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Abstract

We review the most important experimental results from the first three years of nucleus–n
collision studies at RHIC, with emphasis on results from the STAR experiment, and we asse
interpretation and comparison to theory. The theory-experiment comparison suggests that
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Au + Au collisions at RHIC produce dense, rapidly thermalizing matter characterized by: (1)
energy densities above the critical values predicted by lattice QCD for establishment of a
gluon plasma (QGP); (2) nearly ideal fluid flow, marked by constituent interactions of very
mean free path, established most probably at a stage preceding hadron formation; and (3)
to jets. Many of the observations are consistent with models incorporating QGP formation
early collision stages, and have not found ready explanation in a hadronic framework. Howev
measurements themselves do not yet establish unequivocal evidence for a transition to this n
of matter. The theoretical treatment of the collision evolution, despite impressive successes,
a suite of distinct models, degrees of freedom and assumptions of as yet unknown quantitat
sequence. We pose a set of important open questions, and suggest additional measuremen
some of which should be addressed in order to establish a compelling basis to conclude defi
that thermalized, deconfined quark–gluon matter has been produced at RHIC.
 2005 Published by Elsevier B.V.

PACS:25.75.-q

1. Introduction

The relativistic heavy ion collider was built to create and investigate strongly inte
ing matter at energy densities unprecedented in a laboratory setting—matter so h
neutrons, protons and other hadrons are expected to “melt”. Results from the four
experiments already demonstrate that the facility has fulfilled its promise to reach
extreme conditions during the early stages of nucleus–nucleus collisions, forming
that exhibits heretofore unobserved behavior. These results are summarized in th
and in a number of excellent recent reviews [1–5]. They afford RHIC the exciting s
tific opportunity to discover the properties of matter under conditions believed to pe
during a critical, though fleeting, stage of the universe’s earliest development followin
big bang. The properties of such matter test fundamental predictions of quantum ch
dynamics (QCD) in the non-perturbative regime.

In this document we review the results to date from RHIC experiments, with emp
on those from STAR, in the context of a narrower, more pointed question. The sp
prediction of QCD most often highlighted in discussions of RHIC since its concepti
that of a transition from hadronic matter to a quark–gluon plasma (QGP) phase, d
below. Recent theoretical claims [6–8] that a type of QGP has indeed been revea
RHIC experiments and interest in this subject by the popular press [9,10] make it esp
timely to evaluate where we are with respect to this particular goal. The present pap
been written in response to a charge (see Appendix A) from the STAR Collaborat
itself, to assess whether RHIC results yet support a compelling discovery claim f
QGP, applying the high standards of scientific proof merited by the importance o
issue. We began this assessment before the end of the fourth successful RHIC
period, and we have based our evaluation on results from the first three RHIC runs,
are often dramatic, sometimes unexpected, and generally in excellent agreement
the four RHIC experiments (and we utilize results from all of the experiments here).

we began, some analyses of data from run 4 have progressed to yield publicly presented
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results that amplify or quantify some of our conclusions in this work, but do not contr
any of them.

In addressing our charge, it is critical to begin by defining clearly what we mean b
QGP, since theoretical expectations of its properties have evolved significantly over
years since the case for RHIC was first made. For our purposes here, we take the
bea (locally) thermally equilibrated state of matter in which quarks and gluons are de
fined from hadrons, so that color degrees of freedom become manifest overnuclear, rather
than merely nucleonic, volumes. In concentrating on thermalization and deconfinem
we believe our definition to be consistent with what has been understood by the p
community at large since RHIC was first proposed, as summarized by planning docu
quoted in Appendix B. In particular, thermalization is viewed as a necessary condit
be dealing with a state of matter, whose properties can be meaningfully compared t
predictions or applied to the evolution of the early universe. Observation of a deco
ment transition has always been a primary goal for RHIC, in the hope of illuminatin
detailed mechanism of the normal color confinement in QCD. For reasons presen
low, we do significantly omit from our list of necessary conditions some other fea
discussed as potentially relevant over the years since RHIC’s conception.

• We do not demand that the quarks and gluons in the produced matter be
interacting, as has been considered in some conceptions of the QGP. Lattice
calculations suggest that such an ideal state may be approached in static bul
matter only at temperatures very much higher than that required for the deconfin
transition. Furthermore, attainment of thermalization on the ultra-short timescal
RHIC collision must rely on frequent interactions among the constituents durin
earliest stages of the collision—a requirement that is not easily reconcilable with
duction of an ideal gas. While the absence of interaction would allow conside
simplifications in the calculation of thermodynamic properties of the matter, we d
regard this as an essential feature of color-deconfined matter. In this light, som
suggested [6–8] that we label the matter we seek as the sQGP, for strongly-inte
quark–gluon plasma. Since we regard this as the form of QGP that should be no
anticipated, we consider the ‘s’ qualifier to be superfluous.

• We do not require evidence of a first- or second-order phase transition, even t
early theoretical conjecture [11] often focused on possible QGP signatures inv
sharp changes in experimental observables with collision energy density. In fa
nature of the predicted transition from hadron gas to QGP has only been signifi
constrained by quite recent theory. Our definition allows for a QGP discovery
thermodynamic regime beyond a possible critical point. Most modern lattice
calculations indeed suggest the existence of such a critical point at baryon de
well above those where RHIC collisions appear to first form the matter. Noneth
such calculations still predict a rapid (but unaccompanied by discontinuities in the
dynamic observables) crossover transition in the bulk properties of strongly intera
matter at zero baryon density.

• We consider that evidence for chiral symmetry restoration would be sufficie
demonstrate a new form of matter, but is notnecessaryfor a compelling QGP dis

covery. Most lattice QCD calculations do predict that this transition will accompany
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deconfinement, but the question is certainly not definitively decided theoretica
clear evidence for deconfinement can be provided by the experiments, then the
for manifestations of chiral symmetry restoration will be one of the most profo
goals of further investigation of the matter’s properties, as they would provid
clearest evidence for fundamental modifications to the QCD vacuum, with poten
far-reaching consequences.

The above “relaxation” of demands, in comparison to initial expectations before
ation of the RHIC program, makes a daunting task even more challenging. The po
absence of a first- or second-order phase transition reduces hopes to observe som
marked changes in behavior that might serve as an experimental “smoking gun”
transition to a new form of matter. Indeed, even if there were a sharp transition as a
tion of bulk matter temperature, it would be unlikely to observe non-smooth behav
heavy-ion collisions, which form finite-size systems spanning some range of local te
atures even at fixed collision energy or centrality. We thus have to rely more heav
evidence of QGP formation on the comparison of experimental results with theory
theoretical calculations of the properties of this matter become subject to all the com
ities of strong QCD interactions, and hence to the technical limitations of lattice g
calculations. Even more significantly, these QCD calculations must be supplemen
other models to describe the complex dynamical passage of heavy-ion collision matt
and out of the QGP state. Heavy ion collisions represent our best opportunity to ma
unique matter in the laboratory, but we place exceptional demands on these collision
must not only produce the matter, but then must serve “pump and probe” functions
what analogous to the modern generation of condensed matter instruments—and th
do it all on distance scales of femtometers and a time scale of 10−23 seconds!

There are two basic classes of probes at our disposal in heavy ion collisions. In st
electroweak collision products, we exploit theabsenceof final-state interactions (FSI) wit
the evolving strongly interacting matter, hoping to isolate those produced during the
collision stages and bearing the imprints of the bulk properties characterizing those
But we have to deal with the relative scarcity of such products, and competing origins
hadron decay and interactions during later collision stages. Most of the RHIC res
date utilize instead the far more abundant produced hadrons, where one exploits (b
must understand) the FSI. It becomes critical to distinguishpartonic FSI from hadronic
FSI, and to distinguish both from initial-state interactions and the effects of (so far) p
understood parton densities at very low momentum fraction in the entrance-channel
Furthermore, the formation of hadrons from a QGP involves soft processes (parton
mentation and recombination) that cannot be calculated from perturbative QCD a
a priori not well characterized (nor even cleanly separable) inside hot strongly inter
matter.

In light of all these complicating features, it is remarkable that the RHIC experim
have already produced results that appear to confirm some of the more striking,
least semi-quantitative, predictions made on the basis of QGP formation! Other,
pected, RHIC results have stimulated new models that explain them within a QGP
framework. The most exciting results reveal phenomena not previously observed

plored at lower center-of-mass energies, and indeed are distinct from the observations on
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which a circumstantial case for QGP formation was previously argued at CERN [1
order to assess whether a discovery claim is now justified, we must judge the robu
of both the new experimental results and the theoretical predictions they seem to be
Do the RHIC datademanda QGP explanation? Can they alternatively be accounted
in a hadronic framework? Are the theories and models used for the predictions mu
compatible? Are those other experimental results that currently appear to deviate fro
oretical expectations indicative of details yet to be worked out, or rather of fundam
problems with the QGP explanation?

