response 
to the initial spatial anisotropy of the system, quantified by the parameter E = (y2 - x2)/(y2 + x 2 ) ,  
and so plotting V ~ / E  one basically eliminates the geometry of the problem and finds all points at some 
universal curve, see7 Fig.4(a). 

The main message of this figure is that 212 grows with multiplicity* . The parts (b,c) of the  figure 
shows how the 212 magnitude was expected to depend on the collision energyg, from Teaney et a1 [13]. 

We will not have time to discuss details of the hydrodynamics calculations, which reproduce these 
data. Let me only tell why RHIC energy range is special. Due to the QCD phase transition, the matter 
is very soft in the so called “mixed phase” energy density region. That is why at SPS energies there 
was no substantial v2 contribution, which only happen at RHIC due to “stiff QGP”. 

~ 

7The horizontal band on this figure marked “hydro limit” refers to some hydro with ideal gas EoS and simplistic 

8This theoretical prediction was made at QM99 by Teaney and myself, as well as Kolb and Heinz, prior to RHIC. 
gother authors such as Ollitraught and Heinz et al have used fixed freezeout predicted a different energy dependence 

freezeout. It supposed to hold at very large entropy density. 

of 212. 
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Figure 4: (a) The compilation of elliptic flow?(the ratio of W ~ / E )  dependence on collision energy (rep- 
resented by the particle multiplicity). (b,c) Energy dependence of the elliptic flow predicted by hydro 
calculation by Teaney et a1 [13] for different EoS. The curve with the latent heat (LH) =800 MeV/$m3 
is the closest to the lattice EoS, and it is also the best fict to all flow data at SPS and RHIC 
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3.3 
The ideal hydrodynamics is not just a bunch of conservation laws, but the local parameterization of the 
stress tensor 

The limits to ideal hydro 

n’ 
>N 0.18r 
Y 

Here E is the energy density, p is the pressure, and up = y(1, v) is the proper velocity of the fluid. 

the stress tensor 
Inclusion of dissipative effects, to  the first order in Z/L, is possible via the following corrections to 

- b 5 6.8 Fm (16-24% Central) 

where the coefficients r],J are called the shear and the bulk viscosities. In this equation the following 
projection operator onto the matter rest frame was used: V, = A,,&, Apv = gpv - upuv. It is further 
useful to normalize the magnitude of the viscosity coefficient r ]  to the entropy density s, forming a 
dimensionless ratio. For example a sound wave have dispersion law 

= - -q2rr,, i rs -- 4 7  
2 3T s (4) 

Let us now discuss what is the value of QGP viscosity, following Teaney [lS]. He argued that relative 
deviations from ideal case should be N (q/s)pi ,  and shown that such deviations are indeed seen in real 
data. In Fig.5 we show it for the elliptic flow parameter w2. Since its value is determined at sufficiently 
early times - about 3 fm/c - the deviation should correspond to  the QGP phase. The results for different 
rs/T shown in Fig.5 deviate from ideal hydro curve a.t p~ M 1.6GeV which indicates r,/T N 0.05 or so. 
Substituting here the relevant time T N 3 f m/c we get I?, N .15 f m. Strong coupling result for typical 
T N 200 MeV at the time gives r, N 0.1 f rn, while weak coupling one would predict much larger value 
I?, N 2 f m or so. About the same value follows from the gluon cascade with the enhance cross section 
by Molnar and Gyulassy [7] mentioned above. 

o*16[ STAR Data 
0.14 / 

Figure 5: Elliptic flow 212 as a function of 
particle cumulants data from the STAR collaboration. Only statistical errors are shown. 

for different values of rs/To. The data points are four 
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4 Other strongly couples systems 

4.1 
To find a gauge theory in which strong coupling limit makes sense is a nontrivial task. Furthermore, 
to develop tools which would allow a systematic expansion in inverse coupling constant is even more 
challenging. However both problems have been solved during 199O’s, first for a specific - 4 times 
supersymmetric - gauge theory, and then for some other examples (we would not discuss). 

It is a Conformal Field Theory (CFT), with a non-running coupling. Its finite-T version is in the 
QGP-like phase at any coupling, from weak to strong. As a result of long development by string 
theorists based on “holography” and “duality” ideas, the so called AdS/CFT correspondence [17] was 
shown: which states that CFT in strong coupling is dual to  a weakly coupled string theory, albeit in 10 
dimensions in a particular gravity field. The finite-?‘ version has a gravity metrics with a, black hole, 
and it is its Hawking radiation which heats up our Universelo, represented by a 4-d surface at some 
distance from the black hole. 

For a non-string theorist like myself to follow the duality arguments and gravity-based arguments 
is a fascinating, near magical experience. On the other hand, as I am not really interested in string 
theory and consequences of supersymmetry, but rather in generic effects of any strong coupling, it is 
imperative to find a meaning for gravity-based calculations and results inside the gauge theory itself. 
This work has just started (see below) and we of course have a lot of problems to solve. 

This CFT has gluons with N, colors, which for technical reasons is considered large, 4 types of 
fermions (gluinos) and 6 scalars. The gauge coupling is always combined with the color factor X E g2Nc, 
and can be either small or large. In the former case one has standard Feynman calculus on a gauge side, 
in the latter it is better to used the gravity formulation. For instance, a potential between two static 
quark-like charges is then described by a string.between them, which is not straight as in QCD but 
stretched by gravity into 5-th dimension. The result is a modified Coulomb’s law for strong coupling 
(A >> 1) [17], which has the same r-dependence but f i  instead of A 

Finite T N =4 supersymmetric gauge field theory at strong coupling 

47r2 6 - 
1’(1/4)4 r V ( r )  = - ( 5 )  

times a very strange coefficient including Euler Gamma function. 
The strong-coupling results for finite T include: 

(i) bulk thermodynamics resulted in[18] It was found that the free energy in this limit is F(T, N,, A) = 
((3/4) + O(l/A3/2)) F(T, N,, 0) where F(T, N,, 0) M NZT is the free (zero coupling) result, analogous 
to Stephan-Boltzmann result for blackbody radiation. 

(ii) the heavy quark potential is totally screened for a Debye-radius of order l/T [20] and leads to 
quasiparticle masses of the order M N 62’ 

(iii) viscosity of strongly coupled matter was foupd to be unusually small, leading to a rather good 
liquid with hydrodynamical behavior even at small spatial scales. In particular, the viscosity t o  entropy 
ratio was found to be E191 

which is probably the smallest possible value, as it is obtained for an infinite coupling. 
One thing that became clear to us [21] is the meaning of the black hole. Thinking about strongly 

coupled gauge theory one cannot avoid noticing that in particular partial waves particles fall at each 

loAs Sun worms the Earth. 
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other, propagating indefinitely toward small distances. This for example happens in Klein-Gordon eqn. 
for Q! > 1/2. In equilibrium, there must also be waved propagating back, from small to large distances: 
this constant pair production is a kind of Hawking radiation. 

Another is that the interaction is transfered by gluons with a superluminal speed, w - X1I4 >> 1, 
which may justify potential type ladder diagrams even for relativistic bound states. 

Furthermore, as I will try to show, it explained the puzzle of why thermodynamics can be nearly 
independent on the value of the coupling X in strong coupling, while the composition of matter drastically 
changes when it changes from weak to strong. In a naive picture of a quasiparticle gas, one would expect 
the Boltzmann factors for quasiparticles to be ezp(-M/T) - e z p ( - a )  << 1, while p - T4 clearly 
demands the light particles with masses M - T at any coupling. What those states may be? 

Zahed and myself [21] proposed an explanation: these light sta,tes are deeply bound binary compos- 
ites, in which the supercritical Coulomb is balanced by the centrifugal force. The argument is rather 
involved and cannot be given here. Let me just say that the key is the derivation of the modified 
Coulomb law via ladder diagrams is possible, revealing that virtual gluons in this regime must fly with 
super-luminal velocity w M X1l4 >> 1. Therefore even for relativistically moving quasiparticles the inter- 
action can be described by a potential. Solving the Klein-Gordon (or Dirac or Yang-Mills) equations 
for scalars (or spinors or gluons) in yields towers of deeply bound states, extending from large 
quasiparticle masses m/T M f i x )  all the way to small ones E/T M Ao that a.re independent of the 
coupling constant. More specifically the spectrum is 

k i 5 n n n n m  
lamtda 

In weak coupling C = g2N = X is small and the bound states 

which is the known Balmer formulae. All of that, including the 
expression above, was known since 1930's. 

New view on this formula, in the (opposite) strong coupling 
limit, gives the following. If the Coulomb law coefficient is large 
C = ( 4 ~ ~ / l ? ( 1 / 4 ) ~ ) 6  >> 1, the quantized energies are imaginary 
unless the square root gets balanced by  a suficiently large angular 
momentum. In this regime, one may ignore the 1 in (7) and obtain 
the equi-distant spectrum of deeply bound states 

C2m energies are close to f m .  Specifically Enl - m M - 2(n+l)2 ' 

Enl M [(n + 1/2) + ( ( 1  + 1/2)2 - C2)1'2] 
C 

Figure 6:  The spectrum of Fhther unexpectedly, we have also found that even though the 
the states versus the 'tHooft trajectory of any particular Coulomb bound state depends criti- 
coupling constant A. for the cally on the coupling A, their average density remains about X- 
levels with fixed nT = 0 independent constant. This explains puzzling results obtained us- 
and the orbital momentum ing the string theory. Although each level energy, and even its 
I = 1..15. One can see that existence, depend on the coupling, the partition function is nearly 
there are light bound states independent of it. 
ah a.ny myd. inv  

Coulomb degeneracy. This is no longer the case in the relativistic case. 
"The fact tha? only the combination n + 2 appears, i.e. principle quantum number, is a. consequence of the  known 
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5 Strongly coupled trapped atoms 

If the previous section is too theoretical to some rea8ders, here is 
a table-top experiment. Exciting recent development took place 

at the frontier of low temperature physics, with trapped Li6 (fermionic) atoms. Using magnetic field 
one can use the so called Feshbach resonances and make a pair of atoms nearly degenerake with their 
bound state (usually called a molecule but actually a Cooper pair). This results in so large scattering 
length a, than a qualitatively new type of matter - strongly coupled fermi and bose gases - is observed. 
In particular, this very dilute systems start to behave hydrodynamically, displaying elliptic flow very 
similar to that in non-central heavy ion collisions. 

100 ps 

200 ps 

400 ps 

600 ps 

800 ps 

1000 vs 

1500 ps 

2000 ps 

Figure 7: Hydrody- 
namical expansion of 
trapped Li6, from [22]. 

More generally, studies of strongly coupled many-body problems, in 
which the binary scattering length diverges, is being studied in at least 
two other settings: (i) a dilute gas of neutrons, with the famous virtual 
level; (ii) trapped atomic Li atoms in which the scattering length can 
be tuned till practically infinite values, plus or minus, by applying a 
magnetic field which shifts the Feshbach resonances. 

Remarkably, for its‘fermionic version it was indeed found very re- 
cently that a strong coupling leads to a hydrodynamical behavior [22]. 
The way it was demonstrated is precisely the same “elliptic flow” as dis- 
cussed above. One can start with a deformed trap. Normally the gas 
is so dilute an1i3 << 1 that atoms just fly away isotropically, but when 
tuning to strong coupling regime is done the expansion is anisotropic 
and can be described hydrodynamically. 

A number of other spectacular experimental discoveries with trapped 
Li6 were also made later. It was found [23] that an adiabatic crossing 
through the resonance converts nearly all atoms into very loosely bound 
(but remarkably stable) “Cooper pairs”, which can also Bose-condense 
[24] if the temperature is low enough. Since in heavy ion collisions the 
system also crosses the zero binding lines adiabatically, various bound 
pairs of quarks and gluons should also be generated this way. That is 
probably why we do not observe large fluctuations predicted for systems 
crossing the QGP-hadronic matter boundary. 

6 New picture of QGP, with multiple 
bound states 

The viscosity argument made above is only one of three arguments for sQGP. Two others are (i) the 
idea that smaller overall scale leads to a coupling which runs more and becomes stronger [27], and (ii) 
bound states seen on the lattice. We suddenly realized that we were in the position similar to trying to 
understand properties of the ordinary matter ignoring existence of atoms. 

Naively, the deconfinement was expected to guarantee that no hadronic bound states would survive 
at T > T,, except perhaps 8b states bound by color Coulomb forces. The earliest suggested QGP signal 
was a disappearance of familiar hadronic peaks - p, w ,  I$ mesons - in the dilepton spectra [l]. Moreover, 
even small-size deeply-bound Ec states, qc7 J/@, were expected to melt at T M T, [25, 261. However, as 
we allready mentioned in the Introduction, there are indications from the lattice that charmonium and 
light quarks do create meson-like states at T > T,. 

In the first paper by Zahed and myself on the issue[27] we related presence of loosely bound pairs 
- 
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channel -rep. charge factor no. of states 

of quasiparticles with large rescattering and hydro regime of QGP12. Indeed, the scattering lengths are 
supposed to diverge at the zero binding lines on the phase diagram (see Fig.8(a)), introduced in  [27]. 
Those line are separate.sQGP from wQGP, in which there are no bound states. 

In our paper [29] we investigate the relationship between four (previously disconnected) lattice 
results: i. spectral densities from MEM analysis of correlators; ii. static quark free energies F ( R ) ;  iii. 
quasiparticle masses; iv. bulk thermodynamics p ( T )  . We found high degree of consistency among them 
not known before. The potentials V(R)  derived from F ( R )  lead to large number of binary bound states, 
mostly colored, in g q ,  qq,  g g ,  on top of the usual ijq mesons. Using the Klein-Gordon equation and (ii-iii) 

happen to agree with (i). We then estimate the contribution of all states to the bulk thermodynamics 
in agreement with (iv). 

The bound states of ijq can only be colorless mesons (the octet channel is repulsive), but i n  QGP 
there can be colored bound states. Quite famous are quark Cooper pairs qq which drive the color 
superconductivity at sufficiently high density and low T:  but pairs themselves should exist outside this 
region as well. Gluons can form a number of states with attraction, and there can also be g q  hybrids. A 
generic reason why we think all of them exist is that at T close to T' all quasiparticles are very heavy. 

Using a singlet ijq as a standard benchmark (the only one studied so far on the lattice), one  can 
summarize the list of all attractive channels in the following small Tablel, indicating the relative strength 
of the Coulomb potential and also a number of states. One can see, there are many hundreds of attractive 
channels which can support bound states. 

In another paper, by Brown et a1 [28], the fate of the ijq bound states is traced to T x T,, where 
the Nambu-Goldstone and Wigner-Weyl modes meet. The pion binding at total zero mass is very 
difficult to reach from the sQGP side, and it can only be accomplished by the combination of (i) the 
color Coulomb interaction, (ii) the relativistic effects, and (iii) the interaction induced by the instanton- 
anti-instanton molecules. The spin-spin forces turned out to be small. While near Tzb all mesons are 
large-size nonrelativistic objects bound by Coulomb attraction, near T, they get much more tightly 
bound, with many-body collective interactions becoming important and making the CJ and 7r masses 
approach zero (in the chiral limit). The wave function at the origin grows strongly with binding, and 
the near-local four-Fermi interactions induced by the instanton molecules play an increasingly more 
important role as the temperature moves downward toward T,. 

With all of it included, Zahed and myself [29] had evaluated the contribution of all these binary bound 
states into the partition function. The results for masses of the bound states are shown in Fig.S(a), 
and the resulting pressure in Fig.S(b). We have shown that as the level closes toward its endpoint, its 
contribution to pressure becomes partially compensated by a repulsive effective interaction between the 
unbound quasiparticles. The contribution of the virtual level above zero quickly disappear. Assembling 

I we evaluate their binding energies and locate the zero binding endpoints on the phase diagram, which 

I 

Table 1: Binary attractive channels discussed, in this work, the subscripts s,c,f mean spin,color and 
flavor, Nf = 3 is the number of relevant flavors. 
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f M 

Figure 8: Schematic position of several zero binding lines on the QCD phase diagram (a) and of specific 
hadronic masses on temperature T (b). In the latter the dash-dotted line shows twice the (chiral) 
effective mass of a quark. Black dots marked s, p ,  d correspond to the points where the binding vanishes 
for states with orbital momentum l = 0 , 1 , 2  .... 

all these ingredients together, we have found that all pieces fit together nicely, reproducing total pressure 
as calculated on the lattice. Hundreds of exotic bound states are tamed by small Boltzmann factors, 
contributing (at RHIC) up to about a half of the pressure. 

How one can observe these states experimentally? One rather direct way is provided by dileptons, 
which directly tells us about qq relative placements in the vector channels. If there are bound states 
for p,w, 4 at T > T, one may hope to see some enhancement above the free-quasiparticle rate, in 1-2 
GeV mass region. Even if there are no bound states, at high enough T ,  there is still some effect of the 
attractive potential visible in the dilepton rates. 

Quite recently we have noticed [30] one more important role that binary bound sta.tes may play in 
sQGP: "ionization" of them by passing jets can contribute to jet quenching. Indeed, in &ED we know 
it to be dominant at not-too-large gamma factors y = 1 - 100. One motivation is that at SPS the 
density is not that much different from RHIC, and yet there is no jet quenching. One obvious difference 
with radiative mechanism is that the lost energy is not to be found in the forward cone. - 

7 Brief summary and outlook 
There is no question that with the RHIC project we got very lucky: we have not found exactly what 
we expect, but got instead much more. RHIC experiments have shown that the QGP at T = (1 - 2)Tc 
is not a weakly interacting gas of quasiparticles, being instead a strongly coupled QGP. 

Not only the expected energy density is reached, as planned well above the critical region, but we 
have indeed created a well-equilibrated matter, behaving as it should in a bulk. Surprisingly, this is true 
not only for most central collisions, but also for relatively peripheral ones (but not most peripheral, of 
course). That means that few hundred of particles is already enough, even for very specific hydrody- 
namical effects like elliptic flow. This is truly surprising: it would not work for a small drop containing 
only few hundreds of water molecules! 

What exactly sQGP is we start to understand only now. A lot of experience with two other strongly 
coupled systems was emphasized in this summary: those are (i) ultra-cold trapped cold atoms in a large 
scattering length regime; and (ii) the N =4 supersymmetric Yang-Mills theory, or CFT. Both show that 
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Figure 9: (a) The lines show twice the effective masses for quarks and gluons versus temperature T/Tc. 
Note that for T < 3Tc Mq > Mg.  Circles and squares indicate estimated masses of the pion-like and 
rho-like ijq bound states, while the crosses stand for all colored states. (b) Pressure (in units of that 
for a gas of massless and noninteracting quasiparticles) versus the temperature TIT,. The crosses 
correspond to the N f  = 2 lattice results, from Fig.l(a). The lower solid curve is the contribution of 
unbound quasiparticles, the upper includes also that of all bound states. Squares are for the pion-like 
and rho-like qq bound states combined, and circles for all the colored bound states. 

strong coupling does indeed lead to a hydrodynamical behavior and small viscosity. Both teach us a 
lesson, that small deviation of EoS from ideal gas does not really mean the matter is weakly interacting. 
Both show that resonances between bound and unbound states seem to play a key role in hydro flow. 

The next notable theoretical achievement is that quantitative predictions of lattice QCD, on Tc 
value, the magnitude of the “latent heat” and also overall EoS were justified by data. Together with 
hydrodynamics (and details like knowledge of the initial shape of the overlap region and final freezeout 
conditions) it provided essentially parameter free theory, which was exactly on the mark as far as all 
flows (spectra) are concerned. (I think the remaining discrepancies with HBT radii will be worked out.) 

There are plenty of other open questions and even known experimental puzzles. Is charm floating 
with all other flavors, or not? What happens with charmonium, is it enhanced or depleted? Why are 
there so many baryons at pt  = 2 - 5 GeV? Why the ellipticity is so large even at very large pt - lOGeV? 
Can we see some of the bound states in sQGP in a dilepton signal? What role the bound state play in 
jet quenching? 

And a super-question is: which part of what we have learned at RHIC would still be applicable at 
LHC? Will it still be a bang, or not? Stay tuned ... 

- 
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This article reviews (soft) hadronic signals of deconfinement and diral symmetry restoration in 
hot QCD matter in the light of the results from the first three years of the experimental program 
at the Relativistic Heavy Ion Collider. 