We organize our discussion as follows. In Section 2 we briefly summarize the
relevant theoretical calculations and models, their underlying assumptions, limitation
most robust predictions. We thereby identify thecrucial QGP features we feel must b
demonstrated experimentally to justify a compelling discovery claim. We divide th
perimental evidence into two broad areas in Sections 3–4, focusing first on what w
learned about the bulk thermodynamic properties of the early stage collision matte
such measures as hadron spectra, collective flow and correlations among the soft
that constitute the vast majority of outgoing particles. We discuss the consistency o
results with thermalization and the exposure of new (color) degrees of freedom. Ne
provide an overview of the observations of hadron production yields and angular co
tions at high transverse momentum (pT � 4 GeV/c), and what they have taught us abo
the nature of FSI in the collision matter and their bearing on deconfinement.

In Section 5 we focus on open questions for experiment and theory, on imp
crosschecks and quantifications, on predictions not yet borne out by experiment a
perimental results not yet accommodated by theory. Finally, we provide in Section
extended summary, conclusions and outlook, with emphasis on additional measur
and theoretical improvements that we feel are needed to strengthen the case for Q
mation. The summary of results in Section 6 is extended so that readers already f
with most of the theoretical and experimental background material covered in Sectio
can skip to the concluding section without missing the arguments central to our asse
of the evidence.

The STAR detector and its capabilities have been described in detail elsewher
and will not be discussed.

2. Predicted signatures of the QGP

The promise, and then the delivery, of experimental results from the AGS, SP
RHIC have stimulated impressive and important advances over the past decade
theoretical treatment of the thermodynamic and hydrodynamic properties of hot str
interacting matter and of the propagation of partons through such matter. Howev
complexities of heavy-ion collisions and of hadron formation still lead to a patchwo
theories and models to treat the entire collision evolution, and the difficulties of the s
interaction introduce significant quantitative ambiguities in all aspects of this treat
In support of a possible compelling QGP discovery claim, we must then identify the
striking qualitative predictions of theory, which survive the quantitative ambiguities

we must look for a congruence of various observations that confirm such robust predic-
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tions. In this section, we provide a brief summary of the most important pieces o
theoretical framework, their underlying assumptions and quantitative limitations, and
we view as their most robust predictions. Some of these predictions will then be com
with RHIC experimental results in later sections.

2.1. Features of the phase transition in lattice QCD

The phase diagram of bulk thermally equilibrated strongly interacting matter shou
described by QCD. At sufficiently high temperature one must expect hadrons to “m
deconfining quarks and gluons. The exposure of new (color) degrees of freedom
then be manifested by a rapid increase in entropy density, hence in pressure, with inc
temperature, and by a consequent change in the equation of state (EOS). In the limi
the deconfined quarks and gluons are non-interacting, and the quarks are massl
(Stefan–Boltzmann) pressurePSB of this partonic state, as a function of temperatureT at
zero chemical potential (i.e., zero net quark density), would be simply determined b
number of degrees of freedom [2]:

PSB

T 4
=

[
2
(
N2

c − 1
) + 7

2
NcNf

]
π2

90
, (1)

whereNc is the number of colors,Nf the number of quark flavors, the temperature
measured in energy units (throughout this paper), and we have takenh̄ = c = 1. The two
terms on the right in Eq. (1) represent the gluon and quark contributions, respec
Refinements to this basic expectation, to incorporate effects of color interactions a
the constituents, as well as of non-vanishing quark masses and chemical potent
to predict the location and nature of the transition from hadronic to partonic degre
freedom, are best made via QCD calculations on a space–time lattice (LQCD).

In order to extract physically relevant predictions from LQCD calculations, these
to be extrapolated to the continuum (lattice spacing→ 0), chiral (actual current quar
mass) and thermodynamic (large volume) limits. While computing power limitations
restricted the calculations to date to numbers of lattice points that are still considered
what marginal from the viewpoint of these extrapolations [2], enormous progress ha
made in recent years. Within the constraints of computing cost, there have been im
initial explorations of sensitivity to details of the calculations [2]: e.g., the number
masses of active quark flavors included; the technical treatment of quarks on the
the presence or absence of theUA(1) anomaly in the QGP state. Additional numeric
difficulties have been partially overcome to allow first calculations at non-zero che
potential and to improve the determination of physical quark mass scales for a given
spacing [2].

Despite the technical complications, LQCD calculations have converged on the fo
ing predictions:

• There is indeed a predicted transition of some form between a hadronic and a
phase, occurring at a temperature in the vicinity ofTc � 160 MeV for zero chemica
potential. The precise value of the transition temperature depends on the treatm

quarks in the calculation.
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near the right axis indicate the corresponding Stefan–Boltzmann pressures for the same quark flavor ass

Fig. 2. Temperature-dependence of the heavy-quark screening mass (divided by temperature) as a fu
temperature (in units of the phase transition temperature), from LQCD calculations in Ref. [15]. The
represent perturbative expectations of the temperature-dependence.

• The pressure divided byT 4 rises rapidly aboveTc, then begins to saturate by abo
2Tc, but at values substantially below the Stefan–Boltzmann limit (see Fig. 1)
The deviation from the SB limit indicates substantial remaining interactions am
the quarks and gluons in the QGP phase.

• AboveTc, the effective potential between a heavy quark–antiquark pair takes the
of a screened Coulomb potential, with screening mass (or inverse screening leng
ing rapidly as temperature increases aboveTc (see Fig. 2) [15]. As seen in the figur
the screening mass deviates strongly from perturbative QCD expectations in the
ity of Tc, indicating large non-perturbative effects. The increased screening mass
to a shortening of the range of theqq̄ interaction, and to an anticipated suppress
of charmonium production, in relation to open charm [16]. The predicted suppre
appears to set in at substantially different temperatures forJ/ψ (1.5–2.0Tc) andψ ′

(∼ 1.0Tc) [17].
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restoration (marked by the rapid decrease of chiral condensate〈ψ̄ψ〉 in the upper right-hand frame) and deco
finement (upper left frame) phase transitions. The lower plot shows that the chiral transition leads toward
degeneracy of the pion with scalar meson masses. All plots are as a function of the bare coupling strengtβ used
in the calculations; increasingβ corresponds to decreasing lattice spacing and to increasing temperature.

• In most calculations, the deconfinement transition is also accompanied by a
symmetry restoration transition, as seen in Fig. 3 [14]. The reduction in the chira
densate leads to significant predicted variations in in-medium meson masses.
are also affected by the restoration ofUA(1) symmetry, which occurs at higher tem
perature than chiral symmetry restoration in the calculation of Fig. 3.

• The nature of the transition from hadronic to QGP phase is highly sensitive t
number of dynamical quark flavors included in the calculation and to the quark m
[18]. For the most realistic calculations, incorporating two light (u,d) and one heavie
(s) quark flavor relevant on the scale ofTc, the transition is most likely of the crossov
type (with no discontinuities in thermodynamic observables—as opposed to fir
second-order phase transitions) at zero chemical potential, although the ambigu
tying down the precise values of quark masses corresponding to given lattice sp
still permit some doubt.

• Calculations at non-zero chemical potential(µB), though not yet mature, suggest t
existence of a critical point such as that illustrated in Fig. 4 [19]. The numerical
lenges in such calculations leave considerable ambiguity about the value ofµB at
which the critical point occurs (e.g., it changes fromµB ≈ 700 to 350 MeV between

Refs. [20] and [19]), but it is most likely above the value at which RHIC collision
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Fig. 4. LQCD calculation results for non-zero chemical potential [19], suggesting the existence of a critica
well above RHIC chemical potential values. The solid line indicates the locus of first-order phase tran
while the dotted curve marks crossover transitions between the hadronic and QGP phases.

matter is formed, consistent with the crossover nature of the transition anticipa
RHIC.