I. INTRODUCTION 

Quantum mechanics dictates that even “empty” space 
is not empty, but rather filled with quantum fluctua- 
tions of all possible kinds. In many contexts, such as 
in atomic physics, these vacuum fluctuations are subtle 
effects which can only be observed by precision experi- 
ments. In other situations, especially when interactions 
of sufficient strength are involved, the vacuum fluctua- 
tions can be of substantial magnitude and even “con- 
dense” into a nonvanishing expectation value of some 
quantum field. These vacuum condensates can act as 
a medium [l], which influences the properties of particles 
propagating through it. 

An important example of such a vacuum condensate 
is the Higgs vacuum, which is introduced in the Stan- 
dard Model of particle physics to  generate the masses of 
quarks, leptons, and the gauge bosons of the weak inter- 
action. The vacuum expectation value of the Higgs field, 
(4) = 246 GeV, is uniquely determined in the Standard 
Model; the quark and lepton masses differ from one an- 
other only due to the different strength of the coupling of 
each fermion to the Higgs field. The quark masses receive 
additional contributions from the quark and gluon con- 
densates in the QCD vacuum, which have been measured 
to be: 

(qq) = (235MeV)3, 

(g2GpVGCGV) = (840MeV)4. (1) 

In fact, the contribution of the QCD vacuum condensates 
.to the masses for the three light quwk flavours u,d,s  
considerably exceed the mass believed to be generated 
by the Higgs field see Fig. 1). 

If the vacuum acts as a medium and influences the 
properties of fundamental particles and their interac- 
tions, its properties can conceivably change. This idea 
has important implications in cosmology (inflation [2]) 
and in modern versions of the anthropic cosmological 
principle [3, 41, which invoke the concept of multiple 
universes with different phenomenological properties due 
to the realization of different vacuum states. The most 
promising candidate for the fundamental theory of space- 
time, superstring theory, promises to sustain an almost 
unlimited number of vacuum states [5], lending some cre- 
dence to this concept. These theoretical speculations 
call for an experimental verification of the existence of 
multiple vacuum states and the possibility of transitions 
among them under the influence of external constraints. 
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FIG. 1: Masses of the six quark flavors. The masses generated 
by electroweak symmetry breaking (current quark masses) are 
shown in dark blue; the additional masses of the light quark 
flavors generated by spontaneous chiral symmetry breaking 
in QCD (constituent quark masses) are shown in light yellow. 
Note the logarithmic mass scale. 

Because of the energy scales involved, only the  QCD 
vacuum is amenable to modification at energies accessi- 
ble with present technologies. The Relativistic Heavy Ion 
Collider (RHIC) was built to explore these questions by 
creating conditions in the laboratory under which the 
structure of the QCD vacuum would change amd the 
properties of particles and forces of the strong interac- 
tions would be modified. The beam energy of RHIC 
was chosen to be high enough to generate temperatures 
commensurate with the energy scale of the QCD vacuum 
condensates and thus to d e c t  the structure of the QCD 
vacuum. 

Numerical simulations of lattice QCD predict that a 
dramatic change in the QCD vacuum state occurs around 
the critical temperature T, x 160 MeV, where the quark 
and gluon condensates melt, and the vacuum t+es on 
a simpler structure. The part of the light quark masses 
that is induced by the quark condensate disappears above 
T, and only the much smder  masses generated by the 
electroweak Higgs field remain. The degrees o f  free- 
dom corresponding to independently propagating gluons, 
which are frozen in the normal QCD vacuum, are also lib- 
erated above T,. This pattern is visible in Fig. 2, which 
shows the dramatic jump in the scaled energy density 
4T) /T4 at the critical temperature. 
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FIG. 2: Scaled energy density e/T4 for thermal lattice-QCD 
with two and three light quark flavors and for two light and 
one heavier flavor (from Karsch [47]). 

11. HADRONIC PROBES OF 
DECONFINEMENT 

Which observables allow us to confirm that the pre- 
dicted transformation of the QCD vacuum actually oc- 
curs? Here we focus on signals involving light (u,d,s) 
quarks, the primary constituents of the medium. This 
restriction is not intended to minimize the importance of 
other observables, such as hard probes, covered in differ- 
ent contributions to this volume [7]. In fact, the strong 
quenching of the emission of hadrons at large transverse 
momenta and the existence of a strong (anisotropic) col- 
lective flow are important prerequisites for the apparent 
dominance of quark recombination at momenta of a few 
GeV/c, which will be discussed below. 

Two effects caused by the disappearance of the vac- 
uum condensates stand out: The melting of the quark 
condensate lowers the effective mass of the s-quark from 
about 500 MeV to less than 150 MeV, making it easy 
to create s-quark pairs in copious quantities [%lo]. The 
dissolution of the gluon condensate and the concomitant 
screening of the long-range color force by thermal glu- 
ons allows light quarks to propagate outside of hadronic 
bound states. As the hot quark-gluon plasma (QGP) 
cools, hadrons should form by recombinant emission of 
quark-antiquark pairs (mesons) or color-singlet triplets 
of quarks (baryons) from the surface of the hot medium 
[ll], preserving the collective flow pattern of their par- 
tonic constituents [U]. 

A. Flavor equilibration 

Let us consider these arguments more quantitatively. 
The expectation that the formation of a deconfined 
quark-gluon plasma results in a substantial enhance- 
ment of the production of hadrons carrying strangeness 

is based on a comparison of energy thresholds and rates. 
In a hadronic environment, the energy required t o  ex- 
cite strangeness is about 700 MeV, as in the reaction 
mr + KR,  or about 4Tc. In the QGP, the threshold for 
the dominant reaction gg + sS is about 300 MeV, less 
than 2Tc. Hadronic reactions producing multiply strange 
hadrons, such as the E and s1 hyperons, are thus pre- 
dicted to be slow under thermal equilibrium conditions 
and not leading to hadrochemical equilibrium within the 
time available in a heavy-ion reaction [13]. On the other 
hand, flavor equilibrium among u, d, s quarks is predicted 
to develop within a QGP on the available time scales [8]. 
Hadrons containing any number of strange quarks should, 
therefore, be produced in equilibrium abundances when 
a QGP is formed. 

The prediction of a strong enhancement of the pro- 
duction of multi-strange baryons and antibaryons is in- 
dependent of the details of the hadronization model, al- 
though the quantitative predictions for individual hadron 
yields may differ slightly [lo, 14-17]. Extensive studies 
of final state effects on the chemical composition of the 
emitted hadrons have concluded that the abundances of 
multi-strange baryons are only slightly affected by in- 
elastic rescattering [18]. The consistency of this scenario 
was confirmed recently once more in a systematic study of 
baryon pair production based on model independent rate 
equations, which showed that a strong enhancement of 
multi-strange baryon production requires the assumption 
of flavor equilibrium already at the start of the hadronic 
phase evolution [19, 201. 

It is important to distinguish the chemical equilibrium 
distribution attained in a deconhed plasma phase from 
the statistical distribution of hadrons produced in e'e- 
or p+p reactions[21-231. In those reactions, the produc- 
tion of hadrons carrying strange quarks is systematically 
suppressed. Although this phenomenon can be explained 
as an effect of flavor conservation in a small volume of 
hadronic size, it is precisely the disappearance of this 
suppression in heavy-ion collisions, corresponding to the 
transition from a canonical ensemble to a macrocanoni- 
cal one, which is the signature of the creation of locally 
deconfined QCD matter. 

The observation of a strong enhancement of multi- 
strange baryon and antibaryon emission in P b + P b  colli- 
sions by experiment WA97 [24] formed an important pil- 
lar of-the claim that evidence for a new state of matter 
had been found at the CERN-SPS [25]. The results were 
confirmed and extended to lower beam energies in recent 
years by the NA57 collaboration [26]. The conclusion 
that a deconfined phase is formed under the conditions 
created by PbfPb collisions at CERN-SPS energies is 
also supported by a recent comprehensive analysis of the 
data for several relevant observables in the framework of 
a schematic, but realistic model of the space-time evolu- 
tion of the collisions [27]. 

As impressive as these results are, the evidence remains 
indirect and relies on the argument that a hadrochemical 
equilibrium cannot be established by interactions among 
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hadrons with confined quarks. The higher beam ener- 
gies available at RHIC have made it possible to explore 
regions of phase space where the formation of hadrons 
from recombining quarks can be directly observed and 
the partonic origin of their collective flow pattern can be 
established. It is important to recognize that, in contrast 
to the strangeness enhancement itself, these phenomena 
were not quantitatively predicted before the observations 
were made. However, I will argue that the theoretical 
arguments, even if they were developed under the moti- 
vation of the first experimental results from RHIC, are 
sufficiently robust to provide compelling evidence for the 
formation of a deconhed quark phase, as more complete 
and statistically precise data are becoming available. 

B. Quark recombination 

Let us begin with a discussion of quark recombina.tion 
(see Fig. 3a). The statistical coalescence of two or more 
particles to form a bound state is a widely used concept, 
which remains somewhat murky in many cases for two 
reasons. First, the formation of a bound state requires 
that either at least one of the two particles is off-shell 
or that another particle carries away the surplus energy. 
Second, the implicit reduction in the number of degrees 

I 

ofJ freedom during coalescence tends to conflict with the 
second law of thermodynamics, which dictates that  the 
entropy cannot decrease. Fortunately, there are regions 
of phase space - hadrons emitted with highly epithermal 
momenta - where these concerns do not constitute seri- 
ous obstacles. Hadrons emitted with a high momentum 
make an almost instantaneous transition from t h e  dense 
medium into the surrounding vacuum. Another way to 
state this is to say that - observed from the f a s t  moving 
hadron - the radiating surface appears highly Lorentz 
contracted and thus thin on a hadronic length scale. 
Energy conservation is therefore not an important con- 
straint on the recombination process. Moreover, at high 
transverse momentum, the masses of quarks and hadrons 
can be neglected in iirst approximation with corrections 
of order O(rn2/&) << 1. And finally, fast hadrons con- 
stitute only a very small fraction of all emitted particles, 
thus limiting possible violations of the second l a w  of ther- 
modynamics. 

Denoting the quark phase-space distribution b y  wa (p) 
(here Q denotes color, flavor, and spin degrees of free- 
dom) and employing light-cone coordinates along the di- 
rection of the emitted hadron, instantaneous recombina- 
tion predicts the following meson and baryon spectra, 
respectively [28]: 

Here C stands for the freeze-out hypersurface, up for the collective flow velocity of the partonic matter, and capital 
letters P denote hadron coordinates. For a thermal parton distribution, w(p) = exp(p - u/T) ,  the partonic factors in 
both equations combine to a single thermal distribution for the hadron, w(P+). In this case the integrations over the 
momentum fractions x, x' become trivial, and the end result is independent of the details of the hadron wavefunction 
4. The prediction is that hadrons are emitted in thermal and chemical equilibrium abundances and acquire the 
collective radial flow velocity of the quarks. In fact, one can argue that the recombination mechanism provides the 
justification for applying the statistical model to describe ratios of hadron yields at up to momenta of several GeV/c. 

In the absence of a thermal medium, energetic hadrons are created by the fragmentation of a fast quark or gluons 
(see Fig. 3b). This mechanism predicts a hadron spectrum of the form 

I 

where z < 1 denotes the momentum fraction carried 
by the hadron. It is easily shown that for large values 
of the momentum P+ recombination always wins over 
fragmentation in the case of an exponentially falling mo- 
mentum distribution, because w(P+/z )  falls off faster 
than w(P+).  On the other hand, fragmentation asymp- 

totically dominates over recombination, when t h e  par- 
ton distribution obeys a power law as it is always the 
case in QCD at sufficiently large momentum. In rela- 
tivistic heavy ion collisions the power law tail is sup- 
pressed (in central Au+Au collisions at FtHIC b y  about 
a factor 5) due to the energy loss of fast par tons dur- 

- 
83 



4 

C. Collective flow of quarks 

4 

FIG. 3: (a) Left panel Mesons and baryons formation by 
recombination of quarks and/or antiquarks from a thermal, 
deconfined medium predicts a baryon/meson ratio of order 
unity. (b) Right panel Hadron production by fragmentation 
of aa energetic parton favors meson over baryon production. 

7 --. 
To PHENIX o-io% cent. 

- 9 -  Recombination (I?) 
I I * * I I  Fragmentation (F) - Reco+Frag (R+F) 

2 4 6  8 10 12 
PT (GeV) 

FIG. 4: Spectrum of pions emitted in central Au+Au colli- 
sions at RHIC for fi = 200 GeV. The contributions from 
recombination and fragmentation are shown separately, to- 
gether with the data from the PHEKIX collaboration (from . 
[281). 

ing their passage through the hot, dense matter. This 
mechanism delays the dominance of fragmentation over 
recombination to rather large transverse momenta, about 
4 GeV/c for mesons and 6 GeV/c for baryons. This is il- 
lustrated in Fig. 4, which shows the two contributions to 
the pion spectrum in central Au+Au collisions at RHIC 
separately, together with the PHENIX data. 

When the radial flow velocity of the QGP exhibits 
an azimuthal anisotropy, as in noncentral collisions of 
two nuclei, this anisotropy becomes imprinted on the 
hadrons formed by quark recombination. If the quark 
flow anisotropy has the form [ 1 + vz (p) cos 2qp], where 'pp 
is the emission angle with respect to the collision plane 
and v2(p) the so-called elliptic flow velocity, the elliptic 
flow parameter for a meson or baryon is (in the usual 
case where 02 << 1): 

viM'(P) = v2(2P) + 1)2((1 - s)P) ,  
ViB'(P) = v2(zP) + 1)2(z'P) + v2((1- 5 - s')P). 

(5 )  

In the limiting case of equal momentum fractions carried 
by the constituent quarks these relations simplify to [12, 
28, 291 

' M ' ( P )  M 2v2(P/2), 
ViB'(P) M 3v2(P/3). 
v2 

In the hydrodynamic regime, where the flow anisa-:opy 
grows roughly linearly with the momentum, V Z ~ )  = ap,  
the scaling factors cancel, and mesons and baryons ex- 
hibit an equal vz at the same momentum. At large trans- 
verse momentum, however, where the anisotropy is lim- 
ited by transparency effects, this is no longer the case, 
and a collective anisotropic flow carried by quarks can 
be distinguished from one carried by a hadronic fluid. 
Final state effects on the elliptic flow in the  hadronic 
phase have been shown to  be small [30]. 

D. Unified descriptions 

These considerations based on general principles can 
be extended in several ways to cover a wider range of 
hadron momenta [31]. By choosing the medium rest 
frame instead of the light-cone frame of the emitted 
hadron, one can obtain a more traditional coalescence 
model description of the hadron spectrum down to p~ = 
0 [32]. The price one pays for this extended coverage is 
the need to make specific assumptions about &he internal 
wavefunction of the emitted hadrons, which are by ne- 
cessity simplistic. A virtue of this approach is that one 
can incorporate final-state decays of unstable hadrons, 
such as the p-meson, which help to resolve the entropy 
problem a.nd improve the description of pion spectra, es- 
pecially at small momenta 1331. Effects due to hadron 
masses can also be treated more consistently in such mod- 
els. 

Another extension concerns the treatment of fiagmen- 
tation processes. In the presence of a medium, a fast 
parton may form a hadron by picking up one or more 
constituents from the medium. This process has been 
called fast-slow recombination [32]. Depending on the 
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hadron wavefunction, it may contribute to hadron emis- 
sion up to  quite large transverse momenta extending into 
the 6 - 8 GeV/c range. Alternatively, one can consider 
the process of hadron formation via fragmentation also as 
a recombination process acting on a primary distribution 
of fragmented shower partons [34, 351. This approach 
gives a microscopic description of the fragmentation func- 
tions Da+h(z), allowing one to extend the calculation 
consistently, albeit model dependently, to hadron pro- 
duction by recombination involving partons from a ther- 
mal medium [36]. This model predicts a large baryon- 
to-meson ratio in the pT-range of 3 - 8 GeV/c, where 
the mixed recombination of thermal and shower partons 
dominates. This approach is also aplicable to hadron pro- 
duction in p+p and d+Au collisions, where it provides 
an explanation for the differences in the Cronin effect 
observed for mesons and baryons [37]. 

E. Principal signatures 

These considerations suggest severd critical signatures 
of the formation of a thermal quark-gluon plasma accom- 
panied by a structural change in the QCD vacuum: 

0 Hadrons containing any number of strange quarks 
should be produced in near equilibrium abun- 
dances; 

0 Hadrons created by recombination of moderately 
energetic quarks should form the dominant mode of 
hadron emission at low and intermediate momenta; 

0 Baryons should be produced as abundantly as 
mesons at intermediate transverse momenta; 

0 The collective flow patterns of the emitted hadrons 
should reflect the collective flow of their constituent 
quarks. 

As we will discuss in the next section, these characteristic 
phenomena have been observed in Au+Au collisions at 
RHIC. 

111. RESULTS FROM RHIC 

Fig. 5 shows that hadrons containing any number of 
s-quarks are produced according to the expectation that 
a chemically equilibrated quark-gluon plasma converts 
into hadrons maintaining flavor equilibrium near the crit- 
ical temperature. The value deduced from the data 
(Tch = 177 MeV [38]) is equal to Tc within the present 
theoretical uncertainties. There exist significant devia- 
tions from the predicted equilibrium abundances for some 
short-lived hadronic resonances, such as the A (1232), 
K*,  and the A(1520). These deviations can be quali- 
tatively understood as final state effects due to medium 
modifications of the resonance spectral function or ab- 
sorption and regeneration effects [39]. 

h 

m 3 -2 

Q, - 4  
FIG. 5: Comparison of the ratios of observed yields of various 
hadrons at midrapidity in AufAu collisions at RHIC with the 
ratios predicted in a thermal and chemical equilibrium model 
(from STAR). 

The apparent lack of a nuclear suppression of protons 
[40] and A-hyperons [4l] in Au+Au collisions in the trans- 
verse momentum range 2 - 4 GeV/c, where pions are al- 
ready suppressed by a factor 4 - 5, came as a surprise. 
The measurements have been extended to o ther  identi- 
fied mesons and baryons, including the 4 and the 8 (see 
Fig. 6) ,  confirming the baryon-meson dichotomy which is 
a generic feature of the recombination mechanism. The 
observed onset of nuclear suppression for the baryons be- 
tween 4 and 6 GeV/c is in excellent agreement with the 
predictions by the Duke and Texas A&M models (see 
Fig. 7) and reflects the transition from a recombination 
dominated to a fragmentation dominated hadronization 
regime. The fall-off of the baryon/meson ratio at small 
p~ (see Fig. 7a) is due to mass effects. 

Measurements of the flow patterns of the emitted 
hadrons provide essential additional evidence for the hy- 
pothesis that they are created directly from a phase 
of unconfined quarks and antiquarks. The experiment 
makes use of the fact that the region of heated vacuum 
in semiperipheral collisions between two nuclei is almond- 
shaped and thus sustains anisotropic pressure gradients. 
In the hydrodynamic limit this leads to an anisotropic ex- 
pansion pattern called “elliptic flow” [44], which is char- 
acterized by the parameter 712. As already mentioned, the 
flow anisotropy is an increasing function of the momen- 
tum of the emitted particle in the hydrodynamic regime 
and saturates when transparency effects set in at large 
transverse momenta. 
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FIG. 6: Nuclear suppression observed in central (compared 
with peripheral) Au+Au collisions for various hadrons. (a) 
Upper panel: STAR 1421; (b) lower panel: PHENIX [43]. 

The RHIC experiments have confirmed this expected 
behavior, but found that it varies sustantially from one 
hadron species to another (see Fig. Sa). However, when 
the constituent rescaling (6) is applied to these data, the 
flow patterns are found to collapse onto a common line 
(see Fig. 8b), suggesting that one observes the flow pat- 
tern of individual quarks, which coalesce into hadrons 
only at the end of the expansion [45]. The onset of satu- 
ration at a quark momentum p~ M 1 GeV/c is consistent 
with the transition between recombination and fragmen- 
tation observed in the baryon/meson ratios. The differ- 
ent behavior of mesons and baryons is characteristic of 
the quark recombination mechanism and reproduced in 
all model calculations [32, 461 (see Fig. 9). 

IV. SUMMARY AND OUTLOOK 

Experiments with relativistic heavy ions are allowing 
us, for the first time, to verify that a vacuum state 
can be modified under extreme conditions, causing dra- 
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0.8 
2 8 0.6 
0 

0.4 

v 

U 

P 2 0.2 

0.0 
2 3 4 5 6 7 8 9 1 0  

PT ( G W  

FIG. 7: Baryon enhancement as function of transverse m u  
mentum predicted by two different recombination models, in 
comparison with R;HIC data. (a) Upper panel: Texas A&M 
model for p/n. (b) Lower panel: Nuclear suppression of A- 
hyperons and kaons in the Duke model. 

matic changes in the properties of fundamental particles 
(quarks) and the strong forces among them- Hadrons 
emerging by recombination of the constituents of the 
hot QCD medium provide evidence for its flavor chemi- 
cal equilibration and the deconfinement of (constituent) 
quarks. While flavor equilibration was already observed 
in experiments at the CERN-SPS, the characteristic mo- 
mentum dependence of the baryon/meson ratios and the 
anisotropic collective flow patterns of hadrons have been 
observed at RHIC for the first time. Both features are 
model independent predictions of the quark recombma- 
tion mechanism in a kinematic range where general ar- 
guments about the dominance of recombination apply - 
if, and only if, a thermally and chemically equilibrated 
quark plasma hadronizes. 

The present data and their theoretical descriptions 
leave a number of important questions unaddressed. One 
concerns two-body correlations among energetic hadrons. 
Recombination from a purely thermal medium only al- 
lows for quantum (HBT) correlations among hadrons, 
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FIG. 8: (a) Upper panel Elliptic flow parameter 212 measured 
for various strange hadrons as function of transverse momen- 
tum p~ (STAR data). (b) Lower panel: Same data, but plot- 
ted in the scaled variables vzln and pT/n, where n = 2,3 is 
the number of constituent quarks in a hadron. 

but there is clear evidence in the data for the persistence 
of jet-like correlations into the kinematic regime where 
the recombination mechanism is thought to dominate. 
One explanation could be that these correlations are ves- 
tiges of the recombination of thermal and shower partons. 
Another explanation could be that the assumption of a 
completely thermal medium is a simplification, and that 
two-parton correlations become increasingly important 
with increasing PT. These two explanations are likely 
just two faces of the same mechanism, because correla- 
tions among partons are probably caused by interactions 
of an energetic parton with constituents of the medium. 

Another important puzzle is the apparent absence of 
gluonic degrees of freedom in the recombination mecha- 

0.3 1 O K o  

0 1 2  3 4 5 6 7 8 9 1 0  

FIG. 9: Elliptic flow parameter vz as function of transverse 
momentum P)T together with the STAR data. (a) Upper 
panel: Kaons and A hyperons (Greco et al. [32]). (b) Lower 
panel: Kaons, E and C? hyperons (Nonaka et al. [46]). 

nism. Does this indicate that gluons disappear as inde- 
pendent degrees of freedom as the plasma approaches the 
critical temperature from above? The precipitous drop 
in the Debye screening mass of a thermal plasma found 
in (quenched) lattice-QCD simulations near, but above 
T, (see Fig. 8 of [47]) would suggest that this is, indeed, 
the case. One way to explain the absence of gluons is 
to argue that they fragment into quark-antiquark pairs 
prior to recombination [35]. 

The presence of strong dynamicd correlations (clus- 
tering) among the constituents of the medium prior to 
hadronization, as suggested by theoretical considerations 
[48], would certainly serve to enhance the probability of 
recombination. This would be similar as the preforma- 
tion of four-nucleon clusters facilitating the a-particle de- 
cay of heavy nuclei [49]. 
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Recent observation of high-pT hadron spectra suppression and mono-jet production in central 
AU + Au collisions and their absence in d + Au collisions at RHIC have confirmed the long pre- 
dicted phenomenon of jet quenching in high-energy heavy-ion collisions. Detailed analyses of the 
experimental data also show parton energy loss as the mechanism for the discovered jet quenching. 
Using a pQCD parton model that incorporates medium modified parton fragmentation functions 
and comparing to experimental data from deeply inelastic scattering off nuclei, one can conclude 
that the initial gluon (energy) density of the hot matter produced in central Au + Au collisions that 
causes jet quenching at RHIC is about 30 (100) times higher than in a cold Au nucleus. Combined 
with data on bulk and collective properties of the hot matter, the obsemed jet quenching provides 
strong evidence €or the formation of a strongly interacting quark gluon plasma in central Au + Au 
collisions at RHIC. 

I. INTRODUCTION 

In the last three years, since the physics opera- 
tion of the Relativistic Heavy-ion Collider (RHIC) at 
Brookhaven National Laboratory (BNL), one has wit- 
nessed tremendous progress in heavy-ion experimental 
physics and many milestones in the search for the elusive 
quark gluon plasma (QGP) that is expected to be formed 
in high-energy heavy-ion collisions. One of the most ex- 
citing phenomena observed at RHIC is jet quenching, 
or suppression of leading hadrons from fragmentation of 
hard partons due to their strong interaction with the 
dense medium. Such a phenomenon was long predicted 
by a pQCD-based model calculation [l], but was not seen 
in high-energy heavy-ion collisions until the first mea- 
surements in central Au+Au collisions at 4 = 130 GeV 
at RHIC [2,3]. The azimuthal distribution of high p~ 
hadrons was also found to display large anisotropy with 
respect to the reaction planes [4] of non-central Au + Au 
collisions which was expected to be caused by the path- 
length dependence of jet quenching [5,6]. 

The measurements were confirmed and further ex- 
tended to a larger p~ range in Au + Au collisions at 

= 200 GeV, and the suppression was found to have 
a weak pT-dependence at p~ > 6 GeV/c [7,8], indepen- 
dent of hadron species. At the same time, the back- 
side high-pT two-hadron correlation in azimuthal angle, 
characteriptic of high-pT back-to-back jets in p + p colli- 
sions, was found to disappear in central Au+Au collisions 
[9], confirming the predicted mono-jet phenomenon of jet 
quenching [lo]. 

The final milestone in the experimental discovery of 
jet quenching was achieved during the third year of the 
RHIC physics program, when both the single-hadron 
spectra [ll-131 and the disappearance of away-side two- 
hadron correlation I121 were found to be absent in the 
same central rapidity region of d + Au collisions at 
f i  = 200 GeV. These d + AZL results prove that the ob- 
served high-pT suppression patterns in Au+Au collisions 

are not initial state effects encoded in the wavefunction 
of a beam nucleus, but are jet quenching caused by fi- 
nal state interaction of hard partons with the produced 
dense medium. 

Following these three major experimental results, ad- 
ditional data-such as the dependence of away-side s u p  
pression on the azimuthal angle relative to the reaction 
plane [14], modification of the hadron distributions (frag- 
mentation functions) both along and opposite the direc- 
tion of the triggered high-pT hadron [15], and absence of 
suppression in the direct photon spectra [E] in Au + Au 
collisions-have now solidified the conclusion that the 
observed jet quenching is camused by parton multiple scat- 
tering and energy loss in the hot and dense niedium, 
Furthermore, the splitting of baryon and meson spec- 
tra suppression and azimuthaJ anisotropy in the interme- 
diate p~ < 6 GeV/c region [17-191 also point to non- 
trivial medium modification of hadronization that is in- 
dicative of dense partonic matter. Such a wealth of data 
affords one a quantitative phenomenological analysis of 
jet quenching and a tomographical picture of the hot and 
dense matter formed in heavy-ion collisions at RHIC. 

In this report, we will first briefly review the recent 
progress in pQCD study of parton multiple scattering 
and induced radiative energy loss in a dense medium. 
Combining this with the pQCD parton model of high- 

je?, and hadron production, one can analyze the ob- 
served jet quenching phenomena to extract properties of 
the dense matter produced. One can combine the de- 
duced properties with other information from analyses 
of bulk particle spectra such as collective flow and total 
multiplicity and energy production to present a collection 
of compelling evidence for the existence of a strongly in- 
teracting quark gluon plasma in Au + Au collisions at 
RHIC. However, we will focus in this report only on the 
analysis of jet quenching data and the properties of the 
dense matter one can extract from these data. 



11. PARTON ENERGY LOSS 

One important step in establishing evidence of QGP 
formation is to characterize the properties of the pro- 
duced dense medium, for example, the parton and en- 
ergy density and current-current correlations, among 
many other characteristics. Traditionally, one can study 
the properties of a medium via scattering experiments 
with particles. In deeply inelastic scattering (DIS) ex- 
periments, for example, leptons scatter off the nucleon 
medium via photon exchange. The response function or 
the correlation function of the electromagnetic currents 
$ 3 4  = E, eq4,(4-Y,11,(4, 

1 wpV(q) = / d 4 z e " ~ . ' ( ~  I j ~ ~ o > j ~ ~ x )  I A),  (1) 

is a direct measurement of the quark distributions in a 
nucleon or nucleus. For a dynanlic system in heavy-ion 
collisions, one can no longer use the technique of scatter- 
ing with an external beam of particles in the conventional 
sense because of the transient nature of the matter. The 
lifetime of the system is very short, on the order of a 
few fm/c. The initial spatial size is only the size of the 
colliding nuclei, about 6 fm in diameter in the transverse 
dimension for the heaviest nuclei. The system expands 
very rapidly both in the longitudinal and the transverse 
direction. These characteristics make it impossible to use 
external probes to study the properties of the produced 
dense matter in high-energy heavy-ion collisions. One 
has to resort to internal probes such as the electromag- 
netic emission from the dynamic medium, whose rate is 
given by the thermal average of the above correlation 
function. The emission rate depends mainly on the local 
temperature or the parton density while the total yield 
also depends on the whole evolution history of the sys- 
tem. Therefore, a strongly interacting system can reveal 
its properties and dynanlics through photon and dilep- 
ton emission. The same medium interaction should also 
cause attenuation of fast and energetic partons propagat- 
ing through the medium. Such an effect is the underlying 
physics of the jet quenching [20,21] phenomenon and jet 
tomography technique for studying properties of dense 
matter in high-energy heavy-ion collisions. 

Jet, quenching as a probe of the dense matter in heavy- 
ion collisions takes advantage of the hard processes of jet 
production in high-energy heavy-ion collisions. Because 
large-prr partons are produced very early in heavy-ion 
collisions, they can probe the early stage of the formed 
dense medium. Sinlilar to the technology of computed 
tomography (CT), the study of these energetic particles, 
their initial production and interaction with the dense 
medium can yield critical information about the proper- 
ties of the medium that is otherwise difficult to access 
through soft hadrons from the hadronization of the bulk 
matter. Though relatively rare with small cross sections, 
the jet production rate can be calculated perturbatively 
in QCD and agrees well with experimental measurements 
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in high-energy p + p ( p )  collisions. A critical component 
of the jet tomography is then to understand the jet's at- 
tenuation through dense matter a.s it propagates through 
the medium. 

There have been many theoretical studies [22-241 of jet 
attenuation in a hot medium in recent years. The first 
attempt was by Bjorken [20] to calculate elastic energy 
loss of a parton via elastic scattering in the hot medium. 
A simple estimate can be given by the thermal averaged 
energy transfer vel M &/2w of the jet parton to  a ther- 
mal parton, with energy w ,  and qL the transverse nio- 
mentum transfer of the elastic scattering. The resultant 
elastic energy loss [25] 

is sensitive to the temperature of the thermal medium but 
is small compared to radiative energy loss. Here, p is the 
Debye screening mass and C2 is the Casimir coefficient of 
the propagating parton in its fundamental presentation. 
The elastic energy loss can also be calculated within fi- 
nite temperature field theory of QCD [26] with a more 
careful and consistent treatment of the Debye screening 
effect. 

Though there had been estimates of the radiative par- 
ton energy loss using the uncertainty principle [27], the 
first theoretical study of QCD radiative parton energy 
loss incorporating Landau-Pomeranchuk-Migdal interfer- 
ence effect [28] is by Gyulassy and Wang [29] where mul- 
tiple parton scattering is modeled by a screened Coulomb 
potential model. Baier et al. (BDMPS) [30] later consid- 
ered the effect of gluon rescattering which trurned out to 
be very important for gluon radiation induced by multi- 
ple scattering in a dense medium. These two studies have 
ushered in many recent works on the subject, including a 
path integral approach to the problem [31], twist [32] or 
opacity expansion framework [33,34] which is more suit- 
able for multiple parton scattering in a fieite system. The 
radiative parton energy loss in the leading order of the 
twist or opacity expansion was found to have a simple 
form [33] 

(3) 

for an energetic parton (E >> p)  in a static medium, 
where X is the gluon's mean free path in the medium. The 
unique Edependence of the parton energy loss, which 
was first discovered by BDMPS [30] is a consequence 
of the non-Abelian LMP interference effect in a QCD 
medium. In a dynamic system the total energy loss was 
found [6,35,36] to be proportional to a line integral of the 
gluon density along the parton propagation path. 

Since gluons are bosons, there should also be stim- 
ulated gluon emission and absorption by the propagat- 
ing parton in the presence of thermal gluons in the hot 
medium. Such detailed balance is crucial for parton ther- 
malization and should also be important for calculating 



the energy loss of an energetic parton in a hot medium. 
Taking into account such detailed balance in gluon emis- 
sion, Wang and Wang [37] obtained an asymptotic behav- 
ior of the effective energy loss in the opacity expansion 
framework, 

where the first term is from the induced bremsstrahlung 
and the second is due to gluon absorption in detailed 
balance, which effectively reduces the total parton en- 
ergy loss in the medium. Though the effect of detailed 
balance is small at large energy ( E  >> p), it changes the 
effective energy dependence of the energy loss in the in- 
termediate energy region. 

111. MODIFIED FRAGMENTATION FUNCTION 

Because of color confinement in the vacuum, one can 
never separate hadrons fragmenting from the leading par- 
ton and particles materializing from the radiated gluons. 
The total energy in the conventionally defined jet cone 
in principle should not change due to induced radiation, 
assuming that most of the energy carried by radiative glu- 
ons remains inside the jet cone [38]. Additional rescatter- 
ing of the emitted gluon with the medium could broaden 
the jet cone significantly, thus reducing the energy in a 
fixed cone. However, fluctuation of the underlying back- 
ground in high-energy heavy-ion collisions makes it very 
difficult, if not impossible, to determine the energy of a 
jet on an event-by-event base with sufficient precision to 
discern a finite energy loss of the order of 10 GeV. Since 
high-prr hadrons in hadronic and nuclear collisions come 
from fragmentation of high-pT jets, energy loss naturally 
leads to suppression of high-pT hadron spectra. This was 
why Gyulassy and Wang proposed [l] to measure the sup- 
pression of high-pl. hadrons to study parton energy loss 
in heavy-ion collisions. 

Since parton energy loss effectively slows down the 
leading parton in a jet, a direct maqifestation of jet 
quenching is the modification of the jet fragmentation 
function, Da-rh(Z, p2), which can be measured directly 
in events in which one can identify the jet via a com- 
panion particle like a direct photon [39] or a triggered 
high PT hadron. This modification can be directly trans- 
lated into the energy loss of the leading parton. Since 
inclusive hadron spectra are a convolution of the jet pro- 
duction cross section and the jet fragmentation function 
in pQCD, the suppression of inclusive high-prr hadron 
spectra is a direct consequence of the medium modifica- 
tion of the jet fragmentation function caused by parton 
energy loss. 

Since a jet parton is always produced via a hard pro- 
cess involving a large momentum scale, it should also 
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have final state radiation with and without rescatter- 
ing, leading to the DGLAP evolution of fragmentation 
functions. Such final state radiation effectively acts as a 
self-quenching mechanism, softening the leading hadron 
distribution. This process is quite similar to the induced 
gluon radiation and the two should have a strong interfer- 
ence effect. It is therefore natural to study jet quenching 
and modified fragmentation functions in the framework 
of modified DGLAP evolution eauations in a medium 

To demonstrate medium modified fragmentation func- 
tion and parton energy loss, we review here the twist 
expansion approach in the study of deeply inelastic scat- 
tering (DIS) eA [32,40]. While the results can be readily 
extended to the case of a hot medium, they also provide 
a baseline for comparison to parton energy loss in cold 
nuclei. 

In the parton model with the collinear factorization a p  
proximation, the leading-twist contribution to the semi- 
inclusive cross section can be factorized into a product of 
parton distributions, parton fragmentation functions and 
the hard partonic cross section. Including all leading log 
radiative corrections, the lowest order contribution from 
a single hard y* i- q scattering can be written as 

1321. 

where H$?(z,p,q) is the hard part of the process in 
leading order, !h the observed hadron momentum, p = 
[p+, 0, OL] the momentum per nucleon in the nucleus, 
q = [-Q2/2q-, q-, OL] the momentum transfer carried 
by the virtual photon. In the chosen frame, q- is the 
quark momentum transferred from the virtual photon. 
The momentum fraction carried by the hadron is defined 
as zh = t?h/q- and z = XB = Q2/2p+q- is the Bjorken 
variable. p: and p2 are the factorization scales for the 
initial quark distributions f,”(x, p!) in a nucleus and the 
fragmentation functions Dq+.h(zh, p2),  respectively. 

In a nuclear medium, the propagating quark in DIS 
will experience additional scattering with other partons 
from the nucleus. The rescatterings may induce addi- 
tional gluon radiation and cause the leading quark to 
lose energy. Such induced gluon radiations will effectively 
give rise to additional terms in a DGLAP-like evolution 
equation leading to the modification of the fragmentation 
functions in a medium. These are the so-called higher- 
twist corrections since they involve higher-twist parton 
matrix elements and are power-suppressed. The leading 
contributions involve two-parton correlations from two 
different nucleons inside the nucleus. 

One can apply the generalized factorization [41] to 
these multiple scattering processes. In this approxima- 
tion, the double scattering contribution to radiative cor- 
rection can be calculated and the effective modified frag- 
mentation function is [32] 
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[AY,-,g(Z, $ ,XL,  Q 7 + h ( Z h / 4  

+ AYq-.gq(z,z,zL, &)Dg--th(zh/~)] 9 (5) 

in much the same form as the DGLAP correction in 
vacuum, where Dq+h(zh, p2) and Dg-.h(z/t,p2) are the 
leading-twist quark and gluon kagmentation functions. 
The modified splitting functions are given as 

AYq-+gq(~,W2A$> = A?,-+,g(1 - w w L , G 4 .  (7) 

Here, the fractional momentum x = XB is carried by the 
initial quark and XL = l$/2p+q-z(l-z) is the additional 
momentum fraction carried either by the quark or gluon 
in the secondary scattering that is required for induced 
gluon radiation. The twisbfour parton matrix element of 
the nucleus, 

Z 
FIG. 1. Predicted nuclear modification of the jet fragmen- 

tation functions compared to the HERMES data [43] on ratios 
of hadron distributions between A and d targets in DIS. 

elements of the nucleus to the twist-two parton distribu- 
tions of nucleons and the nucleus, 

(9) 

where E = 2 C x ~ f f ( x ~ )  is considered a constant. One 
can identify l / z ~ p +  = 2q-z(l- z ) / l $  as the formation 
time of the emitted gluons. In the limit of collinear radi- 
ation (XL i 0) or when the formation time of the gluon 
radiation is much larger than the nuclear size, the above 
matrix element vanishes, demonstrating a typical LPM 
interference effect. 

Since the LPM interference suppresses gluon radia- 
tion whose formation time ( ~ f  N Q2/l+p+) is larger 
than the nuclear size M R A / ~ +  (here in the infinite mo- 
mentum kame), l?$ should then have a minimum value 
of 4% N Q 2 / M R ~  N Q2/A113. Therefore, the leading 
higher-twist contribution is proportional to QsRA/l?+ N 

a,Ri/Q2 due to double scattering and depends quadrat- 
ically on the nuclear size RA. 

With the assumption of the factorized form of the 
twist-4 nuclear parton matrices, there is only one free 
parameter Z(Q2) which represents quark-gluon correla- 
tion strength inside nuclei. Once it is fked, one can pre- 
dict the z, energy and nuclear dependence of the medium 
modification of the fragmentation function. Shown in 
Fig. 1 are the calculated [35] nuclear modification factor 
of the fragmentation functions for 14N and 84Kr targets 
as compared to the recent HERMES data [43]. The pre- 
dicted shape of the z-dependence agrees well with the ex- 
perimental data. A remarkable feature of the prediction 
is the quadratic A213 nuclear size dependence, which is 
verified for the first; time by an experiment. By fitting the 
overall suppression for one nuclear target, one obtains the 
only parameter in the calculation, E(Q2) = 0.0060 G e v  
with as(Q2) = 0.33 at Q2 w 3 GeV2. The predicted 
energy (v) dependence also agrees with the experimen- 
tal data as shown in Fig. 2. Note that the suppression 
goes away as the quark energy increases. This is in sharp 
contrast to the jet quenching in heavy-ion collisions. 