• Even for crossover transitions, the LQCD calculations still predict a rapid tempera
dependence of the thermodynamic properties, as revealed in all of the figures c
ered above. However, in basing experimental expectations on this feature, it m
kept in mind that the early collision temperature varies slowly with collision en
and is not directly measured by any of the probes studied most extensively to da

2.2. Hydrodynamic signatures

In order to determine how the properties of bulk QGP matter, as determined in L
calculations, may influence observable particle production spectra from RHIC collis
one needs to model the time evolution of the collision “fireball”. To the extent tha
initial interactions among the constituents are sufficiently strong to establish local
mal equilibrium rapidly, and then to maintain it over a significant evolution time,
resulting matter may be treated as a relativistic fluid undergoing collective, hydrodyn
flow [3]. The application of hydrodynamics for the description of hadronic fireballs
a long history [21,22]. Relativistic hydrodynamics has been extensively applied to
ion collisions from BEVALAC to RHIC [3,22,23], but with the most striking successe
RHIC. The applicability of hydrodynamics at RHIC may provide the clearest evidenc
the attainment of local thermal equilibrium at an early stage in these collisions. (O
other hand, there are alternative, non-equilibrium treatments of the fireball evolutio
have also been compared to RHIC data [24].) The details of the hydrodynamic evo
are clearly sensitive to the EOS of the flowing matter, and hence to the possible cr
of a phase or crossover transition during the system expansion and cooling. It is crit
understand the relative sensitivity to the EOS as compared with that to other assum

and parameters of the hydrodynamic treatment.
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Fig. 5. Pressure as a function of energy density at vanishing net baryon density for three different equa
state of strongly interacting matter: a Hagedorn resonance gas (EOS H), an ideal gas of massless parton
and a connection of the two via a first-order phase transition atTc = 164 MeV (EOS Q). These EOS are used
hydrodynamics calculations in Ref. [3], from which the figure is taken.

Traditional hydrodynamics calculations cannot be applied to matter not in local
mal equilibrium, hence they must be supplemented by more phenomenological trea
of the early and late stages of the system evolution. These parameterize the initi
ditions for the hydrodynamic flow and the transition to freezeout, where the structu
matter flow is converted into final hadron spectra. Since longitudinal flow is espe
sensitive to initial conditions beyond the scope of the theory, most calculations to
have concentrated ontransverseflow, and have assumed longitudinal boost-invaria
of the predictions [3]. Furthermore, it is anticipated that hadrons produced at suffic
high transverse momentum in initial partonic collisions will not have undergone suffi
rescatterings to come to thermal equilibrium with the surrounding matter, so that hyd
namics will be applicable at best only for the softer features of observed spectra. W
the time range and momentum range of its applicability, most hydrodynamics calcul
to date have treated the matter as anideal, non-viscous fluid. The motion of this fluid
completely determined given the three components of the fluid velocity	v, the pressure (P )
and the energy and baryon densities (e andnB ). The hydrodynamic equations of motio
for an ideal fluid are derived from the exact local conservation laws for energy, mome
and baryon number by assuming an ideal-fluid form for the energy–momentum tens
baryon number current; they are closed by an equation of stateP(e,nB) [21].

The EOS in hydrodynamics calculations for RHIC has been implemented using s
fied models inspired by LQCD results, though not reproducing their details. One ex
is illustrated by the solid curve in Fig. 5, connecting an ideal gas of massless partons
temperature to a Hagedorn hadron resonance gas [25] at low temperatures, via a fir
phase transition chosen to ensure consistency with (µB = 0) LQCD results for critical
temperature and net increase in entropy density across the transition [3]. In this imp
tation, the slope∂P/∂e (giving the square of the velocity of sound in the matter) exhi

high values for the hadron gas and, especially, the QGP phases, but has a soft point at the
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Fig. 6. Hydrodynamics calculations for the time evolution of the spatial eccentricityεx and the momentum
anisotropyεp for non-central (7 fm impact parameter) Au+ Au collisions at RHIC [3]. The solid and dashe
curves result, respectively, from use of EOS Q and EOS I from Fig. 5. The gradual removal of the initial
eccentricity by the pressure gradients that lead to the buildup ofεp reflects the self-quenching aspect of ellip
flow. The time scale runs from initial attainment of local thermal equilibrium through freezeout in this calcu

mixed phase [3,22]. This generic softness of the EOS during the assumed phase tra
has predictable consequences for the system evolution.

In heavy ion collisions, the measurable quantities are the momenta of the produc
ticles at the final state and their correlations. Transverse flow measures are key obse
to compare quantitatively with model predictions in studying the EOS of the hot, d
matter. In non-central collisions, the reaction zone has an almond shape, resulting
imuthally anisotropic pressure gradients, and therefore a non-trivial elliptic flow pa
Experimentally, this elliptic flow pattern is usually measured using a Fourier deco
sition of momentum spectra relative to the event-by-event reaction plane, in whic
second Fourier componentv2 is the dominant contribution. The important feature of el
tic flow is that it is “self-quenching” [26,27], because the pressure-driven expansion
to reduce the spatial anisotropy that causes the azimuthally anisotropic pressure g
in the first place. This robust feature is illustrated in Fig. 6, which compares predictio
the spatial and resulting momentum eccentricities as a function of time during the sy
hydrodynamic evolution, for two different choices of EOS [3]. The self-quenching m
the elliptic flow particularly sensitive to earlier collision stages, when the spatial aniso
and pressure gradient are the greatest. In contrast, hadronic interactions at later sta
contribute significantly to the radial flow [28,29].

The solid momentum anisotropy curve in Fig. 6 also illustrates that entry into the
EOS mixed phase during a transition from QGP to hadronic matter stalls the build
momentum anisotropy in the flowing matter. An even more dramatic predicted ma
tation of this stall is shown by the dependence ofpT -integrated elliptic flow on produce
hadron multiplicity in Fig. 7, where a dip is seen under conditions where the phase t
tion occupies most of the early collision stage. Since the calculations are carried ou
fixed impact parameter, measurements to confirm such a dip would have to be per
as a function of collision energy. In contrast to early (non-hydrodynamic) projectio

particle multiplicities at RHIC (represented by horizontal arrows in Fig. 7), we now know
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Fig. 7. Predicted hydrodynamic excitation function ofpT -integrated elliptic (v2, solid curve, left axis) and radia
(〈〈v⊥〉〉, dashed, right axis) flow for non-central Pb+ Pb collisions [30]. The calculations assume a sharp onse
freezeout along a surface of constant energy density corresponding to temperature≈ 120 MeV. The soft phase
transition stage in EOS Q gives rise to a dip in the elliptic flow. The horizontal arrows at the bottom
early projections of particle multiplicity for different facilities, but we now know that RHIC collisions prod
multiplicities in the vicinity of the predicted dip.

that the multiplicity at the predicted dip is approximately achieved for appropriate ce
ity in RHIC Au + Au collisions at full energy. However, comparisons of predicted w
measured excitation functions for elliptic flow are subject to an overriding ambiguity
cerning where and when appropriate conditions of initial local thermal equilibrium
hydrodynamic applicability are actually achieved. Hydrodynamics itself has nothi
say concerning this issue.

One can alternatively attain sensitivity to the EOS in measurements for given co
energy and centrality by comparing to the predicted dependence of elliptic flow stren
hadronpT and mass (see Fig. 8). The mass-dependence is of simple kinematic orig
and is thus a robust feature of hydrodynamics, but its quantitative extent, along w
magnitude of the flow itself, depends on the EOS [3].

Of course, the energy- and mass-dependence ofv2 can also be affected by specie
specific hadronic FSI at and close to the freezeout where the particles decouple fr
system, and hydrodynamics is no longer applicable [28,29]. A combination of macros
and microscopic models, with hydrodynamics applied at the early partonic and m
phase stages and a hadronic transport model such as RQMD [31] at the later h
stage, may offer a more realistic description of the whole evolution than that ach
with a simplified sharp freezeout treatment in Figs. 6, 7, 8. The combination of hyd
namics with RQMD [29] has, for example, led to predictions of a substantially diffe
and monotonic, energy-dependence of elliptic flow, as can be seen by comparing
to Fig. 7. The difference between the two calculations may result primarily [6] from

elimination in [29] of the assumption of ideal fluid expansion even in the hadronic phase.
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Fig. 8. Hydrodynamics predictions [32] of thepT and mass-dependences of the elliptic flow parameterv2 for
identified final hadrons from Au+ Au collisions at

√
sNN = 130 GeV. The calculations employ EOS Q (s

Fig. 5) and freezeout near 120 MeV.

Fig. 9. Predictions [29] from a hybrid hydrodynamics-RQMD approach for the elliptic flow as a functio
charged particle multiplicity in Pb+ Pb collisions at an impact parameterb = 6 fm. Curves for different choice
of EOS (LH8 is most similar to EOS Q in Fig. 7) are compared to experimental results derived [29] from
and RHIC measurements. The replacement of a simplified freezeout model for all hadron species an
assumption of ideal hadronic fluid flow with the RQMD hadron cascade appears to remove any dip inv2 values,
such as seen in Fig. 7.