Averaged over a Gaussian nuclear distribution, the in- 
terference will produce a factor 1 - e - x L / s A  with X A  = 
1/MRA. Here RA is the nuclear size and M is the 
nucleon mass. Using the factorization approximation 
[32,41,42], one can relate the twist-four parton matrix 

2 2  

0.7 MKr HERMES (Preliminary) 
0.65 6 '  * * I I * I * * * I '  ' I  I '  * I I ' I ' " " ' I '  ' ' 

8 10 12 14 16 18 20 22 24 
I/ (GeV) 

FIG. 2. Energy dependence of the nuclear modification 
compared with the HERMES data [43]. 
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One can quantify the modification of the fragmenta- 
tion by the quark energy loss which is defined as the 
momentum fraction carried by the radiated gluon, 

where x/, = p2/2p+q-z(l - z )  = Z B / Z ( ~  - z) if the fac- 
torization scale is set as p2 = Q2.' When X A  << Z E  << 1 
the leading quark energy loss is approximately 

Since X A  = 1/MRA, the energy loss (Az,) thus depends 
quadratically on the nuclear size. 

In the rest frame of the nucleus, p+ = M ,  q- = 
v, and X B  Q2/2p+q- = Q2/2Mu. One can get 
the averaged total energy loss as AE = v(Azg) M 
~(Q2)>a~(Q2)MR~(C~/Nc)3  l n ( 1 / 2 ~ ~ ) .  With the deter- 
mined value of e, ( X B )  M 0.124 in the HERMES exper- 
iment [43] and the average distance (LA) = R A ~  
for the assumed Gaussian nuclear distribution, one gets 
the quark energy loss dE/dL M 0.5 GeV/fm inside a Au 
nucleus. 

IV. JET QUENCHING IN HOT MEDIUM 

To extend the study of modified fragmentation func- 
tions to jets in heavy-ion collisions, one can assume 
(k$) M p2 (the Debye screening mass) and a gluon den- 
sity profile p(y) = (To/T)O(RA - y)po for a 1-dimensional 
expanding system. Since the initial jet production rate 
is independent of the final gluon density, which can be 
related to the parton-gluon scattering cross section [44] 
[CX,XTG(XT) N p2ag], one has then 

where ~f = 2E41 - .)/e$ is the gluon formation time. 
The averaged fractional energy loss is then, 

CAa, Q2/P2 1 + (1 - 2 ) 2  
(AZg> = - l d z i  l r  du u(l + u) 

Keeping 'only the dominant contribution and assuming 
o-, M C a 2 ~ > a z / p ~  (Ca=l for qg and 9/4 for g g  scatter- 
ing), one obtains the total energy loss, 

which has also be obtained in the opacity expansion ap- 
proach [6,36] in a thin plasma. 

In a static medium, the gluon density is independent 
of time and one can recover the quadratic lenghth depen- 
dence in Eq. (3). Neglecting the logarithmic dependence 
on T ,  the averaged energy loss can be expressed as 

( z ) l d  M (dEo/dL)(2To/RA) ( 1 5 )  
dE 

in a 1-dimensional expanding system, p ( ~ )  = ~ O T O / T .  

Here dEo/dL cc p o R ~  is the energy loss in a static 
medium with the same gluon density po as in the 1-d 
expanding system at time TO. Because of the expansion, 
the averaged energy loss (dE/dL)ld is suppressed as com- 
pared to the static case and does not depend linearly on 
the system size at a fixed value of initial gluon density. 

One should emphasize now that the above simple log- 
arithmic energy dependence of the parton energy loss in 
Eqs. ( 1 1 )  and (14) is only an asymptotic behavior. How- 
ever, kinematic limits on induced gluon radiation from a 
parton with finite energy can result in a stronger energy 
dependence [33]. The effect of detailed balance with ther- 
mal absorption further increases the energy dependence 
[37], while reducing the effective parton energy loss for 
intermediate values of parton energy. Such a detailed 
balance effect sets the energy dependence of the energy 
loss in cold nuclei in DIS apart from the hot medium in 
heavy-ion collisions. If one parameterizes the energy de- 
pendence of the energy loss including the full kinematic 
limits and t h e m 1  absorption, one would get 

(16) 
dE 

( = ) I d  = Eo(E/p - 1.6)le2/(7.5 + E / p ) .  

The threshold is the consequence of gluon absorption that 
competes with radiation and effectively shuts off the en- 
ergy loss. The parameter p is set to be 1.5 GeV in the 
following discussions. Such a detailed balance effect can 
also explain why the total hadron multjplicity that is 
dominated by soft hadrons does have significant enhance- 
ment over the p + p collisions as result of induced gluon 
emission. 

A. Single Spectra 

To calculate the modified high-pT spectra in A + A 
collisions, we use a LO pQCD model [45], 
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with medium modified fragmentation functions D&,. 
Here, z, = m/p~-, y = yc,  ab + cd) are elementary 
parton scattering cross sections and t ~ ( b )  is the nuclear 
thickness function normalized to S & b t ~ ( b )  = A. The 
K rn 1.5-2 factor is used to account for higher order 
pQCD corrections. 

Q CDF <5= 1.8 TeV 
A UAI fl-O.9 TeV ( X  IO-') 

UA1 T50.2 TeV ( X  10") 
pi+ + (h++h-)/2 

E '..\ -A- - 
01 

P T  (GeV/c) 
FIG. 3. Single-inclusive spectra of charged hadrons in p + f l  

collisions at = 200,900,J.800 GeV. The solid (dot-dashed) 
lines are parton model calculations with (without) intrinsic 
I C T .  Experimental data are from Refs. [50,51]. 

To simplify the incorporation of the medium modifica- 
tion of the fragmentation function in the parton model, 
an effective model [39] can be used: 

.ZJL/,(Z~, Q ~ ,  AE,) = e-(Y)D:/,(z,, Q ~ )  + (1 - e - ( y ) )  

where zL,zL are the rescaled momentum fractions after 
parton energy loss. This effective model is found [46] to 
reproduce the pQCD result from Eq.(5) very well, but 
only when Az = AEJE is set to be Ax 0.6(zg). 
Therefore the actual averaged parton energy loss should 
be AE/E = l.6A2, with Az extracted from the effective 
model. The factor 1.6 is mainly caused by the unitarity 
correction effect in the pQCD calculation. The fragmen- 
tation functions in free space .ZJ:/,(zc, Q2) will be given 
by the BBK parameterization 1471. 

Q2, r )  
inside the nucleus are assumed to be factorizable into 
the parton distributions in a free nucleon given by 

The parton distributions per nucleon 

the MRSD-' parameterization [48] and t h e  impact- 
parameter dependent nuclear modification factor given 
by the new HIJING parameterization [49]. T h e  initial 
transverse momentum distribution gA(kT, Q2, b) is as- 
sumed to have a Gaussian form with a. width that in- 
cludes both an intrinsic part in a nucleon and nuclear 
broadening. This parton model can describe high-pT 
hadron spectra in p + p@) well, as shown in Fig. 3 that 
compares the parton model calculation [45] with the ex- 
perimentd data on the inclusive charged hadron spectra 
at different collider energies. 

1.6 

1.4 ; 

1.2 

- 

- 

& v 

&S 1 : 
0.8 - PHENIX d+Au + hi min. bias 

0.6 
0 PHENIX d+Au + ff min. bias 
0 STAR d+Au + h* min. bias - 

EKS shadow -----. -- HlJlNG shadow 

d+Au dZs200 GeV 
2 4 8 10 

FIG. 4. The first prediction [45] of the Cronin effect in 
p + Au collisions at f i  = 200 GeV compared to the recent 
RHIC data from PHENIX Ill] and STAR [12]. T h e  dashed 
and dot-dashed lines correspond to HIJING [49] and EKS [52] 
parameterizations of nuclear parton distributions. 

In p + A collisions, this parton model incorporates 
both nuclear modification of the parton distributions and 
broadening of the initial transverse momentum. The 
initial momentum broadening leads to an enhancement, 
known as the Cronin effect: of the hadron spectra in the 
intermediate p~ region. The enhancement disappears at 
large p ~ .  The parameters have been fitted to the  nuclear 
modification of the p~ spectra in p + A collisions at up 
to the Fermilab energy = 40 GeV. Shown in Fig. 4 
is the first prediction made in 1998 [45] of the  Cronin 
effect at RHIC for p + Au collisions at 4 = 2 0 0  GeV as 
compared to the RHIC data on d+ Au collisions. As one 
can see, the initial multiple scattering in nuclei can give 
some moderate Cronin enhancement of the high-prr spec- 
tra, though the details depend on the parameterization of 
the nuclear modification of parton distributions. There- 
fore, any observed suppression of the high-pT spectra in 
Au + Au collisions has to be caused by jet quenching. 

In A + A collisions, one has to consider medium 
modification of the fragmentation functions d u e  t o  par- 
ton energy loss according to Eq. (18). Assuming a 1- 
dimensional expanding medium with a gluon density 

- 
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pg(.r,r) that is proportional to the transverse profile 
of participant nucleons, one can calculate the impact- 
parameter dependence of the energy loss, 

(19). 

according to Eq. (14), where AL(b, r', 4) is the distance 
a jet, produced at r', has to travel along n' at an az- 
imuthal angle 4 relative to the reaction plane in a colli- 
sion with impact-parameter b. Here, po is the averaged 
initial gluon density at initial time TO in a central collision 
and (dE/dL)ld is the average parton energy loss over a 
distance RA in a 1-d expanding medium with an initial 
uniform gluon density PO. The corresponding energy loss 
in a static medium with a uniform gluon density po over 
a distance RA is [35] dEo/dL = (R~/2To)(dE/dh)ld. we 
will use the parameterization in Eq. (16) for the effective 
energy dependence of the qua.rk energy loss. 
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FIG. 5. Hadron suppression factors in Au + Au collisions 
as compared to data from STAR [8] and PHENIX [7]. See 
text for a detailed explanation. 

Shown in Fig. 5 are the calculated nuclear modifica- 
tion factors R A B ( ~ T )  = d&/(Nbjnary)d#p for hadron 
spectra (191 < 0.5) in Au + Au collisions at 4 = 200 
GeV, as compared to experimental data [8,7]. Here, 
(Nbinary) = ] & b d % t ~ ( ~ ) t ~ ( I g -  q). TO fit the observed 
?yo suppression (solid lines) in the most central collisions, 
we have used p = 1.5 GeV, EO = 1.07 GeV/fm and 
XO = l /(apo) = 0.3 fm in Eqs. (18) and (16). The 
hatched area (also in other figures in this report) indi- 
cates a variation of EO = f0 .3  GeV/fm. The hatched 

boxes around RAB = 1 represent experimental errors of 
STAR data in overall normalization, including a constant 
factor of about 18% from the determination of total p f p  
inelastic cross section. Nuclear ICT broadening and parton 
shadowing together give a slight enhancement of hadron 
spectra at intermediate = 2-4 GeV/c without parton 
energy loss. 
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FIG. 6. The centrality dependence of the measured single 

inclusive hadron suppression [7,8] at high-pT as compared to 
theoretical calculation with parton energy loss 

The flat p~ dependence of the ?yo suppression is a. con- 
sequence of the strong energy dependence of the parton 
energy loss as also noted in Refs. [53,54]. This is in sharp 
contrast to the energy dependence of the suppression in 
DIS as shown in Fig. 2 and should be a strong indication 
of the detailed balance effect in a thermal medium. Such 
an effect also causes the slight rise of RAB at PT < 4 
GeV/c in the calculation. In this region, one expects the 
fragmentation picture to gradually lose its validity and 
to be taken over by other non-perturbative effects, es- 
pecially for kaons and baryons. As a consequence, the 
(K  + p ) / r  ratio in central Au + Au collisions is signifi- 
cantly larger than in peripheral Au+Au or p + p  collisions 
[17]. This has been attributed to parton coalescence in 
the fragmentation of the leading parton [55-571. The 
slight flavor dependence of the Cronin effect in  d + Au 
collisions as shown in Fig. 4 could also be attributed to 
the coalescence effect 159,581. Such an effect, while pro- 
viding interesting insight into the hadronization mecha- 
nism in the quark gluon plasma, will complicate the pic- 
ture of jet quenching and introduce large uncertainties 
in the physics extracted from jet tomography analysis of 
the experimental data. Fortunately, the effect has been 



shown to disappear at large p~ > 5 GeV/c both in the 
coalescence models and the experimental data. The s u p  
pression ratio of charged hadrons and no and of A and K 
all converge [19] at large p ~ .  In the calculation shown in 
Fig. 5 ,  a nuclear-dependent (proportional to (Nbinary)) 
soft component was added to kaon and baryon fragnien- 
tation functions to take into account the coalescence ef- 
fect, so that ( K + p ) / n  M 2 at p~ rv 3 GeV/c in the most 
central Au+Au collisions and it approaches its p + p  value 
at pr > 5 GeV/c. To demonstrate the sensitivity to the 
parameterized pa,rton energy loss in the intermediate p~ 
region, we also show R i A  ib 0-5% centrality (dashed line) 
for p = 2.0 GeV and EO = 2.04 GeV/fm without the soft 
component. 

The measured centrality dependence of the single 
hadron suppression in Au+ Au collisions, shown in Fig. 6, 
agrees very well with parton model with energy loss. This 
is the consequence of the centrality dependence of the 
averaged total energy loss in Eq. (14), which leads to 
an effective surface emission of the surviving jets. Jets 
produced around the core of the overlapped region are 
strongly suppressed, since they lose the largest amount 
of energy. The centrality dependence of the suppression 
is found to be more dominated by the geometry of the 
produced dense matter than the length dependence of 
the parton energy loss. 

* 

at RHIC [12]. While the same-side correlation remains 
the same, the away-side correlation due to the back-side 
jet is strongly suppressed in central Au + Au collisions. 
The energy loss that causes the suppression of the single 
inclusive hadron spectra should also be able to explain 
the disappearance of away-side correlation. 
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FIG. 8. Back-to-back correlations for charged hadrons with 
pp > p~ > 2 GeV/c, p";;'" = 4 - 6 GeV/c and IyI < 0.7 in 
Au + Au (lower curves) and p + p  (upper curves) collisions as 
compared to the STAR [9] data. 

In the same LO pQCD parton model, one can calculate 
the spectra [60], 

-1 0 1 2 3 4  

A 4, (radians) 
FIG. 7. (a) Two-particle azimuthal distributions for mini- 

mum bias and central d+Au collisions, and for p + p  collisions 
[12]. (b) Comparison of two-particle azimuthal distributions 
for central d+Au collisions to those seen in p+p and central 
Au+Au collisions. 

E. Di-hadron Spectra 

Since jets are always produced in pairs in LO pQCD, 
two-hadron correlations in p + p collisions should have 
unique characteristics pertaining to the back-to-back jet 
structure of the initial hard parton-parton scattering. Jet 
quenching should also modify this di-hadron correlation 
of the back-to-back jets. Shown in Fig. 7 are the two- 
hadron correlations in azimuthal angle as measured by 
STAR experiment in p + p ,  d + Au and Au + Au collisions 

of two back-to-back hadrons from independent fragmen- 
tation of the back-to-back jets. Let us assume hadron 
hl is a triggered hadron with pT1 = p y .  One can de- 
fine a hadron-triggered fragmentation function (FF) as 
the back-to-back correlation with respect to the triggered 
hadron: 

similarly to the direct-photon triggered FF 1391 in 7- 
jet events. Here, ZT = pr/pFig and integration over 
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ly1,2l < Ay is implied. In a simple parton model, two 
jets should be exactly back-to-back. The initial parton 
transverse momentum distribution in our model will give 
rise to a Gaussian-like angular distribution. In addition, 
we also take into account transverse momentum smearing 
within a jet using a Gaussian distribution with a width 
of ( k ~ )  = 0.6 GeV/c. 

Shown in Fig. 8 are the calculated back-to-back cor- 
relations for charged hadrons in Au + Au collisions as 
compared to STAR data [9]. The same energy loss that 
is used to calculate single hadron suppression can also 
describe well the observed away-side hadron suppression 
and its centrality dependence. 

With cross sections integrated over 4, one obtains 
a hadron-triggered FF Dhlhz ( z ~ , p g ~ ~ ) .  The suppres- 
sion factor I A A ( Z T , & ~ ~ )  e D!,$2/D!;hz defined by the 
STAR experiment [9] is just the medium modification 
factor of the hadron-triggered FF. The shape of the mod- 
ification is predicted [60] to be very similar to that of the 
y-triggered fragmentation functions [39]. 

0.25 

c .  High p~ Azimuthal Anisotropy 

- fLw+dE/& Eo;l.O7f0.'3 GeV/fm) i 
b=1.5 GeV, &=0.3 fm: 1 - dE/dx only 

: STAR (20-5OZ) Preliminary T .F 

In the parton model, the azimuthal angle dependence 
of the parton energy loss will be given by Eq. (14) for 
non-central heavy-ion collisions. Using this anisotropic 
energy loss in the effective modified fragmentation func- 
tions in the pQCD parton model of high-pT hadron spec- 

tra, one will obtain azimuthal anisotropic spectra. Shown 
in Fig. 9 is 2 1 2 b )  (second Fourier coefficient of the az- 
imuthal angle distribution) of charged hadrons generated 
fromparton energy loss (dot-dashed) as compared to pre- 
liminary STAR data [61], using the 4-particle cumulant 
moments method [62] which is supposed to reduce non- 
geometrical effects such as inherent two-particle corre- 
lations from di-jet production [63]. The energy loss ex- 
tracted from high-pT hadron spectra suppression can also 
account for the observed azimuthal anisotropy at large 
p ~ .  At intermediate p ~ ,  the observed v2 is larger than 
the simple parton model calculation. Such discrepancy 
can also be attributed to effects of parton coalescence. If 
the difference is made up by kaons and baryons from the 
coalescence contribution, one finds that they must have 
v2 M 0.23 (0.11) for 20-50% (O-10%) collisions. The total 
2 1 2 0 3 ~ )  is shown by the solid lines. 

V. JET QUENCHING AND QGP 

Fkom both single and di-hadron spectra and their az- 
imuthal anisotropy wug (p~ ) ,  the extracted average energy 
loss in the parton model calculation for a 10 GeV quark 
in the expanding medium is (dE/dL)ld M 0.85 f 0.24 
GeV/fm, which is equivalent to dEo/dL w 13.8 -I 3.9 
GeV/fm in a static and uniform medium over a distance 
RA = 6.5 fm at an initial time 70 = 0.2 fm. Compared 
to the energy loss extracted from HERMES data on DIS, 
this value is about 30 times higher than the quark energy 
loss in cold nuclei. Since the parton energy loss in the 
thin plasma limit is proportional to the gluon number 
density, one can conclude that the initial gluon density 
reached in the central Au + Au collisions at 200 GeV 
should be about 30 times higher than the gluon den- 
sity in a cold Au nucleus. This number is consistent 
with the estimate from the measured rapidity density of 
charged hadrons [64] using the Bjorken scenario [65] and 
assuming duality between the number of initial gluons 
and final charged hadrons. Given the measured total 
transverse energy d E ~ / d q  M 540 GeV or about 0.8 GeV 
per charged hadron 1661 in central Au + Au collisiona at 
f i  = 130 GeV, the initial energy density in the formed 
dense matter is at least 100 times higher than in cold 
nuclear matter. 

The above analyses of RHIC data on jet quenching are 
based on an assumption that the dominant mechanism of 
the jet quenching is parton energy loss before hadroniza- 
tion. It is reasonable to ask whether leading hadrons 
from the jet fragmentation could have strong interaction 
with the medium and whether hadron absorption could 
be the main cause for the observed jet quenching [67,68]. 
A detailed analysis of jet quenching data concludes 1691 
that the data are not compatible with such a scenario 
of hadronic absorption and that the observed patterns 
of jet quenching in heavy-ion collisions at RHIC are the 
consequences of parton energy loss. 
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In addition to the long hadron formation time (it could 
be about 30-70 fm/c for a 10 GeV pion) estimated from 
uncertainty principle, there are many patterns of the sup- 
pression that can rule out the scenario of hadron absorp- 
tion. Foremost among them, the large v2 at high-plr and 
the same-side di-hadron correlation cannot be reconciled 
with the hadron absorption scenario. 

Since the spectra azimuthal anisotropy is caused by 
the eccentricity of the dense medium, which decreases 
rapidly with time [70] due to transverse expansion, it 
has to happen at a very early time. By the time of a few 
fm/c before the formation of any hadron, the eccentricity 
is already reduced to a non-significant value. Any further 
interaction cannot produce much spectral anisotropy. 

As shown in Fig. 7, while the away-side jet is sup- 
pressed in central Au + Au collisions, the same-side di- 
hadron correlation remains almost the same as in p + p 
and d + Au collisions. This is clear evidence that jet 
hadronization takes place outside the dense medium with 
a reduced parton energy. A recent study [71] of the 
di-hadron fragmentation functions shows that the con- 
ditional (or triggered) di-hadron distribution at large z 
within a jet is quite stable against radiative evolution (or 
energy loss). On the other hand, a hadron absorption 
mechanism will suppress both the leading and secondary 
hadron in the same way and should lead to the suppres- 
sion of the same-side correlation. One may argue that 
the jet whose leading hadron is the trigger hadron could 
be emitted from the surface and suffer no energy loss and 
therefore no suppression of the secondary hadron. This 
is not true. Even though the same-side jet is produced 
close to the surface due to trigger bias, the parton jet 
on the average still loses about 2 GeV energy [69], which 
should be carried by soft hadrons in the direction of the 
triggered hadron. If one collects all the energy from jet 
fragmentation for a fixed value of trigger hadron p ~ ,  this 
energy in central Au+ Au collisions should be larger than 
in p + p  collisions by about 2 GeV. This has indeed been 
confirmed by preliminary data from STAR 1151, as shown 
in Fig. 10, where the scalar sum of the p~ on the same 
side of the triggered hadron is indeed about 2 GeV larger 
in central Au + Au than in p + p  collisions. The analysis 
[15] also sees modification of the fragmentation function 
both along and opposite the trigger hadron direction. 

Finally, if hadron absorption can suppress high-pT 
hadrons and jets, it would most likely happen in heavy- 
ion collisions at the SPS energy. Hadron spectra at this 
energy are very steep at high-plr and are very sensitive 
to initial transverse momentum broadening and parton 
energy loss [45]. However, the measured T spectrum in 
central Pb+Pb collisions only shows the expected Cronin 
enhancement [72,73] with no sign of significant suppres- 
sion. More recent analysis of the Pb+Pb data at the SPS 
energy also shows [74] that both same-side and back-side 
jet-like correlations are not suppressed, though the back- 
side distribution is broadened. 

STAR Preliminary 
I I 

200 400 600 
dN,ldq 

FIG. 10. Charged hadron multiplicity (a) and total scalar 
PT (b) of the near and away side jet with 4 < p p  < 6 GeV/c 
and 0.15 < p~ < 4 GeV/c in p+p (open symbols) and Au+Au 
collisions from STAR experiment [15]. 

VI. SUMMARY AND OUTLOOK 

In sumrnary, with the latest measurements of high-pT 
hadron spectra and jet correlations in p + p ,  d + Au and 
Au+Au collisions at RHIC, the observed jet quenching in 
Au + Au collisions has been established as a consequence 
of final-state interaction between jets and the produced 
dense medium. The collective body of data, suppression 
of high-pT spectra and back-to-back jet correlation, high- 
p~ anisotropy and centrality dependence of the observ- 
ables, points to parton energy loss as the culprit of the 
observed jet quenching. A simultaneous phenomenologi- 
cal study within a LO pQCD parton model incorporating 
the parton energy loss describes the experimental data of 
Au + Au collisions very well. The extracted average en- 
ergy loss for a 10 GeV quark in the expanding medium 
is equivalent to an energy loss in a static and uniform 
medium that is about 30 times larger than in a cold nu- 
cleus. This leads us to conclude that the initial gluon 
(energy) density is about 30 (100) times of that  in a cold 
nuclear matter. It is inconceivable to imagine within our 
current understa.nding of QCD that any form of matter 
other than quark gluon plasma could exist at such a high 
energy density. 

A vast collection of data on bulk properties of particle 
production in heavy-ion collisions provides further evi- 
dence of QGP formation at RHIC. Most striking among 
these data is the elliptic flow measurement E751 that was 
found to saturate the hydrodynamic limit and exhibit 
all the signature behaviors of a collective hydro flow, in- 
cluding the splitting in 212(p~) of hadrons with different 
masses [18,19,76]. Together with jet quenching, they pro- 
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vide a collection of compelling evidence for the formation 
of a strongly interacting quark gluon plasma at RHIC. 

-1 0 1 2 3 4  
A cp (radians) 

FIG. 11. High-pT two-hadron correlation in azimuthal an- 
gle for different orientation of the trigger hadron with respect 
to  the reaction [14]. 

The discovery of jet quenching and its central role 
in characterizing the strongly interacting quark gluon 
plasma will usher in another new era of studying the 
properties of the dense matter. With higher-precision 
data extending to higher p ~ ,  one can find out the miss- 
ing energy of the suppressed jet [77] and map out in detail 
the modification of the fragmentation functions and the 
energy dependence of the energy loss. The preliminary 
results from STAR 1151 on modified fragmentation func- 
tions in Au + Au collisions have already demonstrated 
the potential of the study and could even shed light on 
parton thermalization and hadronization. The ultimate 
measurement of a modifled FF in heavy-ion collisions will 
be the direct-7-triggered FF. Recent preliminary results 
from PHENIX [16] indicate that such a measurement will 
be within reach in the next few years. 

One can also study the di-hadron correlations with re- 
spect to the reaction plane. Shown in Fig. 11 are the 
preliminary results from STAR. [14] on di-hadron cor- 
relation in azimuthal angle for different orientations of 
the trigger hadron with respect to the reaction plane in 
Au + Au collisions. This could eventually measure the 
length dependence of the parton energy loss. Measme- 
ments of charmed mesons can provide additional tests of 
the parton energy loss scenario of jet quenching, since 
recent theoretical studies [78-811 show many unique fea- 
tures of heavy quark energy loss that are different from 
those of light quarks and gluons. 
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Abstract 

A critical discussion of the present status of the CERN experiments on charm and flow and 
their interpretation is given. I emphasize the importance of the flow excitation function from 1 to 
50 AGeV: the hydrodynamic model predicted the collapse of the VI-flow and of the v2-flow at N 10 
AGeV. At 40 AGeV it has been recently observed. Hadronic rescattering models predict much 
larger flow than observed. I interpret this as evidence for a first order phase transition at high p ~ .  

A critical discussion of the use of collective flow as a barometer for the equation of state (EoS) of 
hot dense matter at RHIC follows. Hadronic rescattering models can explain < 30% of the observed 
flow, 0 2 ,  for p~ > 1 GeV/c. I interpret this as evidence for the production of superdense matter at 
RHIC, with initial pressure way above hadronic pressure, p > 1 GeV fm-3. The fluctuations in the 
flow, VI and ~ 2 ,  should be measured. Ideal Hydrodynamics predicts that they are larger than 50 % 
due to initial state fluctuations. The QGP coefficient of viscosity may be determined experimentally 
from the fluctuations observed. The connection of 732 to jet suppression is examined. It is proven 
experimentally that the collective flow is not faked by minijet fragmentation and that the away-side 
jet suppression &n only partially (< 50%) be due to hadronic rescattering. I propose upgrades 
and second generation experiments at RHIC which inspect the first order phase transition in the 
fragmentation region, i.e. at ,VB M 400 MeV, around y M 4 - 5,  where the collapse of the proton 
flow analogous to the 40 AGeV data should be seen. The study of Jet-Wakeriding potentials and 
Bow shocks caused by jets in the QGP formed at RHIC can give further clues on the equation of 
state (EoS) and transport coefficients of the Quark Gluon Plasma (QGP). 

Lattice QCD results [l, 21, Fig. 1, show a crossing, but no first order phase transition to the QGP 
for vanishing or small chemical potentials, i.e. at the conditions accessible at central rapidities at RHIC 
full energies. 

*Supported by DFG, GSI, BMBF, EU, W E N  and DOE 
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Figure 1: The new phase diagram with the critical end point at pclg M 400 MeV,T M 160 MeV as 
predicted by Lattice QCD. In addition, the time evolution, in the T - p-plane of a central cell in 
UrQMD calculations [3, 41 are depicted for different bombarding energies. Note that the calculations 
indicate that ELAB 6 40 AGeV are needed to  probe to first order phase transition. At RHIC (see insert 
at pg scale) this point is accessible at the fragmentation region only. (Figure taken from [ 5 ] )  

1 Old and new observables for the Quark Gluon Plasma phase 
transit ion 

A first order phase transition does occur according to [l, 21 only at high baryochemical potentials or 
densities, i.e. at SIS-300 and lower SPS energies and in the fragmentation region of RHIC, y M 4 - 5 
[6, 71. The critical baryochemical potential is predicted [l, 21 to be p$ M 400 f 50 MeV and the critical 
temperature T, M 150 - 160 MeV. We do expect a phase transition also at finite strangeness. Predic- 
tions for the phase diagram of strongly interacting matter for realistic non-vanishing net strangeness 
are urgently needed, to obtain a comprehensive picture of the QCD phase structure. Multi-Strangeness 
degrees of freedom are very promising probes for the properties of the dense and hot matter [SI. The 
Strangeness distillation process 19, IO] predicts dynamical de-admixture of s and 3 quarks, which yields 
unique signatures for QGP creation: high multistrange hyperon-/-matter production, strangelet forma- 
tion and unusual antibaryon to baryon ratios, to mention a few. 

1.1 
A comparison of the thermodynamic parameters T and pg extracted from the UrQMD-transport model 
in the central overlap regime of Au+Au collisions [5] with the QCD predictions is shown in Fig 1. The 
full dots with errorbars denote the 'experimental' chemical freeze-out parameters - determined from fits 
to the experimental yields - taken from Ref. [Ill. The triangular and quadratic symbols (time-ordered 

Thermodynamics in the T - pg plane 
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in vertical sequence) stand for temperatures T and chemical potentials pclg extracted from UrQMD 
transport calculations in central Au+Au (Pb-bPb) collisions at RHIC (21.3 A-TeV), 160, 40 and 1.1 
AeGeV [3, 41 as a function of the reaction time (separated by 1 fm/c steps from top to bottom). The 
open symbols denote nonequilibrium configurations and correspond to T parameters extracted from 
the transverse momentum distributions, whereas the full symbols denote configurations in approximate 
pressure equilibrium in longitudinal and transverse direction. 

During the nonequilibrium phase (open symbols) the transport calculations show much higher tem- 
peratures (or energy densities) than the ’experimental’ chemical freeze-out configurations at a,ll bom- 
barding energies (2 11 A-GeV). These numbers are also higher than the critical point (circle) of (2+l)f- 
Lattice QCD calculations by the Bielefeld-Swansea-collaboration [2] (large open circle) and by the 
Wuppertal-Budapest-collaboration [l] (star shows earlier results [12, 131). The energy density at p,, T, 
is on the order of w 1 GeV/fm3. At RHIC energies a cross-over is expected at midrapidity, when 
stepping down in temperature during the expansion phase of the ’hot fireball’. The baryon chemical 
potential p~ for different rapidity intervals at RHIC energies has been obtained from a statistical model 
analysis by the BRAHMS Collaboration based on measured antihadron to hadron yield ratios [14]. For 
midrapidity, p~ N 0, whereas for forward rapidities pclg increases up to pclg N 130 MeV at y = 3. Thus, 
only extended forward rapidity measurement (y M 4 - 5) will allow to probe large pg at =IC. The 
detectors at RHIC at present offer only a limited chemical potential range. To reach the first order 
phase transition region at midrapidity, the International Facility at GSI seems to be the right place 
to  go: This situation changes at lower SPS, top AGS, as well as at the future GSI SIS-300 energies: 
sufficiently large chemical potentials pclg reached allow for a first order phase transition [15] to the right 
of the critical point in the (T,pclg) plane. The transport calculations show high temperatures (high 
energy densities) in the very early phase of the collisions only. Here, hadronic interactions are weak due 
t o  formation time effects and yield little pressure. Diquark, quark and gluon interactions can cure this 
problem at RHIC. 

1.2 
Open charm and charmonium production at SPS and RHIC energies has been calculated within the 
HSD and UrQMD transport approaches using parametrizations for the elementary production channels 
including the charmed hadrons D, b, D*, D*, D,, b8, D,*, bi, J / Q ,  Q(2S), x z C  from N N  and nN colli- 
sions. The latter parametrizations are fitted to PYTHIA calculations [17] above fi = 10 GeV and 
extrapolated to the individual thresholds, while the absolute strength of the cross sections is fixed by 
the experimental data as described in Ref. [MI, for previous works see [19, 20, 211 Backward channels 
’.charm + anticharm meson + charmonia + meson’ are treated and detailed balance is employed in a 
more schematic interaction model with a single parameter or matrix element /MI2 that is k e d  by the 
J/!P suppression data from the NA50 collaboration at SPS energies (cf. Ref. [22]). 

Charmonium suppression had been proposed as ”the clearest” QGP-signature and the community 
has been riding on this folklore for more than a decade. Hence, these detailed comparisons come as a 
shock: The Pb + Pb results at 160 A GeV, both from UrQMD and HSD transport dissociation are well 
in line with the data of the NA50 Collaboration (Fig. 2): the J / Q  suppression is shown as a function 
of the transverse energy ET. 

The solid line stands for the HSD result within the comover absorption scenario while the various 
data points reflect the preliminary NA50 data from the year 2000 (analysis A,B,C). The data have 
moved so that they agree now with old predictions of the UrQMD model [21] (dashed histogram in Fig. 
2). We mention that there might.be alternative explanations for J / Q  suppression, as discussed in Refs. 
[23, 241 and/or further (dissociation) mechanisms not considered here. However, for the purposes of the 
present study it is sufficient to point out that 

Open cham and charmonia at SRS and RHIq161 

a) no sign of unusual physics can be related to the J/!P data and 
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b) the models employed here (cf. Figs. 6 and 7 in [22]) most likely give upper limits and do not 
lead to a sizeable re-creation of charmonia by D + b channels at SPS energies. 

40 
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Figure 2: The J / @  suppres- 
sion as a function of the trans- 
verse energy ET in Pb + Pb 
collisions at 160 A GeV. The 
solid line shows the HSD result 
within the comover absorption 
scenario [22]. The different sym- 
bols stand for the NA50 data 
1251 from the year 2000 (analysis 
A,B,C) while the dashed his- 
togram is the original UrQMD 
prediction [21]. 
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At =IC, central Au + Au collisions at f i  = 200 GeV will, however, produce multiplicities of open 
charm.pairs about 2 orders of magnitude larger than at 160 A-GeV, such that a much higher J / Q  
reformation rate (w N;) is expected at RHIC energies (cf. Ref. [24]). At RHIC top energy, f i  = 
200 GeV, the J / Q  comover dissociation may no longer be important, since the charmonia dissociated 
in this channel are approximately recreated in the backward channels. Hence, the J / Q  dissociation at 
RHIC should be less prcanounced than at SPS energies. 

The preliminary data of the PHENIX Collaboration [26] allow for a first glance at the situation 
encountered in Au + Au collisions at fi = 200 GeV. Fig. 3 shows the J / Q  multiplicity per binary 
collision as a function of the number of participating nucleons, in comparison to  the data at midrapidity. 
The statistics is quite limited, so no final conclusion can presently be drawn. However, the data neither 
suggest a dramatic enhancement of J / Q  production nor a complete 'melting' of the charmonia in the 
QGP phase. 

. 

1.3 Historical Interlude 
Hydrodynamic flow and shock formation has been proposed early [27, 281 as the key mechanism for 
the creation of hot and dense matter during relativistic heavy ion collisions. The full three-dimensional 
hydrodynamical flow problem is much more complicated than the one-dimensional Landau model [29] : 
the %dimensional compression and expansion dynamics yields complex triple differential cross-sections, 
which give excellent spectroscopic handles on the equation of state: The bounce-off, zll (m), the squeeze- 
out, ~ 2 ( p ~ ) ,  and the antiflow [30, 31, 32, 33, 341 (third flow component [35, 361) serve as differential 
barometers for the properties of compressed, dense matter, from SIS to RHIC. The most employed flow 
observables are: 

P x  - 211 = 
PT 
P: -Pi 
P2 -t- Pi 

212 = - 
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Figure 3: The calculated J/!B 
multiplicity per binary collision 
- multiplied by the branching 
to dileptons - as a function of 
the number of participating nu- 
cleons, Npa,.t, in comparison to 
the preliminary data from the 
PHENIX collaboration [26] for 
A u f  Au and pp reactions (taken 
from Ref. [22]). ' 
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Here, p z  denotes the momentum in x-direction, i.e. the transversal momentum within the reaction 
plane and p g  the transversal momentum out of the reaction plane. The total transverse momentum is 
given as p~ = ,/m, the x-axis is in the beam direction. Thus, 211 measures the "bounce-off", i.e. 
the strength of the directed flow in the reaction plane, and 212 gives the strength of the second moment 
of the azimuthal particle emission distribution, the so-called "squeeze-out". [27, 28, 30, 31, 32, 33, 341. 
In particular, it has been shown [28, 30, 31, 32, 33, 341 that the disappearence or "collapse" of flow is 
a direct result of a first order phase transition. 

Several hydrodynamic models have been used in the past, starting with the one-fluid ideal hydro- 
dynamic approach. This model predicts far too large flow effects. To obtain a better description of 
the dynamics, viscous fluid models have been developed [37, 38, 391. In parallel, so-called three-fluid 
models, which distinguish between projectile, target and the fireball, have been considered [40]. Here 
viscosity effects appear only between the different fluids, but not inside one fluid. The aim is to  have 
at our disposal a reliable, three-dimensional, relativistic three-fluid model including viscosity [38, 391. 

Flow can be described very elegantly in hydrodynamics. However, also consider microscopic mul- 
ticomponent (pre-)hadron transport theory, e.g. models like qMD [41], IQMD [42], UrQMD E431 or 
HSD [44], as control models for viscous hydro and as background models to subtract interesting non- 
hadronic effects from data. If Hydro with and without quark matter EOS, Hadronic transport models 
without quark matter but with strings are compared to data, can we learn whether quark matter has 
been formed? What degree of equilibration has been reached? What does the equation of state look 
like? How are tLe particle properties, self energies, cross sections changed? To estimate systematic 
model uncertainties, the results of the different microscopic transport models also have to be carefully 
compared. The two robust, hadron based models HSD and UrQMD are considered here. 

1.4 Review of SPS and AGS results 
Microscopic (pre-) hadronic transport models describe the formation and distributions of many hadronic 
particles at AGS and SPS rather well [45]. Furthermore, the nuclear equation of state has been extracted 
by comparing to flow data which are described reasonably well up to AGS energies [46,47,48,35]. Ideal 
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hydro calculations, on the other hand, predict way too much flow at these energies [37]. Thus, viscosity 
effects have to be taken into account i n  hydrodynamics. In particular ideal hydro- calculations are 

Au ( 6 A c?eV ) Au 

0.2 - 

0.1 . 
c 

0.0 ............................ 
'a 

-0.1 

a i 
-0.2 [W 
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Figure 4: Left: Sideward flow p ,  = 111 of K, A and p's at 6 AGeV as measured by E895 in semi- 
central collisions at the AGS. Right: Same Directed flow data compared to UrQMD calculations for 
b < 7 fm [48] 

factors of two higher than the measured sideward flow at SIS 1371 and AGS, while the directed flow 
pE/m measurements of the E895 colIaboration shows that p and A data are reproduced reasonably 
well [48] (see fig. 4) in UrQMD, i.e. in a hadronic transport theory with reasonable cross-sections, i.e. 
realistic mean free path. Only ideal hydro calculations predict, however the appearance of a so-called 
"third flow component" [35] or "antiflow" 1491 in central collisions, if, and only if, the matter undergoes 
a first order phase transition to the QGP: Around midrapidity, the directed flow, px(y), of protons 
develops a negative slope. In contrast, a hadronic EoS without phase transition does not yield such 
an exotic "antiflow", negative slope, wiggle in the proton flow q(y). The ideal hydrodynamic time 
evolution of the directed flow, p x / N ,  for the purely hadronic EoS (Fig. 6 left) does show a clean linear 
increase of px(y), just as the microscopic transport theory (Fig. 4 right) and as the data (Fig. 4 left). 
For an EoS including a first order phase transition to the QGP (Fig. 6 right), it can be seen, however, 
that the proton flow value v1 N pZ/m collapses . The proton flow collapse occurs around midrapidity. 
This observation is explained by an antiflow component of protons, which develops when the expansion 
from the plasma sets in [50]. 