In any case, this comparison suggests that the energy dependence of elliptic flow
quark–hadron transition region is at least as sensitive to the late hadronic interact
tails as to the softening of the EOS in the mixed-phase region. Flow for multi-strang
charmed particles with small hadronic interaction cross sections may provide more
tive sensitivity to the properties of the partonic and mixed phases [29,33,34]. Ther

be non-negligible sensitivity as well to the addition of such other complicating features
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as viscosity [35] and deviations from longitudinal boost-invariance, studies of the
effect requiring computationally challenging(3+ 1)-dimensional hydrodynamics calcul
tions [36]. Certainly, the relative sensitivities to EOS variations vs. treatments of visc
boost-invariance, and the evolution of the hadronic stage must be clearly underst
order to interpret agreement between hydrodynamics calculations and measured flo

In addition to predicting one-body hadron momentum spectra as a function of
kinematic variables, hydrodynamic evolution of the matter is also relevant for unders
ing two-hadron Hanbury-Brown-Twiss (HBT) quantum correlation functions [5]. F
these correlation measurements one can extract information concerning the size an
of the emitting surface at freezeout, i.e., at the end of the space–time evolution stage
by hydrodynamics. While the detailed comparison certainly depends on improving m
of the freezeout stage, it is reasonable to demand that hydrodynamics calculations
tent with the one-body hadron measurements be also at least roughly consistent wi
results.

2.3. Statistical models

The aim of statistical models is to derive the equilibrium properties of a macros
system from the measured yields of the constituent particles [37,38]. Statistical m
however, do not describe how a system approaches equilibrium [38]. Hagedorn [2
Fermi [39] pioneered their application to computing particle production yield ratios in
energy collisions, where conserved quantities such as baryon number and strangen
important roles [40]. Statistical methods have become an important tool to study the
erties of the fireball created in high energy heavy ion collisions [37,41], where they su
admirably in reproducing measured yield ratios. Can this success be taken as evide
the matter produced in these collisions has reached thermal and chemical equilibri
fore hadronization? Can the temperature and chemical potential values extracted fro
statistical model fits be interpreted as the equilibrium properties of the collision matt

The answer to both of the above questions is “not on the basis of fits to integrated
alone”. The essential condition for applicability of statistical models is phase-space
inance in determining the distribution of a system with many degrees of freedom a
relatively few observables [39,42], and this does not necessarily reflect a process o
modynamic equilibration via interactions of the constituents. Indeed, statistical mod
can describe the observed hadron abundances well (albeit, only by including a stran
undersaturation factor,γs < 1) in p + p, e+ + e− andp + A collisions, where therma
and chemical equilibrium are thought not to be achieved [37]. It is thus desirable to d
guish a system driven towards thermodynamic equilibrium from one born at hadroni
with statistical phase space distributions, where “temperature” and “chemical pote
are simply Lagrange multipliers [43]. In order to make this distinction, it is necessar
sufficient to measure the extensive interactions among particles and to observe the
from canonical ensemble in a small system with the size of a nucleon (p+p, e+ + e−) and
tens of produced particles, to grand canonical ensemble in a large system with ex
volume and thousands of produced particles (central Au+ Au) [37,40].

The evolution of the system from canonical to grand canonical ensemble can b

served, for example, via multi-particle correlations (especially of particles constrained by
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conservation laws [42]) or by the centrality dependence of the strangeness supp
factorγs . The interactions among constituent particles, necessary to attainment ofthermal
equilibrium, can be measured by collective flow of many identified particles [29,44
by resonance yields [45] that follow their hadronic rescattering cross sections. (C
tive flow and resonance formation could, in principle, proceed via the dominant had
interactions that do not change hadron species, and hence are not strictly sufficien
tablishchemicalequilibration among hadrons, which would have to rely on relatively w
inelasticprocesses [43].)

If other measurements confirm the applicability of a grand canonical ensemble, th
hadron yield ratios can be used to extract the temperature and chemical potentia
system [37] at chemical freezeout. The latter is defined as the stage where hadro
been created and the net numbers of stable particles of each type no longer chang
ther system evolution. These values place constraints on, but do not directly determ
properties of the matter when thermal equilibrium was first attained in the wake of th
lision. Direct measurement of the temperature at this early stage requires characte
of the yields of particles such as photons that are produced early but do not signifi
interact on their way out of the collision zone.

2.4. Jet quenching and parton energy loss

Partons from the colliding nuclei that undergo a hard scattering in the initial stage
collision provide colored probes for the colored bulk matter that may be formed in th
lision’s wake. It was Bjorken [46] who first suggested that partons traversing bulk pa
matter might undergo significant energy loss, with observable consequences on the p
subsequent fragmentation into hadrons. More recent theoretical studies have demo
that the elastic parton scattering contribution to energy loss first contemplated by B
is likely to be quite small, but that gluon radiation induced by passage through the m
may be quite sizable [4]. Such induced gluon radiation would be manifested by a s
cant softening and broadening of the jets resulting from the fragmentation of parton
traverse substantial lengths of matter containing a high density of partons—a pheno
called “jet quenching”. As will be documented in later sections, some of the most ex
of the RHIC results reveal jet quenching features quite strikingly. It is thus importa
understand what features of this phenomenon may distinguish parton energy loss t
a QGP from other possible sources of jet softening and broadening.

Several different theoretical evaluations of the non-Abelian radiative energy loss o
tons in dense, but finite, QCD matter have been developed [47–50]. They give esse
consistent results, including the non-intuitive prediction that the energy loss varies w
square (L2) of the thickness traversed through static matter, as a consequence of d
tive interference effects in the coherent system of the leading quark and its first ra
gluon as they propagate through the matter. The overall energy loss is reduced, andL-
dependence shifted toward linearity, by the expansion of the matter resulting from
ion collisions. The significant deformation of the collision zone for non-central collisi
responsible for the observed elliptic flow (hence also for an azimuthal dependence
rate of matter expansion), should give rise to a significant variation of the energy los

angle with respect to the impact parameter plane. The scale of the net energy loss depends



120 STAR Collaboration / Nuclear Physics A 757 (2005) 102–183

pertur-
makes
hat the
ct
l-state

pected
annel
ction

—are
ese ef-

anges
acuum
entary
e valid

versal
eems
ranges
xpect
nd not
tal
ecom-
clean.

ludes

or the
and

al-
is time

their
ence

s con-
mptions
versal

ay call
basic

so be
can,
on factors that can all be related to the rapidity density of gluons (dNg/dy) in the matter
traversed.

The energy loss calculated via any of these approaches is then embedded in a
bative QCD (pQCD) treatment of the hard parton scattering. The latter treatment
the standard factorization assumption (untested in the many-nucleon environment) t
cross section for producing a given final-state high-pT hadron can be written as the produ
of suitable initial-state parton densities, pQCD hard-scattering cross section, and fina
fragmentation functions for the scattered partons. Nuclear modifications must be ex
for the initial parton densities as well as for the fragmentation functions. Entrance-ch
modifications—including both nuclear shadowing of parton densities and the introdu
by multiple scattering of additional transverse momentum to the colliding partons
capable of producing some broadening and softening of the final-state jets. But th
fects can, in principle, be calibrated by complementing RHICA+A collision studies with
p + A or d + A, where QGP formation is not anticipated.

The existing theoretical treatments of the final-state modifications attribute the ch
in effective fragmentation functions to the parton energy loss. That is, they assume v
fragmentation (as characterized phenomenologically from jet studies in more elem
systems) of the degraded parton and its spawned gluons [4]. This assumption may b
in the high-energy limit, when the dilated fragmentation time should exceed the tra
time of the leading parton through the surrounding matter. However, its justification s
questionable for the soft radiated gluons and over the leading-parton momentum
to which it has been applied so far for RHIC collisions. In these cases, one might e
hadronization to be aided by the pickup of other partons from the surrounding QGP, a
to rely solely on the production ofqq̄ pairs from the vacuum. Indeed, RHIC experimen
results to be described later in this document hint that the distinction between such r
bination processes and parton fragmentation in the nuclear environment may not be
Furthermore, one of the developed models of parton energy loss [48] explicitly inc
energygainvia absorption of gluons from the surrounding thermal QGP bath.

The assumption of vacuum fragmentation also implies a neglect of FSI effects f
hadronic fragmentation products, which might further contribute to jet broadening
softening. Models that attempt to account forall of the observed jet quenching via the
ternative description of hadron energy loss in a hadronic gas environment are at th
still incomplete [51]. They must contend with the initial expectation ofcolor transparency
[52], i.e., that high momentum hadrons formed in strongly interacting matter begin
existence as point-like color-neutral particles with very small color dipole moments, h
weak interactions with surrounding nuclear matter. In order to produce energy los
sistent with RHIC measurements, these models must then introduce ad hoc assu
about the rate of growth of these “pre-hadron” interaction cross sections during tra
of the surrounding matter [51].