The ideal hydrodynamic directed proton flow p ,  values (Fig. 7) show even negative values between 
8 and 20 AGeV. An increase back to positive values is predicted with increasing energy when the 
compressed QGP is probed. But where is the predicted minimum of the proton flow in the data? The 
hydro calculations suggest this "softest point collapse" is at  EL^^ M 8 AGeV. This has not been verified 
by the AGS data! However, a linear extrapolation of the AGS data predicts the collapse of the directed 
proton flow at EL& F=: 30 AGeV (Fig. 7). 

Recently, strong evidence for this prediction has been obtained by the low energy 40 AGeV SPS 
data of the NA49 collaboration [52]: These data clearly exhibit the first occurence of proton "antiflow" 
around mid-rapidity-, in contrast to  the AGS data. Thus, at bombarding energies of 30-40 AGeV, a first 
order phase transition to the baryon rich QGP most likely is observed - the first order phase transition 
line is crossed. This is the energy region where the new FAIR- facility at GSI will operate. There are 
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Figure 5: Directed flow from ideal hydrodynamics with and from the Quark Gluon String Model without 
QGP [35] . 

good prospects that the baryon flow collapses and other first order QGP phase transition signals can 
be studied soon at the lowest SPS energies as well as at the RHIC fragmentation region y > 4 - 5. 
These experiments will enable a detailed study of the first order phase transition at high p and of the 
properties of the baryon rich QGP. 
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Figure 6: Time evolu- 
tion of directed flow p,/N 
as a function of rapidity 
for Au+Au collisions at 
8 AGeV in the one-fluid - 
model. Left: Hadronic 
EoS without phase transi- 
tion. Right: An EoS includ- 
ing a first order phase tran- 
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Figure 7: Measured 
SIS and AGS pro- 
ton dp,/dy-slope data 
compared to a one- 
fluid hydro calcula- 
tion. A linear extrap- 
olation of the AGS 
data predicts the col- 
lapse of flow at  EL^^ M 
30AGeV, i.e. for the 
lowest SPS- and the 
upper FAIR- energies 
at GSI [51] 
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Figure 8: Proton and pion v1 = pz/m values at 40 AGeV as predicted by the UrQMD model. No 
proton antiflow is predicted in this hadronic transport theory without phase transition. 
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Figure 9: v1 at SPS, 40 AGeV and 158 AGeV [52] . The proton antiflow is observed in the NA49- 
experiment even at near central collisions, in contrast to the UrQMD-model (Fig. 8). 
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2 Proton elliptic flow collapse at 40AGeV - evidence for a 
first order phase transition at highest net baryon densities 
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Figure 10: wz excitation func- 
tion of protons at the AGS. The 

. E895-E877 data show the tran- 
sition from squeeze-out to  in- 
plane proton elliptic flow at 4 5  
AGeV; the UrQMD-calculations 
show the strong sensitivity to 
the EoS [48]. 
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At SIS energies, microscopic transport models reproduce the data on the excitation function of the 
proton w2 quite well: A soft, momentum dependent equation of state [53, 541 seems to account for the 
data best. The observed proton wz is smaller than zero, that corresponds to the squeeze-out predicted 
by hydrodynamics long ago [27, 28,30,31,32,33,34]. The AGS data (Fig. 10) exhibit a transition from 
squeeze-out to in-plane flow in the midrapidity region. The change in sign of the proton w2 at 4-5 AGeV 
is in accord with transport calculations (see the UrQMD calculations in Fig. 10,[48] and references 
therein). At higher energies, 10-160 AGeV, a smooth increase. of the wz is predicted from the hadronic 
transport simulations. The 158 AGeV data of the NA49-collaboration suggest that this smooth increase 
proceeds between AGS and SPS as predicted. Accordingly, UrQMD predicts considerable ( 3%) 212 flow 
for midcentral and peripheral protons, at 40 AGeV, see Fig.11, [48]. 

This is in strong contrast to recent NA49 data at 40 AGeV: A sudden collapse of the proton 
flow is observed, as well for midcentral as for peripheral protons. The collapse of w2 of protons around 
midrapidity at 40 AGeV is very pronounced. It is not observed at 158 AGeV. The UrQMD calculations, 
without a phase transition, show a healthy, but wrong 3% flow of protons - in strong contrast to the 
data. 

A dramatic collapse of the w1 is also observed by NA49 [52],  again around 40 AGeV, where the 
collapse of w2 has been observed. This is the highest energy - according to [l, 21 and Fig. 1 - at which a 
first order phase transition can be reached at the central rapidities of relativistic heavy ion collisions. I 
therefore conclude that a first order phase transition at the highest baryon densities accessible in nature 
has been discovered in these energies. 
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Figure 11: Elliptic flow 212 of 
protons (lower frame) and 
pions (upper frame) versus 
rapidity for Pb+Pb colli- 
sions at 40 AGeV from the 
UrQMD calculations .[48]. 
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Figure 12: Elliptic flow 212 of protons collapses versus rapidity at 40 AGeV Pb+Pb collisions [52] me& 
sured by NA49 for three centrality bins: central (dots), mid-central (squares) and peripheral (triangles). 
The solid lines are polynomial fits to the data [52]. 
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Figure 13: Time 
evolution of the mo- 
mentum anisotropy 
212 for a cross over 
EoS. Both, in- and 
off-equilibrium . calcu- 
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calculation with a first 
order phase transition 
off-equilibrium shows 
- on the other hand - 
the collapse of v2-flow 
of protons. Hence, 
the collapse is only 
possible for first order 
transitions [55]. 



3 Strong collective flow at RHIC signals the QGP 
The rapid three body thermalization discovered by Xu and Greiner (see below, Fig. 17) justifies the use 
of hydrodynamical calculations for the time evolution of the complex four-dimensional expansion of the 
plasma. However, there is no justification for the use of simple ideal hydrodynamics (i.e. neglecting the 
important transport coefficients) and simple, smooth initial conditions in hydrodynamics [38, 39, 561. 
PHOBOS data at 130 AGeV and 200 AGeV suggest energy independent ~ ~ ( 7 7 )  distributions. Further- 
more, the observed distribution has a triangular shape. This finding is in in complete disagreement with 
Bjorken boost invariant hydro predictions [57,15], which fit only the midrapidity values. The predicted 
average proton vz-values obtained from the SPHERIO hydro code with NEXUS initial conditons (Fig. 
14, [58]) are factors of two higher than simple smooth initial state hydrodynamic calculations. This 
indicates that ideal hydro with naive smooth initial conditions as used by many authors do not describe 
but rather fit the data. Strong viscosity effects can play a role for particles with p~ < 1.2 GeV: a decent 
description of the dynamics requires, however, relativistic viscous hydro simulations [38, 39, 591. The 
NexSpherio simulations (Fig. 14, [58]) predict very large e-by-e fluctuations of v2 caused by the strongly 
fluctuating initial conditions given by NEXUS. Is this in accord with data? What about the effect on 
the event plane determination? 

Figure 14: Elliptic flow vz of protons as a function of p~ for different centralities. NexSpherio ideal 
hydro results exhibit about a factor of two higher proton-q-values than the PHENIX data up to = 1 
GeV. Furthermore, the fluctuations in the NEXUS initial conditions for the SPHERIO- ideal hydro 
simulation reflect in > 50 % fluctuation e-by-e fluctuations of the proton-w2 values-. Only large viscosity 
effects can damp out the too large 212 flow itself, as well as the fluctuations in 212. 

Microscopic transport simulations of particle yields, d N / d y  distributions, etc. give a good description 
of the RHIC Au+Au data [22]. The HSD and UrQMD transport approaches are based on string, 
quark, diquark (q, Q, qq, Qij) as well as hadronic degrees of freedom. At RHIC, UrQMD and HSD yield 
reasonable abundances of light hadrons, composed of u, d, s quarks'. Do they also predict the collective 
flow properly? The UrQMD prediction did clearly not yield the measured 6% elliptic flow - it is clearly 
underestimated [Sl]. Shortening of the formation time [61] can get the model results closer to the data 
(Fig. 16) but more additional initial pressure, needed to create the missing extra flow, is not justified in 
the hadronic transport models. At high transverse momenta ( p ~  R 2GeV) the WZ-flow is underestimated 
by a factor of three (see Fig.16) in the HSD model [22]. The microscopic quark-gluon-string model inserts 
in addition short distance vector repulsion to achieve high flow values [62]. 

lFor a more recent survey on hadron rapidity distributions from 2 to 160 A GeV in central nucleus-nucleus collisions 
within the HSD and UrQMD 1601 transport approaches we refer the reader to Ref. [45]. 
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Is a transport approach based on s t ~ n g s  and hadronic degrees of freedom adequate in the initial 
stage of nucleus-nucleus collisions at RHIC energies, where the quark-gluon plasma is formed? Well, the 
particle abundancies show a rather smooth evolution from SIS to RHIC energies [63, 641. The effective 
partonic degrees of freedom in the initial phase are needed to supply the large pressure obviously needed 
to describe the elliptic flow at RHIC energies. Even 'early' (pre-)hadron formation - as in HSD with 
r = 0.8 fm/c - and 'large' (pre-)hadronic interaction cross sections are unsufficient to explain the 212 
flow data. This is demonstrated in Fig. 15, which shows the HSD-calculated elliptic flow 212 for charged 
hadrons (solid lines) as a function of the pseudorapidity 77 (upper part) and as a function of the number 
of 'participating nucleons' Npart (lower part) for 171 5 1 in comparison to the preliminary 'hit-based 
analysis' data of the PHOBOS Collaboration [65]. The HSD results are very similar to those of the 
hadronic rescattering model by Humanic et al. 166, 671 which completely ignores formation times and 
agree with the calculations by Sahu et al. [SS] performed within the hadron-string cascade model JAM 
[691* 
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Figure 15: The elliptic flow v2 for charged hadrons (HSD, solid lines) as a function of pseudorapidity q 
(upper part) and as a function of the number of 'participating nucleons' Apart for 171 5 1 (lower part) 
for Au + Au collisions at fi = 200 GeV, in comparison to the preliminary 'hit-based analysis' data of 
the PHOBOS Collaboration [65]. Note that in spite of the shortened formation, T = 0.8 fm/c, HSD 
clearly underpredicts the data even at the moderate pr-values dominating the p~ integrated q-values 
shown here. At higher pr-values, Fig. 16, the discrepancy to the data is dramatic. 
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4 Early Thermalization at RHIC - evidence for the QGP 

4.1 Elastic and inelastic multi-particle collisions in a parton cascade 
To describe the early dynamics of ultrarelativistic heavy ion collisions, and to address the crucial 
question of thermalization and early pressure build up at RHIC, unexpectedly high elastic parton cross 
sections of N 5-6 mb have been assumed in parton cascades [71, 721 in order to  reproduce the elliptic 
flow w&~) seen experimentally at RHIC. These cross sections are about 1/9 of the baryon-baryon total 
cross section (- 45 mb) or 1/6 of the meson-baryon cross section (N 30 mb), such that the effective 
cross section for the constituent quarks and antiquarks is roughly the same in the partonic and hadronic 
phase, tenfold higher than the cross sections cdculated in pQCD. 

a I I I I 

Figure 17: Time evolution of the midrapidity transverse momentum spectrum for a central RHIC 
collision from the three-dimensional Xu-Greiner-parton cascade simulation [73, 741, prelimenary results 
are from [75] (including transverse expansion). Only partons residing in a central cylinder of radius 
R 5 5 fm are plotted. The initial off-equilibrium conditions are given by a minijet distribution, with 
corresponding overlap function in space-time. At t = 0, only minijets with p~ > 2 GeV are populated. 
Energy degradation to lower momenta proceeds by rapid gluon emission within the first fm/c. (Quasi- 
)kinetic and chemical equilibrium is found up to 4 fm/c. Here longitudinal and transversal hydrodynamic 
work is done, resulting in a rapid lowering of the temperature by a factor of two. On the other, a part 
of the initial non-equilibrium high momentum power-law tail of the mini-jet production survives even 
in this central cell. 

This has been a great puzzle until recently, when Xu and Greiner developed a consistent three-body 
kinetic parton cascade algorithm [73, 741. These stochastic inelastic (‘Bremsstrahlung’) 2 + 3 and 
3 -+ 2 collisions, gg ggg, drive early thermalization, rather than the two body elastic collisions. 
A quantitative understanding of the early dynamical stages of deconfined matter is finally at reach. 
Parton cascade analyses incorporating only binary 2 f) 2 pQCD scattering processes can not build up 
thermalization and early quasi-hydrodynamic behaviour necessary for achieving sufficient elliptic flow. 

121 



The importance of inelastic reactions was raised in the so called ‘bottom-up thermalization’ picture [76] 
- gluon multiplication leads to a much faster equilibration. 

Xu and Greiner consider - besides .gluon- and quark- two-body elementary parton-parton scatterings 
- for the first time - three-body processes gg ++ ggg in leading-order pQCD. They employ effective 
Landau-Pomeranchuk-Migdal suppression and standard screening masses for the infrared sector of the 
scattering amplitude. 

The early stage of gluon production in the Xu-Greiner (X-G) approach (Fig. 17) leads to an almost 
immediate kinetic equilibration of the momentum distribution as well as to a rather abrupt lowering of 
the temperature by soft gluon emission. Detailed balance among gain and loss contributions is reached 
rapidly. The later, slower evolution is then governed by chemical equilibration of the quark degrees of 
freedom. 

The X-G cascade does allow to study in detail RHIC- collisions with various initial conditions like 
minijets or color glass condensate. Fig. 17 depicts a preliminary calculation [75] using minijet-initial 
conditions. 

Thermalization and chemical equilibration as proposed in the bottom-up scenario [ 761 can thoroughly 
be tested within this approach. The impact parameter dependence on the transverse energy is used t o  
understand elliptic and transverse flow at RHIC within this new kinetic parton cascade with inelastic 
3 + 2 and 2 + 3 interactions. 

5 How much quenching of high p~ hadrons is due to (pre-) 
hadronic final state interactions [77] 

A (mini-)jet at RHIC can produce hard particles, with p~ above 5 GeV, but must also form soft 
particles, with pt around 2 GeV. Jets produced in the center of the plasma zone have to pass first. 
through the free, nearly massless parton phase at very high temperatures, then through the correlated 
diquark and constituent quarks and finally through the meanwhile hadronic phase. Very high p~ jets 
with y > 10 materialize only fax outside of the plasma. Most of the jets which are observed at RHIC 
are at p M 4 - 5 GeV. More than 50% of the leading jet particles at pt - 5 GeV are baryons. Pion 
jets of 5 GeV have a y = 35, i.e., they form far outside the plasma. However, HSD-Pythia-calculations 
show that the pions stem from decaying rho-jets. So, rhos and protons of 5 GeV have y = 5 .  Thus, p 
and p-jets hadronize with roughly 50% probability [78, 701 while passing through the expanding bulk 
matter. All partonic and hadronic models have failed by factors of 5-10 to predict the observed high 
baryon abundance. 

The PHENIX [79] and STAR I801 collaborations reported a suppression of meson spectra for trans- 
verse momenta p l  above N 3 GeV. This suppression is not observed in d+Au interactions at the same 
bombarding energy per nucleon [81, 821 and presents clear evidence for the presence of the plasma. 

However, it is not clear at present how much of the observed suppression can be attributed to  
(pre-)hadronic interactions (FSI) [78]. (In-)elastic collisions of (pre-)hadronic high momentum states 
with some of the bulk (pre-)hadrons in the fireball can contribute in particular to the attenuation of 
pt M 5 GeV transverse momentum hadrons at RHIC [77]: Most of the medium momentum (pre-)hadrons 
from a f 5  GeV double jet will materialize inside the dense plasma, their transverse momenta being 0-4 
GeV/c. The particles are dominantly rhos, K’s and baryons at pt  > 2.5GeV - hence their formation 
time is TTF M 4 fm/c in the plasma rest frame. The time for color neutralization can also be very small 
[83], even of the leading particle, due to gluon emission. 

The (pre-)hadronic interactions with the bulk of the (pre-)hadronic comovers then must have clearly 
an effect: they, too, suppress the pT-spectrum 1781. (1n)elastic reactions of the fragmented (pre-)hadrons 
with (pre-)hadrons of the bulk system cannot be described by pQCD: the relevant energy scale @ is a 
few GeV. Such (in-)elastic collisions are very efficient for energy degradation since many hadrons with 
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lower energies are produced. On the average, 1 to 2 such interactions can account for up to 50% of the 
attenuation of high p l  hadrons at RHIC [78]. Hence, the hadronic fraction of the jet-attenuation had 
to be addressed. 

In [70] the HSD transport approach [44] is employed. Moderate to high transverse momenta (> 1.5 
GeV/c) are incorporated by a superposition of p + p collisions described via PYTHIA [17]. In Au+Au 
collisions, the formation of secondary hadrons is not only controlled by the formation time Tf, but also 
by the energy density in the local rest frame. In [70], hadrons are not allowed to be formed if the energy 
density is above 1GeV/fm3. The interaction of the leading and energetic (pre-)hadrons with the soft 
hadronic and bulk matter is thus explicitly modeled. 

Fig. ?? show the nuclear modification factor 1771 

for the most central (5% centrality) Au+Au collisions at RHIC. 
The Cronin enhancement is visible at all momenta. Hadron formation time effects do play a sub- 

stantial role in the few GeV region, since heavier hadrons (K’s, rhos, protons) are formed 7 times earlier 
than the rather light pions in the cms frame at fixed transverse momentum due to the lower Lorentz 
boost y < 5. The HSD model is not able to produce the tenfold increase in the observed proton abun- 
dance at pt 3 - 5 GeV. It was shown in [70] that for transverse momenta PT 2 6GeV the interactions 
of formed hadrons are not able to explain the attenuation observed experimentally. However, the ratio 
RAA is influenced by interactions of formed (pre-)hadrons in the p~ = 1 . . . 5  GeV/c range [70]. A similar 
behaviour had also been demonstrated in UrQMD simulations [84]. 

As pointed out before, the suppression seen in the calculation for larger transverse momentum 
hadrons is due to the interactions of the leading (pre-)hadrons with target/projectile nucleons and the 
bulk of low momentum hadrons. It is clear that the experimentally observed suppression can not be 
quantitatively described by the (pre-)hadronic attenuation of the leading particles [70]. The ratio R u  
(3) decreases to a value of about 0.5 at 5 GeV for central collisions, whereas the data are around 

To check how robust this HSD estimate is, alternative models for the leading pre-hadron cross section 
have been studied in [ 701 by adopting a timedependent, color-transparency-motivated cross section for 
leading pre-hadrons [85] 

RAA M 0.25. 

(4) 
r - r o  

Tf 
alead (6, T )  = -chad (fi) 

for r - 7-0 5 rf ,  where r o  denotes the actual production time, Tf the formation time, after which the 
full hadronic cross section is reached. 

Within this scenario the attenuation is 35% at p~ - 5 GeV/c (see figure 19), while the data show 
more than double the attenuation. Thus, (pre-)hadronic jet interactions cannot provide a quantitative 
explanation for the jet suppression observed. They do provide, however, a sizable (30-50%) contribution 
to the jet quenching. 

For particles observable with momenta p~ 2 4GeV, the HSD transport calculation predicts that 
still 1/3 of the final observed hadrons have suffered one or more interactions, whereas the other 2/3 
escape freely, i.e., without any interaction (even for central collisions). This implies that the final high 
p~ hadrons originate from the surface. 

5.1 Angular Correlations of Jets - Can jets fake the large vpvalues ob- 
served? 

Fig. 20 [70] shows the angular correlation of highpT particles (PITrig = 4. . .6 GeV/c, p l  = 2 GeV . . . plnig, 
IyI < 0.7) for the 5% most central Au+Au collisions at f i  = 200 GeV (solid line) as well as p p  re- 
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Figure 19: Same as 
fig. 18, but with a 
leading cross section 
according to eq. (4) for 
the perturbative ' high 
p~ particles. The ob- 
served attenuation is 
more than double the 
value! 

actions (dashed line) from the HSD-model [70] in comparison to the data from STAR for p p  collisions 
[87]. Gating on high p l  hadrons (in the vacuum) yields 'nearside' correlations in AuAu close to 
the 'near-side' correlations observed for jet fragmentation in the vacuum (pp). This is in agreement 
with the experimental observation [87]. However, for the- away-side jet correlations, CGG get only a 
~ 5 0 %  reduction, similar to HIJING, which has only parton quenching and neglects hadron rescattering. 
Clearly, the observed [87] complete disappearance of the away-side jet (Fig. 20) is not explainable in 
the HSD-(pre-)hadronic cascade, even with small formation time, 0.8 fmlc. Hence, the correlation data 
provide another clear proof for the existence of the bulk plasma. 