The above caveats concerning assumptions of the parton energy loss models m
into question some of their quantitative conclusions, but are unlikely to alter the
qualitative prediction that substantial jet quenching is anecessaryresult of QGP forma-
tion. The more difficult question is whether the observation of jet quenching can al
taken as asufficientcondition for a QGP discovery claim? Partonic traversal of matter

in principle, be distinguished from effects ofhadronic traversal by detailed dependences



STAR Collaboration / Nuclear Physics A 757 (2005) 102–183 121

adratic
s
adron
nic en-
energy

e sur-
l results
[56]
-
othly
istic
in the

nly be
e

loss
for a
duce

HIC
tions

been
ts

, with

be

oves to
nd

luons.
rapid

rocess

region
ments,
–

nds
r

of the energy loss, e.g., on azimuthal angle and system size (reflecting the nearly qu
length-dependence characteristic of gluon radiation), onpT (since hadron formation time
should increase with increasing partonic momentum [53]), or on type of detected h
(since hadronic energy losses should depend on particle type and size, while parto
ergy loss should be considerably reduced for heavy quarks [53,54]). However, the
loss calculations do not (with the exception of the small quantitative effect ofabsorption
of thermal gluons [48]) distinguish confined from deconfined quarks and gluons in th
rounding matter. Indeed, the same approaches have been applied to experimenta
from semi-inclusive deep inelastic scattering [55] or Drell–Yan dilepton production
experiments on nuclear targets to infer quark energy losses incold, confined nuclear mat
ter [57]. Baier et al. [58] have shown that the energy loss is expected to vary smo
with energy density from cold hadronic to hot QGP matter, casting doubt on optim
speculations [53] that the QGP transition might be accompanied by a rapid change
extent of jet quenching with collision energy. Thus, the relevance of the QGP can o
inferred indirectly, from the magnitude of the gluon densitydNg/dy needed to reproduc
jet quenching in RHIC collision matter, vis-à-vis that needed to explain the energy
in cold nuclei. Is the extracted gluon density consistent with what one might expect
QGP formed from RHIC collisions? To address this critical question, one must intro
new theoretical considerations of the initial state for RHIC collisions.

2.5. Saturation of gluon densities

In a partonic view, the initial conditions for the expanding matter formed in a R
collision are dominated by the scattering of gluons carrying small momentum frac
(Bjorkenx) in the nucleons of the colliding nuclei. Gluon densities in the proton have
mapped down to quite small values ofx ∼ 10−4 in deep inelastic scattering experimen
at HERA [59]. When the measurements are made with high resolving power (i.e.
large 4-momentum transferQ2), the extracted gluon densityxg(x,Q2) continues to grow
rapidly down to the lowestx values measured. However, at moderateQ2 ∼ few (GeV)2,
there are indications from the HERA data thatxg(x,Q2) begins to saturate, as might
expected from the competition between gluon fusion (g+g → g) and gluon splitting (g →
g + g) processes. It has been conjectured [60–63] that the onset of this saturation m
considerably higherx values (for givenQ2) in a nuclear target, compared to a proton, a
that a QGP state formed in RHIC collisions may begin with a saturated density of g
Indeed, birth within this saturated state might provide a natural mechanism for the
achievement of thermal equilibrium in such collisions [60].

The onset of saturation occurs when the product of the cross section for a QCD p
(such as gluon fusion) of interest (σ ∼ παs(Q

2)/Q2) and the areal density of partons (ρ)
available to participate exceeds unity [66]. In this so-called color glass condensate
(see Fig. 10), QCD becomes highly non-linear, but amenable to classical field treat
because the coupling strength remains weak (αs � 1) while the field strength is large [60
63]. The borderline of the CGC region is denoted by the “saturation scale”Q2

s (x,A). It
depends on bothx and target mass numberA, because the target gluon density depe
on both factors. In particular, at sufficiently lowx and moderateQ2, ρ is enhanced fo

a nucleus compared to a nucleon by a factor∼ A1/3: the target sees the probe as hav-
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Fig. 10. Schematic layout of the QCD landscape inx − Q2 space. The region at the right is the perturbat
region, marked by applicability of the linear DGLAP [64] and BFKL [65] evolution equations for theQ2- and
x-dependence, respectively, of the parton distribution functions. AtQ2 < Λ2

QCD, the coupling constant is larg
and non-perturbative methods must be used to treat strongly interacting systems. The matter in RHIC c
may be formed in the intermediate region, where gluon densities saturate, the coupling is still weak, b
strong color fields lead to non-linear behavior describable by classical field methods. The curve separa
saturation and perturbative regimes sets the saturation scale. Figure courtesy of Y. Kovchegov.

ing a longitudinal coherence length (�c ∼ 1/mNx) much greater, but a transverse s
(∼ 1/Q2) much smaller, than the nuclear diameter. The probe thus interacts cohe
with all the target gluons within a small diameter cylindrical “core” of the nucleus.
HERA data [59] suggest a rather slow variation—xg(x) ∝ x−λ, with λ ∼ 0.3 atQ2 ∼ few
(GeV)2—of gluon densities withx at lowx. Consequently, one would have to probe a p
ton at roughly two orders of magnitude lowerx than a Au nucleus to gain the same fac
growth in gluon densities as is provided byA1/3.

Under the assumption that QGP formation in a RHIC collision is dominated by gl
gluon interactions below the saturation scale, saturation models predict the den
gluons produced per unit area and unit rapidity [60]:

d2N

d2b dy
= C

N2
c − 1

4π2αs(Q2
s )Nc

Q2
s (x,Npart), (2)

whereA has been replaced byNpart, the number of nucleons participating in anA + A

collision at given impact parameterb, andh̄ = c = 1. Thex-dependence of the saturatio
scale is taken from the HERA data

Q2
s (x) = Q2

0

(
x0

x

)λ

, (3)

and the same values ofλ ∼ 0.2–0.3 are generally assumed to be valid inside the nucle
well. However, the multiplicative factorC above, parameterizing the number of outgo
hadrons per initially present gluon, is typically adjusted to fit observed outgoing ha

multiplicities from RHIC collisions. (Variations inC are clearly not distinguishable, in the
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context of Eq. (2), from changes to the overall saturation scaleQ2
0.) Once this parameter

fixed, gluon saturation models should be capable of predicting the dependence of
multiplicity on collision energy, rapidity, centrality and mass number. Furthermore, th
tial QGP gluon densities extracted can be compared with the independent values o
from parton energy loss model fits to jet quenching observations or from hydrodyn
calculations of elliptic flow.

While it is predictable within the QCD framework that gluon saturation should occu
der appropriate conditions, and the theoretical treatment of the CGC state is highly e
[60–63], the dependences of the saturation scale are not yet fully exposed by sup
data. Eventual confirmation of the existence of such a scale must come from com
results for a wide range of high energy experiments from deep inelastic scatteringep

andeA (HERA, eRHIC) topA andAA (RHIC, LHC) collisions.

2.6. Manifestations of quark recombination

The concept of quark recombination was introduced to describe hadron produc
the forward region inp + p collisions [67]. At forward rapidity, this mechanism allow
a fast quark resulting from a hard parton scattering to recombine with a slow antiq
which could be one in the original sea of the incident hadron, or one excited by a gluon
If a QGP is formed in relativistic heavy ion collisions, then one might expect recom
tion of a different sort, namely, coalescence of the abundant thermal partons, to p
another important hadron production mechanism, active over a wide range of rapidi
transverse momentum [68]. In particular, at moderatepT values (above the realm of hydr
dynamics applicability), this hadron production “from below” (recombination of lowerpT

partons from the thermal bath) has been predicted [69] to be competitive with prod
“from above” (fragmentation of higherpT scattered partons). It has been suggested
that the need for substantial recombination to explain observed hadron yields and flo
be taken as a signature of QGP formation.

In order to explain observed features of RHIC collisions, the recombination model
69] make the central assumption that coalescence proceeds viaconstituentquarks, whose
number in a given hadron determines its production rate. The constituent quarks a
sumed to follow a thermal (exponential) momentum spectrum and to carry a coll
transverse velocity distribution. This picture leads to clear predicted effects on baryo
meson production rates, with the former depending on the spectrum of thermal cons
quarks and antiquarks at roughly one-third the baryonpT , and the latter determined b
the spectrum at one-half the mesonpT . Indeed, the recombination model was recently
introduced in the RHIC context, precisely to explain an anomalous abundance of b
vs. mesons observed at moderatepT values [69]. If the observed (saturated) hadronic
liptic flow values in this momentum range result from coalescence of collectively flo
constituent quarks, then one can expect a similarly simple baryon vs. meson re
ship [69]: the baryon (meson) flow would be 3 (2) times the quark flow at roughly one-
(one-half) the baryonpT .

As will be discussed in later sections, RHIC experimental results showing just suc
ple predicted baryon vs. meson features would appear to provide strong evidence fo

formation. However, the models do not spell out the connection between the inferred spec-
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trum and flow of constituent quarks and the properties of the essentially massless p
(predominantly gluons) in a chirally restored QGP, where the chiral condensate (
most of the constituent quark mass) has vanished. One may guess that the con
quarks themselves arise from an earlier coalescence of gluons andcurrent quarks during
the chiral symmetry breaking transition back to hadronic matter, and that the cons
quark flow is carried over from the partonic phase.

However, alternative guesses concerning the relation of partons to the recombinat
grees of freedom are also conceivable. Perhaps it is valence current, rather than con
quarks that recombine to determine hadron flow and momentum in this moderate-pT range.
In that case, hadronization might proceed through the formation of “pre-hadrons” (e.
pointlike color singlet objects discussed in connection with color transparency [52])
the leading Fock (valence quark only) configurations, giving rise to the same 3-to-2 ba
to-meson ratios as for constituent quarks. The internal pre-hadron wave functions
then subsequently evolve toward those of ordinary hadrons on their way out of the co
zone, so that the little-modified hadron momentum would in the end be shared su
tially among sea quarks and gluons, as well as the progenitor valence quarks. Ei
the above speculative (and quite possibly not orthogonal) interpretations of recomb
would suggest that the hadron flow originates in, but is two steps removed from,partonic
collectivity. But it is difficult to draw firm conclusions in light of the present ambigu
in connecting the effective degrees of freedom in coalescence models to the quar
gluons treated by LQCD.

In addition, it is yet to be demonstrated that the coexistence of coalescenc
fragmentation processes is quantitatively consistent with hadron angular corre
observed overpT ranges where coalescence is predicted to dominate. These co
tions exhibit prominent (near-side) peaks with angular widths (at least in azim
difference between two moderate-pT hadrons) and charge sign ordering characte
tic of jets from vacuum fragmentation of hard partons [71]. The coalescence
might simply contribute to the background underlying these peaks, but one s
also expect contributions from the “fast-slow” recombination (hard scattered p
with QGP bath partons) [72] for which the model was first introduced, and t
could produce charge sign ordering. The latter effects—part of in-medium, as op
to vacuum, fragmentation—complicate the interpretation of the baryon/meson co
isons and, indeed, muddy the distinction between fragmentation and recombi
processes.

Finally, the picture provided by recombination is distinctly different from ideal hyd
dynamics at a hadronic level, where velocity (mass) of a hadron is the crucial factor
mining flow, rather than the number of constituent (or valence) quarks. At low mome
energy and entropy conservations become a serious problem for quark coalescenc
ing an effective lower limit on thepT range over which the models can be credibly appl
The solution of this problem would require a dynamical, rather than purely kinematic
ment of the recombination process [69]. Such parton dynamics at low momentum
account for the thermodynamic properties of the macroscopic system discussed ear

we do not yet have a unified partonic theoretical framework.
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3. Bulk properties

The multiplicities, yields, momentum spectra and correlations of hadrons eme
from heavy-ion collisions, especially in the soft sector comprising particles at trans
momentapT � 1.5 GeV/c, reflect the properties of the bulk of the matter produced in
collision. In particular, we hope to infer constraints on its initial conditions, its degre
thermalization and its equation of state from measurements of soft hadrons.

The measured hadron spectra reflect the properties of the bulk of the matter at
freezeout, after elastic collisions among the hadrons have ceased. At this stage the
is already relatively dilute and “cold”. However, from the detailed properties of the ha
spectra at kinetic freezeout, information about the earlier hotter and denser stage
obtained. Somewhat more direct information on an earlier stage can be deduced fr
integrated yields of the different hadron species, which change only viainelasticcollisions.
These inelastic collisions cease already (at so-called chemical freezeout) before
freezeout.

The transverse momentum distributions of the different particles reflect a rando
a collective component. The random component can be identified with the tempera
the system at kinetic freezeout. The collective component arises from the matter d
gradient from the center to the boundary of the fireball created in high-energy nucle
lisions. Interactions among constituents push matter outwards; frequent interaction
to a common constituent velocity distribution. This so-calledcollective flowis therefore
sensitive to the strength of the interactions. The collective flow is additive and thus
mulated over the whole system evolution, making it potentially sensitive to the equat
state of the expanding matter. At lower energies the collective flow reflects the prop
of dense hadronic matter [73], while at RHIC energies a contribution from a pre-had
phase is anticipated.

In non-central heavy-ion collisions the initial transverse density gradient has a
imuthal anisotropy that leads to an azimuthal variation of the collective transverse
velocity with respect to the impact parameter plane for the event. This azimuthal var
of flow is expected to be self-quenching (see Section 2.2), hence, especially sens
the interactions among constituents in theearly stage of the collision [26,74], when th
system at RHIC energies is anticipated to be well above the critical temperature fo
formation.

Study of quantum (boson) correlations among pairs of emerging hadrons utiliz
Hanbury-Brown-Twiss effect to complement measurements of momentum spectr
information on the spatial size and shape of the emitting system. The measurem
more general two-particle correlations and of event-wise fluctuations can illumina
degree of equilibration attained in the final hadronic system, as well as the dynamic
gin of any observed non-equilibrium structures. Such dynamical correlations are pre
in high-energy collisions of more elementary particles—where even relatively soft ha
originate in large part from the fragmentation of partons—but are expected to be w
out by thermalization processes that produce phase space dominance of the final d
tion probabilities.

In this section, we review the most important implications and questions arising

RHIC’s vast body of data on soft hadrons. We also discuss some features of the transition
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region (1.5� pT � 6 GeV/c), where the spectra gradually evolve toward the characte
behavior of the hard parton fragmentation regime. In the process of going throug
measured features of hadron spectra in the logical sequence outlined above, we
special attention to a few critical features observedfor the first timefor central and near
central Au+ Au collisions at STAR, that bear directly on the case for the QGP:

• hadron yields suggestive of chemical equilibration across theu, d ands quark sectors
• elliptic flow of soft hadrons attaining the strength expected for an ideal relativistic

thermalized very shortly after the collision;
• elliptic flow results at intermediatepT that appear to arise from the flow of quarks

a pre-hadronic stage of the matter.

3.1. Rapidity densities

Much has been made of the fact that predictions of hadron multiplicities in RHIC c
sions before the year 2000 spanned a wide range of values, so that even the earlie
measurements had significant discriminating power [7,75]. Mid-rapidity charged h
densities measured in PHOBOS [76] and in STAR [77] are plotted in Fig. 11 as a fun
of collision centrality, as characterized by the number of participating nucleons,Npart, in-
ferred from the fraction of the total geometric cross section accounted for in each an
bin. The solid curves in the figure represent calculations within a gluon saturation m
[66], while the dashed curves in frames (a) and (b) represent two-component fits
data [76] and in frames (c) and (d) represent an alternative model [78] assuming sat
of final-state mini-jet production. The apparent logarithmic dependence of the mea
pseudorapidity densities on〈Npart〉 is a characteristic feature of the gluon saturation mo
[66]. Consequently, the model’s ability to reproduce the measured centrality and ene
pendences have been presented as evidence for the relevance of the color glass co
to the initial state for RHIC collisions, and used to constrain the saturation scale for
gluon densities. This scale is in fair agreement with the scale extrapolated from HERe–p

measurements at low Bjorkenx [7].
However, these arguments are compromised because the particle multiplicity a

not to have strong discriminating power once one allows for adjustment of theoretica
meters. Furthermore,〈Npart〉, which affects the scale on both axes in Fig. 11, is not a d
experimental observable. Glauber model calculations to associate values of〈Npart〉 with
given slices of the geometric cross section distribution have been carried out in two
ent ways, leading to an inconclusive theory vs. experiment comparison in Fig. 11(a
(b). The preferred method for evaluating Glauber model cross sections in nucleus–n
collisions [79] invokes a Monte Carlo approach for integrating over all nucleon confi
tions, and has been used for the experimental results in frames (a), (b) and (d). Ho
the gluon saturation model calculations inall frames of Fig. 11 have employed the optic
approximation, which ignores non-negligible correlation effects [79]. Comparison o
experimentalresults in frames (c) and (d), where the same STAR data have been p
using these two Glauber prescriptions, illustrates the significant sensitivity to the u
the optical approximation. The “apples-to-apples” comparison of experiment and t

in frame (c) does not argue strongly in favor of initial-state gluon saturation, although an
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Fig. 11. Measured and calculated pseudorapidity densitiesdNch/dη|η|�1/(〈Npart〉/2) of charged particles from
RHIC Au+ Au collisions as a function ofNpart. PHOBOS data [76] at

√
sNN = 130 GeV (open triangles) an

200 GeV (closed triangles) are shown in frame (a), and their ratio is plotted in (b). The open and solid circle
arep̄p collision results. STAR data for 130 GeV [77] are shown in frames (c) and (d), plotted with two diff
Glauber model treatments to deduce〈Npart〉. The data plotted in frames (a), (b) and (d) utilize the prefer
Monte Carlo Glauber approach. However, the initial-state gluon saturation model calculations [66] sh
solid curves in all frames have been carried out utilizing the questionable optical approximation to the G
treatment, which is applied as well to the experimental results only in frame (c). The dashed curves in fra
and (b) represent two-component fits to the data [76] and in frames (c) and (d) represent an alternative m
assuming saturation of final-state mini-jet production.

analogous “apples-to-apples” comparison within the Monte Carlo Glauber framew
clearly desirable.