Hence, although (pre-)hadronic final state. interactions yield a sizable (-50%) contribution to the 
high p l  suppression effects observed in Au+Au collisions at RHIC, 50 + % of the jet suppression 
originates from interactions in the plasma phase. The elliptic flow, w2, for high transverse momentum 
particles is underestimated by at least a factor of 3 in the HSD transport calculations [70] (see Fig. 15). 
The experimentally observed proton excess over pions at transverse momentapT > 2.5 GeV/c cannot be 
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Figure 21: High pr 
correlations: in-plane 
vs. out-of-plane cor- 
relations of the probe 
(jet+secondary jet 
fragments) with the 
bulk (wz of the plasma 
at pt  > 2GeV/c), 
prove the exis- 
tence of the ini- 
tial plasma state - 

(STAR-collaboration, 
prelimanary) . 

explained within the CGG approach-in fact, the proton yield at high pt is a factor 5-10 too small. This, 
however, also holds for partonic jet-quenching models. Further experimental data on the suppression 
of high-momentum hadrons from d+Au and Au-tAu collisions, down to @ = 20 GeV, are desparately 
needed to help to separate initial state Cronin effects from final state attenuation and to disentangle 
the role of partons in the colored parton plasma from those of interacting pre-hadrons in the hot and 
dense fireball. 

Can the attenuation of jets of p~ 2 5 GeV/c actually fake the observed s-values at p~ = 2 GeV/c 
- due to fragmentation and rescattering, dozens of momentum-degraded hadrons will propagate in the 
hemisphere defined by the jets - however, their momentum dispersion perpendicular to the jet direction 
is large, so large, that it could indeed fake what is thought to be the collective flow coming from the 
high pressure early plasma phase. 
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Figure 22: Illustration of jets traveling through the late hadronic stage of the reaction. Only jets from 
the region close to the initial surface can propagate and fragment in the vacuum [27,90,91]. The other 
jets will interact with the bulk, resulting in wakes with bow waves travelling transversely to the jet axis. 

On first sight, Fig.21 shows that this could indeed be the case: the in-plane 212 correlations are aligned 
with the jet axis, the away-side bump, usually attributed to collective 212 flow (dashed line), could well 
be rather due to the stopped, fragmented and rescattered away-side jet! However, this argument is 
falsified by the out-of-plane correlations (circles in Fig. 21). 

The near-side jet is clearly visible in the valley of the collective flow 212 distribution. 212 peaks at 
cp = n/2 relative to the jet axis! The away-side jet, on the other hand, has completely vanished in the 
out-of-plane distribution! Where are all the jet fragments gone? Why is there no trace left? Even if the 
away-side jet fragments completely and is caught stuck in the plasma, leftovers should be detected - at 
momenta below 2 GeV/c. Hadronic models as well as parton cascades will have a hard time getting to  
a quantitative agreement with these exciting data. 

Let me propose future correlation measurements which can yield spectroscopic information on the 
plasma. 

1. If the plasma were to  be a colorelectric plasma, experiments will - in spite of strong plasma 
damping - be able to search for wake-riding potential effects. The wake of the leading jet particle 
can trap comoving companions - moving through the plasma in the wake pocket with the same 
speed (pT/m) as the leading particle. This can be particular stable for charmed jets due to the 
deadcone effect, proposed by Kharzeev et al [88]. The deadcone will guarantee little energy loss, 
i.e. constant velocity of the leading D. The leading D meson will practically have very little 
momentum degradation in the plasma and therefore the wake potential following the D will be 
able to capture the equal speed companion, which can be detected [89] 

2. One may measure the sound velocity of the expanding plasma by the emission pattern of the 
plasma particles travelling sideways with respect to the jet axis: The dispersive wave generated 
by the wake of the jet in the plasma yields preferential emission to an angle (relative to the jet 
axis) which is given by the ratio of the leading jet particles’ velocity, devided by the sound velocity 
in the hot dense plasma rest frame. The speed of sound for a non-interacting gas of relativistic 
massless plasma particles is c, F=: & fir: 57% c, while for a plasma with strong vector interactions, 
c, = c. Hence, the emission angle measurement can yield information of the interactionsin the 
plasma. 
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6 Summary 
(a) The NA49-observed collapse of both, 211- and v2-collective flow of protons in Pb+Pb collisions 

at 40 AGeV presents first clear evidence for a first order phase transition in baryon rich dense 
matter. It will be possible to study the nature of this transition and the properties of the 
expected chirally restored and deconfined phase both at the forward fragmentation ragion 
at RHIC, with upgraded and/or second generation detectors, and at the new GSI facility 
FAIR. According to Lattice QCD results [I, 21, the first order phase transition occurs for 
chemical potentials above 400 GeV. Fig. 13 shows that the elliptic flow clearly distinguishes 
between a first order phase transition and a crossover. Thus, the observed collapse of flow, 
as predicted in [27, 281, is a clear signal for the first order phase transition at the highest 
baryon densities. 
A critical discussion of the use of collective flow as a barometer for the equation of state 
(EoS) of hot dense matter at RHIC showed that hadronic rescattering models can explain 
< 30% of the observed flow, 7 4 ,  for p~ > 1 GeV/c. 
I interpret this as evidence for the production of superdense matter at RHIC, with initial 
pressure way above hadronic pressure, p > 1 GeV fm-3. 
The fluctuations in the flow, v1 and w2, should be measured. Ideal Hydrodynamics predicts 
that they are larger than 50 % due to initial state fluctuations. The QGP coefficient of 
viscosity may be determined experimentally from the fluctuations observed. 
The connection of 212 to jet suppression is examined. It is proven experimentally that the 
collective flow is not faked by minijet fragmentation and that the away-side jet suppression 
can only partially (< 50%) be due to hadronic rescattering. 
I propose upgrades and second generation experiments at RHIC which inspect the first order 
phase transition in the fragmentation region, Le. at pug M 400 MeV, around y M 4 - 5, where 
the collapse of the proton flow analogous to the 40 AGeV data should be seen. 
The study of Jet-Wake-riding potentials and Bow shocks caused by jets in the QGP formed 
at RHIC can give further clues on the equation of state (EoS) and transport coefficients of 
the Quark Gluon Plasma (QGP) . 
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Abstract 
mtribution discusses the phenomenon of parton saturation, th 

color glass picture of hadronic wavefuntions, and their relevance in the 
early stages of nucleus-nucleus collisions. Evidence for the color glass 
condensate in the presently available RHIC data is critically reviewed. 

1 Introduction 
The degrees of freedom involved in the early stages of a nucleus-nucleus collision 
at sufficiently high energy are partons, mostly gluons, whose density grows as 
the energy increases (i.e., when 2, their momentum fraction, decreases). This 
growth of the number of gluons in the hadronic wave functions is a phenomenon 
which ha.s been well established at HEM. One expects however that it should 
eventually “saturate” when non linear QCD effects start to play a role. 

The existence of such a saturation regime has been predicted long ago, to- 
gether with estimates for the typical transverse momenta where it sets in. But 
it is only during the last decade that equations pfoviding a complete dynamical 
description of the saturated regime have been obtained. A remarkable feature 
which emerges from the solution of these equations is that the dense, saturated 
system of partons to be found in hadronic wave functions at high energy has 
universal properties, the same for all hadrons or nuclei. It follows that the 
early stages of hadronic collisions at sufficiently high energies are governed by 
universal wave functions ( “color glass condensate”), whose properties could in 
principle be calculated from QCD. This is a very exciting perspective which 
fully justifies the active search for evidence of this novel regime of QCD both 
at H E M  and at RHIC. 

It is expected that the saturation regime sets in earlier (i.e., at lower energy) 
in collisions involving large nuclei than in those involving protons. In fact, the 
IURA 2306 du CNRS. 
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parton densities in the central rapidity region of a Au-Au collision at RHIC 
are not too different from those measured in deep inelastic scattering at HERA. 
There is however one important difference: while at HERA these densities result 
from gluon evolution, at RHIC there is little evolution, at least in the central 
rapidity region, and the large densities result mostly from the additive contri- 
butions of the participant nucleons. Of course, one has the possibility at RHIC 
to explore various situations. In particular the study of dA collisions in the 
fragmentation region of the deuteron gives access to a regime where final state 
interactions should play a minor role and where quantum evolution could be 
significant. Indeed, very exciting results have been obtained in this regime. 

One may worry that at present energies, the conditions for saturation are 
at best marginally satisfied. Nevertheless a successful phenomenology based 
on the saturation picture has been developed over the last few yeas, both at 
RHIC and at HERA. We shall review in this report some of the experimental 
findings providing evidence for the color glass picture. It should be emphasized 
that the field is still in a rapidly evolving phase, most theoretical analysis are 
incomplete, so that conclusions reached today can at best be considered as 
tentative. Before we go into this phenomenological discussion, we s h d  start 
by a brief (and incomplete) historical perspective, to emphasize the remarkable 
theoretical developments of the last decade. 

2 The infancy of the idea of saturation 
An important feature of partonic interactions is that they involve only partons 
with comparable rapidities. Let us then consider the interaction between a nu- 
cleus and some external probe and consider what happens when one boosts the 
projectile nucleus, increasing its rapidity in successive steps. In the first step, 
the valence constituents become Lorentz contracted in the longitudinal direction 
while the time scale of their internal motions is Lorentz dilated. In addition, the 
boost reveals new vacuum fluctuations coupled to the boosted valence partons. 
Such fluctuations are not Lorentz contracted in the longitudinal direction, and 
represents the dynamical degrees of freedom; they are the partons that can in- 
teract with the probe. Making an additional step in rapidity would freeze these 
fluctuations, while making them Lorentz contracted as well. But the additional 
boost also produces new quantum fluctuations, which become the new dynami- 
cal variables. This argument can be repeated, and one &rives at the picture of a 
high-energy projectile containing a large number of frozen, Lorentz contracted 
partons (the valence partons, plus all the quantum fluctuations produced in 
the previous boosts), and partons which have a small rapidity, are not Lorentz 
contracted and can interact with the probe. This space-time description was 
developed before the advent of QCD (see for instance [l]; in Bjorken’s lectures 
[2], one can actually foresee the modern interpretation of parton evolution as a 
renormalization group evolution a la Wilson on which the color glass formalism 
is based). 

Of course, such a space-time picture, which was deduced from rather general 
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field theoretical considerations, can now be understood in terms of QCD. In 
fact, shortly after QCD was established as the theory of strong interaction, 
quantitative equations were established, describing the phenomenon outlined 
above [3-S]. In particular, the equation derived by BaJitsky, Fadin, Kuraev and 
Lipatov [3,4] describes the growth of the non-integrated gluon distribution in a 
hadron as it is boosted towards higher rapidities. Experimentally, an important 
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Figure 1: The gluon structure function in a proton measured at H E M .  

increase of the number of gluons at small x has indeed been observed in the 
Deep Inelastic Scattering experiments performed at HERA (see fig. l), down to 
x N lov4. Such a growth raises a problem: if it were to continue to arbitrarily 
small x, it would induce an increase of hadronic cross-sections as a power of the 
center of mass energy, in violation of unitarity bounds. 

However, as noticed by Gribov, Levin and Ryskin in [9], the BFKL equation 
includes only branching processes that increase the number of gluons (g + gg 
for instance), but not the recombination processes that could reduce the number 
of gluons (like gg + 9). While it may be legitimate to neglect the recombination 
process when the gluon density is s m d ,  this cannot remain so at arbitrarily high 
density: a saturation mechanism of some kind must set in. Treating the partons 
as ordinary particles, one can get a crude estimate of the onset of saturation 
from a simple mean free path argument. The recombination cross-section for 
gluon with transverse momentum Q is roughly given by 

- 

while the number of such gluons per unit of transverse area is given by 

xG(x,  Q2) ’- nR2 3 
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where R is the radius of the hadron and x the momentum fraction of the con- 
sidered gluons. Saturation sets in when po cv I, or equivalently for: 

The momentum scale that characterizes this new regime, Q,, is called the sat- 
uration momentum [lo]. Partons with transverse momentum Q > &, are in a 
dilute regime; those with & < &, are in the saturated regime. 

A more refined argument for the onset of saturation was given in [ll] , where 
recombination is associated with a higher twist correction to the DGLAP equa- 
tion. More generally, one may view the saturation momentum &8 as the scale 
at which QCD non linear effects become important. This occurs when field 
fluctuations are such that gluon kinetic energies become comparable to their 
interaction energies, that is when ((r9A)2) N Q,((A~)~), where (A2)  denotes the 
fluctuations of the gauge fields. Since the relevant dynamics is in the transverse 
plane, the magnitude of the gradient is fixed by the transverse momentum &. 
As for the magnitude of the gauge field fluctuations, (A2) ,  they can be esti- 
mated from the particle number density in the transverse plane, i.e. (A2)  N p, 
with p given in eq. (2). The condition ( (dA)2)  N Q , ( ( A ~ ) ~ )  translates then into 
Q2 N a8(A2),  which is eq. (3) above. Note that at saturation, naive perturba- 
tion theory breaks down, even though a,(&,) may be small if &, is large: the 
saturation regime is a regime of weak coupling, but large density. 

Early estimates of &, in nucleus-nucleus collisions were given in [12], and do 
not differ much from more modern ones [13]. But, as we have already empha- 
sized, what has changed dramatically over the last decade is that we do not have 
only access to the boundary of the saturation region, we now have a complete 
dynamicd picture of the saturation region. Before we turn to a short introduc- 
tion to these new developments, let us indicate some expected characteristics of 
the saturated regime. 

Note first that the saturation momentum increases as the gluon density 
increases. This may come from an increase of the gluon structure function 
as z decreases. The increase of the density may also come from the coherent 
contributions of several nucleons in a nucleus. In large nuclei, one expects 
QZ 0: aSA113, where A is the number of nucleons in the nucleus. 

There is another feature. Consider the number of partons occupying a small 
disk of radius l /Q8 in the transverse plane. This is easily estimated by com- 
bining eqs. (2) and (3); one finds this number to be proportional to l/a,. In 
such conditions of large numbers of quanta, classical field approximations may 
become relevant to describe the nuclear wave-functions. 

3 Modern formulation: 
the color glass condensate 

Once one enters the saturated regime the evolution of the parton distributions 
can no longer be described by a linear equation such as the BFKL equation. One 
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of the major breakthrough of the last ten years is that non linear equations have 
been obtained which allow us to follow the evolution of the partonic systems 
form the dilute regime to the dense, saturated, regime. These take different, 
equivalent, forms, generically referred to as the JIMWLK equation. 

The color glass formalism, which provides the most complete physical pic- 
ture, relies on the separation of the degrees of freedom in a high-energy hadron 
into frozen partons and dynamical fields, as discussed above. In the original 
McLenan and Venugopalan model [14-161, the fast partons are fiozen, Lorentz 
contracted, color sources flying along the light-cone, and constitute a density 
of color charge p(z:l) .  Conversely, the low x partons are described by classi- 
cal gauge fields A ~ ( z )  determined by solving the Yang-Mills equations with the 
source given by the frozen partonic configuration. An average over all acceptable 
configurations must be performed. 

The weight of a given configuration is a functional W,, [p] of the density p 
which depends on the separation scale 20 between the modes which are described 
as frozen sources, and the modes which are described as dynamical fields. As 
one lowers this separation scale, more and more modes are included among the 
frozen sources, and therefore the functional W‘, evolves with zo according to a 
renormalization group equation [17-261. 

This evolution equation for W,, [p] has been derived in [17-261 and reads 

where the kernel X a b ( 5 ! l , 3 , )  depends on the color density p only via Wilson 
lines: 

+w 
U ( z l )  5 Pexp [ - i g L ,  dz-A+(z- ,z l )]  . ( 5 )  

Here P denotes an ordering along the x- axis, A+ is the classical color field of 
the hadron moving close to the speed of light in the f z  direction. The field A+ 
depends implicitly on the frozen sources, i.e. on the color charge density p(sc1). 

This functional evolution equation can be rewritten as an infinite hierarchy 
of equations for correlation functions of the p’s, or equivalently of the U’s. For 
instance, the correlator tr(Ut(zl)U(gJ) of two Wilson lines has an evolution 
equation that involves a correlator of four Wilson limes. I€ one assumes that this 
4-point correlator can be factored into a product of two 2-point functions, one 
obtains a closed equation for the 2-point function, called the Bditsky-Kovchegov 
[19,21] equation: 

When the density of color charge p is small, one can expand the Wilson line 
U in powers of p. Eq. (6) becomes then2 a linear evolution equation for the 

2The same is true of eq. (4), because in this limit the kernel x a b  becomes quadratic in p. 
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correlator (p(z~)p(y,))~ , or equivalently for the unintegrated gluon density, 
which is nothing but the bFKL equation. 

The opposite limit, at very small xo (where the color charge density is large - 
far inside the saturation region), also leads to significant simplifications. Indeed, 
since the exponent in the Wilson l i e s  is then a large quantity, one can use a 
Random Phase Approximation in which the correlators of Wilson lines are small. 
The solution is a Gaussian (albeit non-local in the transverse coordinates) [27]: 

This formula is not valid to arbitrarily short distances 1.1 - yL1 + 0 (this 
domain is the redm of high Q2 physics, controlled by DGLAP evolution). 

Like with the BFKL or DGLAP evolution equations, the initial condition 
for the evolution is truly a non-perturbative input. One can in principle try to 
model it, and then adjust the parameters of the model to fit experimental data. 
A simple model is that proposed by McLerran and Venugopalan, in which the 
initial Wx,[p] is a local Gaussian: 

At this point, one should stress that testing the predictions of the Color Glass 
Condensate in principle requires to test both the properties of the evolution with 
rapidity and the initial condition. 

It is also important to note that the gaussians of eqs. (7) and (8) do not have 
the same status in the CGC framework eq. (8) is one particular model for the 
initial condition at moderately small X, while eq. (7) is the asymptotic regime 
reached at very small x regardless of the initial condition. The latter is therefore 
a property of the small x evolution itself. The MV model requires an infrared 
cutoff at the scale A,,,. This is because assuming a truly local Gaussian 
distribution ignores the fact that color neutralization occurs on distance scales 
smaller than the nucleon size (w A&,): two p’s can only be uncorrelated if they 
are at transverse coordinates separated by at least the distance scale of color 
neutralization. In the asymptotic solution of eq. (7), there is no infrared problem 
because the color neutralization is built in the dependence of p 2 ( z l  - gl,s0) 
on the transverse coordinates. Color neutrdiation in fact occurs on distance 
scales of the order of Q;l(zo) [27]. This is the physical origin of the universality 
of the saturated regime. 

4 Phenomenological predictions 

4.1 Geometrical scaling 
In the (ln(l/s), In@,)) plane, the saturation domain is defined by the condition 
A,,, <( pi 5 Q8(z). In this region, one expects that observables (made 
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dimensionless by scaling out the appropriate power of p ~ )  depending a priori 
on both z and p~ scale like functions of the unique variable p ~ / Q ~ ( s ) .  This 
property is called “geometrical scaling” in the literature. It has been shown 
by Iancu, Itakura and McLerran in [28] that this scaling property holds in a 
much larger domain, whose upper bound is p~ 5 Q,(z)2/AQ,,. This region 
has been labeled “extended scaling region” in figure 2. Technically, the reason 

CQIQ~ GIass ;>grP::$:2 

Penurbative, Region 

Figure 2: The scaling region in the (h(l/z),ln(pL)) plane. 

why this scaling survives outside of the saturation domain is that the (linear) 
BFKL equation that controls the evolution in z when PI 2 Qs(z) preserves for 
a while the scaling properties inherited from the physics of the saturation region 
(which affects the BFKL evolution via a boundary condition at p~ = Q8(z)). 

Such a scaling has been searched for in the data of the DIS experiments at 
HERA, and it turns out that one can indeed represent all the small z (z < 

data points for the structure function F2(z,Q2) as a single function of 
the variable T E Q2/Qa(z) with 

This is illustrated by the plot of figure 3. The parameter QO is set to 1 GeV, 
while zo w 3.10-4 and X M 0.29 are determined through a fit to the data [29]. 
By studying BFKL evolution to next-to-leading order, Triantafyllopoulos has 
obtained a value of X in good agreement with that observed [30]. Note however 
that this scaling is not by itself a proof of the color glass condensate picture, 
since it does not depend much on the detailed underlying dynamics. 