Furthermore, over a much broader energy range, the charged particle multipli
found to vary quite smoothly from AGS energies (

√
sNN ≈ few GeV) to the top RHIC

energy (
√

sNN = 200 GeV) [80] (see Fig. 35). One would not expect CGC conditi
to be dominant in collisions over this entire range [7], so the apparent success o
arguments for RHIC hadron multiplicities is less than compelling. Other evidence

directly relevant to CGC predictions will be discussed in Section 4.
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Whatever physics ultimately governs the smooth increase in produced particle
plicity with increasing collision energy and centrality seems also to govern the gr
in total transverse energy per unit pseudorapidity (dET /dη). PHENIX measurements a√

sNN = 130 GeV [81] first revealed that RHIC collisions generate≈ 0.8 GeV of trans-
verse energy per-produced charged particle near mid-rapidity, independent of centr
essentially the same value that is observed also in SPS collisions at an order of ma
lower center-of-mass energy [82]. This trend persists to

√
sNN = 200 GeV [83]. For RHIC

central Au+ Au collisions, this translates to the conversion of nearly 700 GeV per
rapidity (dET /dy) from initial-state longitudinal to final-state transverse energy [81].
der simplifying assumptions (longitudinal boost-invariance, free-streaming expans
which the matter does no work) first suggested by Bjorken [84], one can extract from
observation a crude estimate of the initial spatial energy density of the bulk matter
start of its transverse expansion:

eBj = dET

dy

1

τ0πR2
, (4)

whereτ0 is the formation time andR the initial radius of the expanding system. W
reasonable guesses for these parameter values (τ0 ≈ 1 fm/c, R ≈ 1.2A1/3 fm), the
PHENIX dET /dη measurements suggest an initial energy density∼ 5 GeV/fm3 for cen-
tral Au+ Au collisions at RHIC, well above the critical energy density∼ 1 GeV/fm3

expected from LQCD for the transition to the QGP phase. This estimate of the initi
ergy density is larger than that in SPS collisions, since the particle multiplicity grow
RHIC, but by a modest factor (≈ 1.6 [81] at

√
sNN = 130 GeV).

3.2. Hadron yields and spectra

Fig. 12 compares STAR measurements of integrated hadron yield ratios for c
Au + Au collisions to statistical model fits. In comparison to results fromp + p collisions
at similar energies, the relative yield of multi-strange baryonsΞ andΩ is considerably
enhanced in RHIC Au+ Au collisions [85,86]. The measured ratios are used to cons
the values of system temperature and baryon chemical potential at chemical freeze
der the statistical model assumption that the system is in thermal and chemical equil
at that stage. The excellent fit obtained to the ratios in the figure, including stabl
long-lived hadrons through multi-strange baryons, is consistent with the light flavors,u,d,

ands, having reached chemical equilibrium (for central and near-central collisions on
Tch = 163± 5 MeV [37,85–87]. (The deviations of the short-lived resonance yields,
as those forΛ∗ andK∗ collected near the right side of Fig. 12, from the statistical mo
fits, presumably result from hadronic rescattering after the chemical freezeout.)

Although the success of the statistical model in Fig. 12 might, in isolation, ind
hadron production mechanisms dominated by kinematic phase space in elementar
sions (see Section 2.3), other measurements to be discussed below suggest that true
and chemical equilibration is at least approximately achieved in heavy-ion collisio
RHIC by interactions among the system’s constituents. The saturation of the strange
yields, attained for the first time in near-central RHIC collisions, is particularly signific

The saturation is indicated quantitatively by the value obtained for the non-equilibrium
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Fig. 12. Ratios ofpT -integrated mid-rapidity yields for different hadron species measured in STAR for ce
Au + Au collisions at

√
sNN = 200 GeV. The horizontal bars represent statistical model fits to the mea

yield ratios for stable and long-lived hadrons. The fit parameters areTch = 163± 4 MeV, µB = 24± 4 MeV,
γs = 0.99± 0.07 [86]. The variation ofγs with centrality is shown in the inset, including the value (leftm
point) from fits to yield ratios measured by STAR for 200 GeVp + p collisions.

parameterγs for the strange sector [88], included as a free parameter in the stat
model fits. As seen in the inset of Fig. 12,γs rises from≈ 0.7 in peripheral Au+ Au
collisions to values statistically consistent with unity [85,86] for central collisions.
temperature deduced from the fits is essentially equal to the critical value for a QG
hadron-gas transition predicted by LQCD [2,14], but is also close to the Hagedorn lim
a hadron resonance gas, predicted without any consideration of quark and gluon d
of freedom [25].1 If thermalization is indeed achieved by the bulk matterprior to chemical
freezeout, then the deduced value ofTch represents a lower limit on that thermalizati
temperature.

The characteristics of the system atkineticfreezeout can be explored by analysis of
transverse momentum distributions for various hadron species, some of which are
in Fig. 13. In order to characterize the transverse motion, hydrodynamics-motivat
[90] have been made to the measured spectra, permitting extraction of model para
characterizing the random (generally interpreted as a kinetic freezeout temperatureTfo) and
collective (radial flow velocity〈βT 〉) aspects. Results for these parameters are show
different centrality bins and different hadron species in Fig. 14. (While theoretical st
[90] suggest caution in interpreting spectrum fits made without correction for reso
feed-down, as is the case in Fig. 14, auxiliary STAR analyses show little quantitative
of the feed-down within the STARpT coverage.)

1 Note that Hagedorn himself considered the Hagedorn temperature and the LQCD critical temperatu

identical [89].
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Fig. 13. Mid-rapidity hadron spectra from
√

sNN = 200 GeV Au+ Au collisions, as reported in Refs. [87
94–96]. The spectra are displayed for steadily decreasing centrality from the top downwards within each
with appropriate scaling factors applied to aid visual comparison of the results for different centralitie
K∗ only, the lowest spectrum shown is for 200 GeVp + p collisions. The dashed curves in frames (a),
and (e) represent spectra from minimum-bias collisions. The invariant spectra are plotted as a fun

mT − mass≡
√

p2
T

/c2 + mass2 − mass.

As the collisions become more and more central, the bulk of the system, dom
by the yields ofπ , K , p, appears from Fig. 14 to grow cooler at kinetic freezeout
to develop stronger collective flow. These results may indicate a more rapid expa
after chemical freezeout with increasing collision centrality. On the other hand, eve
the most central collisions, the spectra for multi-strange particlesφ andΩ appear, albei
with still large uncertainties, to reflect a higher temperature [86]. Theφ and Ω results
suggest diminished hadronic interactions with the expanding bulk matter after che
freezeout [85,86,91,92], as predicted [28,33,93] for hadrons containing no valenceu or d

quarks. If this interpretation is correct, the substantial radial flow velocity inferred fφ

andΩ would have to be accumulated prior to chemical freezeout, giving the multi-str
hadrons perhaps greater sensitivity to collective behavior during earlier partonic sta
the system evolution.

As one moves beyond the soft sector, thepT and centrality dependences of the obser
hadron spectra develop a systematic difference between mesons and baryons, disti
the mass-dependence observed at lowerpT . This difference is illustrated in Fig. 15 b
the binary-scaled ratioRCP of hadron yields for the most central vs. a peripheral bin,
rected by the expected ratio of contributing binary nucleon–nucleon collisions in th
centrality bins [96]. The results are plotted as a function ofpT for mesons and baryons se
arately in panels (a) and (b), respectively, with the ratio of binary collision-scaled y
of all charged hadrons indicated in both panels by a dot-dashed curve to aid comp

If the centrality-dependence simply followed the number of binary collisions, one would
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Fig. 14. Theχ2 contours, extracted from thermal+ radial flow fits (without allowance for resonance feed-dow
for copiously produced hadronsπ , K andp and multi-strange hadronsφ andΩ . On the top of the plot, the
numerical labels indicate the centrality selection. Forπ , K andp, 9 centrality bins (from top 5% to 70–80%
were used for

√
sNN = 200 GeV Au+ Au collisions [87]. The results fromp + p collisions are also shown. Fo

φ andΩ , only the most central results [86] are presented. Dashed and solid lines are the 1-σ and 2-σ contours,
respectively.

expectRCP = 1. This condition is nearly achieved for baryons nearpT ≈ 2.5 GeV/c, but
is never reached for mesons. The initial results forφ-mesons andΩ-baryons included in
Fig. 15 suggest that the difference is not very sensitive to the mass of the hadron, bu
depends primarily on the number of valence quarks contained within it. The meso
baryon values appear to merge bypT ≈ 5 GeV/c, by which pointRCP≈ 0.3.