4.2- Structure functions and diffraction in DIS 
In an appropriate frame, and at leadmg order in as, the cross section for the 
interaction of a virtual photon with a proton takes the following factorized form: 

+*p(z,Q2) = S d r ~ k r r  I l l , ( ~ ’ , . , . I ) I ’ ~ ~ i p o l e ( z , . I )  . (10) 
0 
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Figure 3: The y*p cross-section at HERA, plotted against 7 Q2/Q3(z). 

In this formula, $ ( Q 2 ,  z,  r l )  is the Fock component of the virtual photon light- 
cone wave function that corresponds to a qq dipole of size T I ;  it depends on 
the invariant mass Q2 of the photon, on the transverse size TI  of the qij dipole, 
and on the fraction z of the photon longitudinal momentum taken by the quark. 
The other factor in this formula, cdjpole(z, T I ) ,  is the total dipole-proton cross- 
section. It can be expressed in terms of a correlator of Wilson lines: 

where the average is taken over the color field of the proton. 
Several models for this dipole cross-section have been used in the literature 

in order to fit HERA data. Golec-Biernat and Wusthoff have used a very simple 
parameterization [31,32] 

which has led to good results for describing the data at 5 < lo-' and moderate 
Q2. In this formula, the scale Qs(z) was taken to be of the form given in 
eq. (9). This model fails however at large Q2. This aspect was improved in 
[33], where the dipole cross-section is parameterized in a way that reproduces 
pQCD for small dipoles. Note that these approaches, even if they are inspired by 
saturation physics, do not derive the dipole cross-section from first principles. 
Recently, Iancu, Itakura and Munier [34] derived an expression of the dipole 
cross-section from the color glass condensate framework, and obtained a good 
fit of HERA data with a small number of free parameters. 

One can express in a similarly factorized form the diffractive y*p cross- 
section, where the exchange between the dipole and the target is color singlet. 
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In fact, since the dipole cross-section involved in eqs. (10) and (11) is the total 
cross-section, one can use the optical theorem to deduce from it the forward 
elastic scattering amplitude: 

i 
Nc 

d2Xl t r  1 Melastic(2, T l , t  = 0) = - J -  xi + F ) ~ + ( x ,  - ?))I , 
(13) 

assuming that this amplitude is predominantly imaginary. This can then be used 
to obtain for the *active Dl3 cross-section at t = 0 an expression involving 
the square of the total dipole-proton cross-section3: 

By using in this formula the total dipole cross-section fitted to the inclusive 
F2, one obtains a good description of the measured diffractive DE cross-section 
[31,32]. Note however that keeping only the qq component of the photon wave 
function is a good approximation only when the invariant mass of the diffrac- 
tively produced object is not too large. For large masses, one needs to consider 
also the qqg component. 

4.3 Particle multiplicities at RHIC 
In the framework of saturation models, predictions have been made for global 
observables like the total number of produced particles per unit of rapidity 
dN/dq. This can be studied as a function of the collision energy, the centrality 
of the collision, and the rapidity. 

The Color Glass Condensate may provide a dynamical justification rooted in 
QCD for many general features of particles production in hadronic interactions. 
This may be the case in particular for the phenomenon of “limiting fragmenta- 
tion”, i.e., the expectation that the rapidity distribution in the fragmentation 
region becomes independent of the collision energy at high energy. Evidence for 
such a behavior has indeed been observed by the PHOBOS collaboration, as is 
illustrated in figure 4. Here, one has plotted the rapidity distribution dN/dq’ 
of produced particles in Au-Au collisions as a function of the rapidity relative 
to the incoming beam rapidity q’ rp  - meam. When one increases the beam 
energy, one sees that dN/dq‘ is the same at large 17‘ for all energies. The par- 
ticles produced at some given (large) energy -are those that would have been 
produced at lower energies plus new particles produced at a lower rapidity. An 
early interpretation of such a phenomenon in the language of the CGC has been 
proposed by Jaliiian-Marian [36]. The interpretation suggested there is that in 
the fragmentation region of one of the nuclei (q‘ around zero), this nucleus is a 
dilute partonic system while the other nucleus is in a saturated state. The rise 

3Another way in which this relation is stated in the literature is that in order to obtain 
the diffracthe part of a cross-section, one should average the scattering amplitude over the 
configurations of the frozen source9 before squaring the amplitude. 
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Figure 4: Particle multiplicity at RHIC for different collision energies, plotted 
against the rapidity of the produced particle relative to the rapidity of the beam 
7' 7 - &earn [35]- 

in multiplicity when one decreases 7' is then attributed to the growth of the 
parton distribution in the dilute nucleus. One should emphasize however that 
no detailed quantitative analysis of the data presented in figure 4 has yet been 
done in this framework. 
h comparing more quantitative predictions of the color glass formalism for 

dN/dq to experimental data, it is important to keep the following points in 
mind. First, the color glass condensate can only predict the distribution of ini- 
tial gluons, set free typically at a proper time 7 N &;I. Between this early 
stage and the final chemical freeze-out, the system undergoes several non-trivial 
steps: kinetic and chemical equilibration (possibly with additional parton pro- 
duction), hadronization, etc., which are most often ignored in calculations based 
on the color glass condensate. Secondly, even the calculation of the initial gluon 
production is a highly non-trivial task. It involves, in principle, solving the 
classical Yang-Mills equations in the presence of the color densities describing 
the distribution of frozen sources in both projectiles. This has been achieved 
analytically only for proton-nucleus collisions, when the color charge density 
inside the proton is assumed to be weak [37-391. In the case of nucleus-nucleus 
collisions, two kinds of calculations have been performed: 

(T) Ab initio numerical calculations [ 4 M 3 ]  that solve exactly the Yang-Mills 
equations for AA collisions. The average over the color charge densities in the 
projectiles is performed by assuming that the distributions W,, [p] are given by 
the MV model, i.e. by the gaussian of eq. (8). Quantum evolution effects are 
therefore not included. Note that when one calculates dN/dq at 7 = 0, the 
typical x probed in the wave function of the nuclei is about x - lov2. Such 
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calculations can therefore be used to test the validity of the gaussian model4 for 
W,,[p] at zo N 

(ii) Approximate analytical calculations of the initial gluon spectrum [44]. 
These calculations assume kl-factorization, although such a property is so far 
unproven for the collision of two dense projectiles. The non-integrated gluon 

as well as the non-linear dynamics of the classical field. 

~~ 2 

1 

0 
0 

Figure 5: The number of particles per unit of rapidity in AA collisions, as 
a function of rapidity for different centralities (left plot) and as a function of 
centrality at different energies (right plot). From [44] . 

distribution in the nuclei is taken to be of the form c p ( k ~ )  N l / a s  for ki << 
Qs(z) and c p ( k ~ )  N QZ(z)/k: for k~ > Q8(z) (saturation appears through the 
fact that the gluon distribution does not diverge like kL2 at small kl). The 
rapidity dependence in this model is governed by that of Q8(Z), eq. (9), where 
the exponent X can be taken from the study of the scaling properties in the 
HERA data. The overall normalization factor, as well as the value of Q8 at a 
certain fixed energy, were fitted on RHIC data at 4 = 130 GeV. A prediction 
was then made in [44] for the value of dN/dq at 4 = 200 GeV, which is in good 
agreement with experimental results, as illustrated in figure 5. One should also 
mention the fact that the value of QZ(z) one needs in this approach in order 
to reproduce the measured dN/dq, of the order of 2 GeV2, is relatively large 
compared to A,,, ; this may perhaps be taken as an encouraging indication for 
the validity of the overall picture. 

Note that the residual dependence on the number of participants in the 
quantity N&dN/dq calculated by Kharzeev, Levin arid Nardi, comes entirely 
from the scale dependence of the strong coupling constant, as follows: 

However, strictly speaking, since the gluon multiplicity is obtained by solving 
the classical Yang-Mills equations, there is no running of a8 at this level of 

4Since the gluon multiplicity depends only on the correlator (A@(z)A"(y) ) ,  only one mo- 
ment of the distribution Wz,[p] is tested by this observable. One could certainly imagine 
different models for this distribution that give the same value for this particular correlator. 
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approximation. Certainly the running of as will come together with next-to- 
leading-order corrections, but it is at this point an ad hoc prescription. Since 
other interpretations of these same data, based on soft physics, are possible [45], 
it is unclear whether what we are "seeing" in the right hand panel of figure 5 
is indeed the running of a,(&:) induced by the variation of the saturation scale 
with centrality. 
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Figure 6: The number of particles per unit of rapidity in dA collisions, as 
predicted in [46]. 

Such analysis of multiplicity distributions were extended to the case of 
deuteron-nucleus collisions [46], with results in fair agreement with RHIC data5 
as illustrated in figure 6.  

4.4 Spectra of produced particles 
4.4.1 p l  dependence 

The saturation regime is characterized by a single scale, the saturation momen- 
tum &,, and as was the case for DIS, one may look for scaling laws in various 
observables. An attempt has been made to identify such a scaling in the trans- 
verse mass distributions of produced particles [47]: it has been found that the 
spectra for different species of particles are well represented by a single function 
of ml/Q,. The centrality dependence of the scaling parameter QZ was found 
in rough agreement with QZ - N;L:t - A1/3. It should be emphasized however, 
that the hadrons whose spectra are measured have certainly undergone many 
reinteractions, so that their spectra are unlikely to reflect directly the initial 
momentum distribution of the color glass. Thus the interpretation of the mt 
scaling in the saturation picture is unconvincing. 

In the case of deuteron-gold collisions, one does not expect final state in- 
teractions to play a dominant role. All the medium effects responsible for 

51n the first version of this study, there was a discrepancy with the measured multiplicities, 
which seems to have been pinned down to a problem with the Glauber determination of the 
number of participants. 
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the difference between p A  and p p  collisions may in fact be taken into account 
in the color glass condensate. The produced partons hadronize then by the 
same mechanisms as in the vacuum, m d  their spectrum can be calculated by 
convoluting the partonic cross-section with the usual fragmentation functions. 
Moreover, since the calculation of the gluon spectrum only involves the corre- 
lator ( U ( o ) U t ( e ~ ) )  [38,48,49,39], one can in principle determine it from the 
dipole cross-section used in DE [50]. A numerical calculation of the spectrum 
of hadrons produced in dA collisions has been performed in this approach in 
[51], with results in fairly good agreement with the spectrum measured at RHIC 
in dA collisions. 

The situation is far more complicated in the case of nucleus-nucleus colli- 
sions. Indeed, the gluons which emerge from the color glass shortly after the 
initial impact (typically ‘at a proper time of the order of &;l N 0.2 fm) will in- 
teract strongly and may form a hot and dense medium (a quark-gluon plasma?). 
These interactions will presumably modify the gluon spectrum: the momentum 
distribution will become more isotropic and the hard tail of the spectrum will 
be suppressed by parton energy loss. These additional effects are not taken in 
to account in the color glass, which merely provides the initial condition for the 
subsequent evolution of the system. 

By assuming that local thermalization is achieved quickly, one c m  use hy- 
drodynamics to describe this evolution. One may adjust the initial conditions so 
that integrated quantities like the local energy density match those predicted in 
saturation models. Such a strategy has been used by Eskola, Niemi, Ruuskanen 
and Rasanen [52,53], who predicted hadron spectra in good agreement with the 
observed ones for p l  5 2 GeV. One should however keep in mind that this kind 
of test is by construction only sensitive to integrated quantities predicted by 
the CGC rather than to the detailed shape of the spectrum: indeed, the very 
assumption that thermalization occurs means that the system has lost memory 
of the initial momentum distribution except for the local energy density. 

This remark implies that dA collisions are certainly much better suited than 
AA collisions in order to test the predictions of the color glass condensate, 
because the details of the system at early times are carried out to the final state 
&most unaltered. One should therefore be able to perform more direct tests of 
the CGC ideas in the context of d A  collisions. 

4.4.2 Anisotropy 

Another interesting quantity to look at is the so-called “elliptic flow”, which 
signals the existence of a significant pressure in the transverse direction [54], 
that converts the original spatial anisotropy into an anisotropy in momentum 
space. 

This has been estimated by Krasnitz, Nara and Venugopalan [55] from the 
numerical solution of the classical Yang-Mills equations. The growth of the 
anisotropy with time is similar to what happens in hydrodynamical models, [55] 
and the full I J ~  is attained after a time of the order of the size R of the system. 
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The 212 obtained at late times in the color glass condensate framework6 is plotted 
in figure 7. One can see that although it is not in quantitative agreement with 

n 8  
8 -  CG v.s.Cooling 
-7- I 
>N 6 

5- 
4- 

f + i . .  

2 3; 1 

9 

Figure 7: The centrality dependence of 2)2 from the classical gluon production 
(green band). The black filled dots are STAR data. 

the data, it has the correct order of magnitude and reproduces qualitatively the 
dependence on the multiplicity 6.e. on the centrality). However, the dependence 
of 2)2 on the transverse momentum is in clear disagreement with the RHIC 
data: the color glass condensate predicts that w2 has a maximum at small 
momentum and then f d s  to zero at  large momentum, while the measured w2 
increases monotonously up p l  - 2 GeV and remains almost constant at higher 
momenta. This discrepancy is probably the sign that there are strong final state 
interactions which drastically change the distribution in p~ of the produced 
gluons. 

4.5 Ratios of spectra: RAA, R ~ A  
The comparison of the p~ spectra in AA or dA to the corresponding ones in p p  
collisions is usually done through the following ratio: 

where Ncoll is the.number of binary collisions. For the production of high p~ 
particles, expected to scale like the number of binary collisions, these ratios 
should be unity. These ratios have been measured at RHIC both for AA and 
dA collisions. 

'This is of course a somewhat academic exercise since the description of the system in 
terms of classical fields breaks down for times that are large compared to &SI. However, it is 
instructive to see that this model, which does not rely on the assumption of thermalization, 
produces a 212 of comparable magnitude to the 212 obtained in hydrodynamical expansion over 
similar time-scales. 

C 
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Figure 8: The ratio RdA measured at RHIC by the BRAHMS collaboration at 
several rapidities (positive rapidities correspond to the fragmentation region of 
the deuteron) [56]. 

In AA collisions at central rapidity (q = 0), the measured RAA is much 
smaller than one (around 0.2) in central collisions, even at p l ’ s  as high as 
10 GeV, and approaches one from below as one goes to more and more peripheral 
collisions. However, at the values of x probed by gluon production at mid- 
rapidity (z - for p l  - 1 GeV), where one expects the distribution W,, [p] 
to be given by the McLerran-Venugopalan model (eq. (8) ) ,  the RAA predicted 
in the color glass condensate at a time of the order of &yl has a maximum 
larger than 1 at small p l  and then goes to one from above as p l  increases 
[57]. This maximum of RAA in the MV model is interpreted as a manifestation 
of the multiple (elastic) rescatterings of the produced gluon, which tend to 
redistribute the p l  spectrum by depleting the small pi's and enhancing the 
high p l ’ s  (Cronin effect). The observed suppression of RAA therefore requires 
final state effects, and is naturally interpreted as energy loss of the high p i  
partons as they go through the dense medium formed in AA collisions. 

At much smaller values of x, which can be probed by looking at particle 
production at large rapidity, one expects the distribution Wz,[p] to reach the 
asymptotic form of eq. (7). It has been found that with such a distribution 
of color sources, the color glass condensate leads to a suppression of the ratios 
RAA or R d A  [58] (see the plots of figure 9, taken from 1591). However, in order 
to disentangle this suppression which is an initial state effect (because it comes 
from the “wave function” of the projectiles) from the energy loss, one needs an 
experiment in which one has no significant final state effects, like dA collisions. 
The ratio R d A  measured by the BRAHMS experiment is shown in figure 8 [56]. 
One can see at q = 0 a very different behavior than for AA collisions: the ratio 
R ~ A  has a maximum above one and seems to go to one from above at high 
PI. As one increases the rapidity of the observed particles, one can see the 
ratio RdA drop very fast and eventually become consistently smaller than one. 
Such a. behavior with rapidity was predicted in 1591 (see the figure 9), where 
the evolution of the ratio R ~ A  was evaluated by evolving the unintegrated gluon 
distribution in a nucleus using the Balitsky-Kovchegov equation, starting from 
the McLerran-Venugopalan model at large z. Similar results were obtained 
in [so] using a toy model for the gluon distribution inspired from the color 
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Figure 9: Evolution of the ratios &A and &A with rapidity in the color 
glass condensate framework. The initial condition is the McLerran-Venugopalan 
model. Note that the calculation of RAA assumed kl-factorization. 

glass condensate, and in [39] were the two distributions of frozen sources given 
in eqs. (7) and (8) were used in order to compute the ratio &A. The onset 
of the suppression of the ratio R d A  as one increases the rapidity was studied 
analytically in [61], where it was shown that the rapid suppression seems is due 
to the fact that the gluon distribution evolves faster in a proton than it does in 
a nucleus, because the nucleus reaches the saturation regime earlier. So far, the 
color glass condensate is the only framework in which one reproduces, at least 
qualitatively, both the the Cronin effect at central rapidities and its suppression 
at forward rapidities. 

5 Discussion and outlook 
Considerable theoretical progress has been made over the last ten years in un- 
derstanding the physics that governs the wave function of a hadron at high 
energy. Not only has one acquired a fairly intuitive picture that is universally 
applicable to all hadrons at high energy, but an operational itamework has been 
developed in which many phenomena can be described quantitatively. One is 
now in principle able to study and make predictions in the entire x , k : ~  plane 
(with the exception of the truly non-perturbative region kl 5 hqoD), with non- 
perturbative physics entering only as an initial condition for otherwise known 
evolution equations. 

With the realization that the characteristic scale that governs high energy 
hadronic interactions, the saturation momentum Q8, is enhanced by the size 



of the projectiles in collisions involving nuclei, RHIC can be viewed as a place 
of choice in order to test these ideas and confront them to data. An indeed 
the phenomenology based on saturation physics has been quite successful in 
describing what is observed at RHIC. Whenever relevant comparisons with data 
can be made (global observables in AA collisions, spectra in dA collisions), the 
tests are successful. In cases of marked disagreement, like with the elliptic flow, 
one understands that the discrepancy comes from using the color glass picture 
beyond its domain of applicability. 

One may ask whether the predictions which have been tested so far are 
distinctive features of the color glass condensate that cannot be reasonably 
explained by other models. Naturally, the more precise the question, the more 
discriminatory the answer. Because in AA collisions the final state interactions 
are important, only global observables are preserved from early times to the 
final state. Therefore AA collisions are in general not ideal for direct tests of 
the color glass condensate (many global features of A A  collisions are present 
in any reasonable model of hadronic interactions, and thus not characteristic 
of the color glass condensate). Collisions involving a small projectile, l i e  dA 
collisions, where effects of final state interactions can be minimized, at least in 
some kinematical domains, me much better suited. And indeed the suppression 
of the ratio RdA at forward rapidities could turn out to be such a distinctive 
measurement, since no other model has been able so far to provide a natural 
explanation of what is observed. This is also one instance where non trivial 
quantum evolution could be playing a significant role. What is missing for 
this to become a real test is a detailed calculation of this effect that would go 
beyond the many qualitative approaches performed so far. Clearly, doing such 
calculations, as well as getting more precise data, is of utmost importance. 

From comparisons with data, one has also learned that final state inter- 
actions are generally very important in AA collisions, and many observables 
do not simply reflect the properties of the partonic system produced in the 
early stages. The color glass condensate only provides the initial condition for 
a subsequent evolution of the system leading possibly to the formation of a 
quark-gluon plasma. Understanding whether and how thermalization happens 
presents interesting theoretical challenges (see [62,63] for two recent works on 
the subject) and is of utmost importance for giving a solid theoretical basis to 
present descriptions of AA collisions. 

As a final remark, oriented towards the future, one may note that many of 
the phenomena uncovered at RHIC, should become more clearly visible at the 
LHC. There, with center of mass energies of 5.5 TeV for A A  collisions, the typical 
value of x at mid-rapidity will be about 5.10-4 and values as small as 
could be reached at forward rapidities. This corresponds roughly to values of Qf 
ranging from 5 GeV2 to 14 GeV2. Such large values of the saturation momentum 
make the coupling constant os smaller than at RHIC, giving firmer grounds to 
the weak coupling expansion used in the color glass condensate framework. A 
corollary of this is that the gluon occupation number in the saturation region 
will be larger, making the classical description also more justified. 
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