The origin of this significant shortfall in central high-pT hadron production will be
discussed at length in Section 4. Here, we want simply to note that the clear differenc
in the centrality dependence of baryon vs. meson production is one of the defining fe
of the intermediatepT range from∼ 1.5 to∼ 6 GeV/c in RHIC heavy-ion collisions, an
it cannot be understood fromp + p collision results [97]. Another defining feature of th
mediumpT range, to be discussed further below, is a similar meson–baryon differen
elliptic flow. Both facets of the meson–baryon differences can be explained natura
quark recombination models for hadron formation [69].

3.3. Hadron yields versus the reaction plane

In non-central heavy-ion collisions, the beam direction and the impact parameter
a reaction plane for each event, and hence a preferred azimuthal orientation. The
tation of this plane can be estimated experimentally by various methods, e.g., us
or 4-particle correlations [98,99], with different sensitivities to azimuthal anisotropie
associated with collective flow. The observed particle yield versus azimuthal angle

respect to the event-by-event reaction plane promises information on the early collision
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Fig. 15. STAR results [96] from
√

sNN = 200 GeV Au+ Au collisions for the ratio of mid-rapidity hadron yield
RCP in a central (0–5%) over a peripheral (40–60%) bin, plotted vs.pT for mesons (a) and baryons (b). The yiel
are scaled in each centrality region by the calculated mean number〈Nbin〉 of binary contributing nucleon–nucleo
collisions, calculated within a Monte Carlo Glauber model framework. The width of the shaded band arou
line at unity represents the systematic uncertainty in model calculations of the centrality dependence of〈Nbin〉.
RCP for the sample of all charged hadrons is also shown by dot-dashed curves in both plots. The error ba
measured ratios include both statistical and systematic uncertainties.

dynamics [27,74]. The anisotropy of the particle yield versus the reaction plane c
characterized in a Fourier expansion. Due to the geometry of the collision overlap
the second coefficient of this Fourier series—v2, often referred to as the elliptic flow—
expected to be the dominant contribution.

Fig. 16 shows the mid-rapidity elliptic flow measurements, integrated over trans
momentum, as a function of collision centrality for one SPS [100] and two RHIC [
102] energies. One clearly observes a characteristic centrality dependence that refl
increase of the initial spatial eccentricity of the collision overlap geometry with increa
impact parameter. The integrated elliptic flow value for produced particles increases
70% from the top SPS energy to the top RHIC energy, and it appears to do so smoo
a function of energy (see Fig. 34), so far exhibiting no obvious “dip” of the sort pred
[30] by ideal hydrodynamics in Fig. 7.

The origin of the energy dependence can be discerned by examining the diffe
v2(pT ), shown for the centrality selection 10–30% in Fig. 17. The comparison of the re
for pions at

√
sNN = 200 GeV and at the top SPS energy clearly reveals an increa

slope vs.pT that accounts for part of the increase inpT -integratedv2 from SPS to RHIC.
The remaining part of the change is due to the increase in〈pT 〉. As measurements becom
available at more collision energies, it will be important to remove kinematic effects,
as the increase in〈pT 〉, from comparisons of results, as they might mask finer, but
significant, deviations from smooth energy dependence.

Collective motion leads to predictable behavior of the shape of the momentum s
as a function of particle mass, as reflected in the single inclusive spectra in Fig. 13
even more obvious in the dependence ofv2(pT ) for the different mass particles. Fig. 1
shows the measured low-pT v2 distributions from 200 and 130 GeV Au+ Au minimum

bias collisions. Shown are the measurements for charged pions,K0

S , antiprotons andΛ
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Fig. 16. Centrality dependence ofv2, integrated overpT . The triangles are the NA49 measurements for
ons at

√
sNN = 17 GeV [100]. The circles and crosses are STAR measurements for charged parti√

sNN = 130 GeV [101] and 200 GeV [102], respectively. The 4-particle cumulant method has been u
determinev2 in each case.

Fig. 17.v2(pT ) for one centrality (10–30%) range. The circles and squares are the CERES [103] and NA4
measurements, respectively, at

√
sNN = 17 GeV. The stars and the solid line are STAR measurements [102

pions and for all charged particles, respectively, at
√

sNN = 200 GeV (evaluated here by the 2-particle correlat
method).

[104,105]. The clear, systematic mass-dependence ofv2 shown by the data is a stron
indicator that a common transverse velocity field underlies the observations. This
dependence, as well as the absolute magnitude ofv2, is reproduced reasonably well (i.e.,
the±30% level) by the hydrodynamics calculations shown in Fig. 18. Parameters of
calculations have been tuned to achieve good agreement with the measured spe

different particles, implying that they account for the observed radial flow and elliptic flow
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Fig. 18. (a) STAR experimental results of the transverse momentum dependence of the elliptic flow para
200 GeV Au+ Au collisions for chargedπ+ + π−, K0

s , p̄, andΛ [104]. Hydrodynamics calculations [32,10
assuming early thermalization, ideal fluid expansion, an equation of state consistent with LQCD calcu
including a phase transition atTc = 165 MeV (EOS Q in [32] and Fig. 5), and a sharp kinetic freezeout
temperature of 130 MeV, are shown as dot-dashed lines. Only the lowerpT portion (pT � 1.5 GeV/c) of the
distributions is shown. (b) Hydrodynamics calculations of the same sort as in (a), now for a hadron gas (
vs. QGP (EOS Q) equation of state (both defined in Fig. 5) [3,32], compared to STARv2 measurements for pion
and protons in minimum bias 130 GeV Au+ Au collisions [105]. Predictions with EOS Q are shown for a wid
variety of hadron species in Fig. 8.

simultaneously. In particular, since the parameters are tuned for zero impact parame
theory-experiment comparison forv2 as a function of centrality represents a significant
of these hydrodynamics calculations.

The agreement of these hydrodynamics calculations, which assumeideal relativistic
fluid flow, with RHIC spectra andv2 results is one of the centerpieces of recent Q
discovery claims [6–8]. The agreement appears to be optimized (though still with
quantitative differences, see Fig. 18) when it is assumed that local thermal equilibr
attained very early (τ < 1 fm/c) during the collision, and that the hydrodynamic expans
is characterized by an EOS (labeled Q in Fig. 18) containing a soft point roughly cons
with the LQCD-predicted phase transition from QGP to hadron gas [3,29,32]. When t
panding matter is treated as a pure hadron gas (EOS H in Fig. 18(b)), the mass-depe
of v2 is significantly underpredicted. The inferred early thermalization suggests th
collision’s early stages are dominated by very strongly interacting matter with very
constituent mean free paths—essentially a “perfect liquid” [107], free of viscosity. S
lar QGP-based calculations that invoke ideal hydrodynamics up to freezeout overp
the elliptic flow for more peripheral RHIC collisions and for lower energies. One p
ble interpretation of this observation is that thermalized, strongly interacting QGP m
dominates near-central Au+ Au collisions at or near the full RHIC energy.

In assessing these claims, it is critical to ask how unique and robust the hydrod
ics account is in detail for the near-central RHIC collision flow measurements (radia
elliptic). Might the observedv2 result alternatively from a harder EOS (such as EOS
combined with later achievement of thermalization or with higher viscosity [35] (
conditions impeding the development of collective flow)? How does the sensitivity t
EOS in the calculations compare quantitatively with the sensitivity to other ambig

or questionable assumptions in the hydrodynamics treatments? For example, the particular
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Fig. 19. Azimuthal anisotropiesv2 measured by the PHOBOS Collaboration [108] for Au+ Au collisions at√
sNN = 130 GeV, as a function of pseudorapidity. Within each pseudorapidity bin, the results are averag

all charged particles, over all centralities and over allpT . The black error bars are statistical and the grey ba
systematic uncertainties. The points on the negative side are reflected aboutη = 0 and plotted as open circles o
the positive side, for comparison. Figure taken from Ref. [108].

calculations in Fig. 18 [32,106] invoke a simplified treatment with a sharp onset of ki
freezeout along a surface of constant energy density corresponding toTfo ≈ 130 MeV. The
sensitivity to the assumed value ofTfo, if it is kept within the range spanned by the me
surements in Fig. 14, is relatively weak [32]. However, alternative approaches com
ideal hydrodynamics for the partonic stage with a hadron transport (RQMD) treatm
the presumably viscous hadronic stage [29] yield similar success in accounting for
results, but certainly predict a dependence ofv2 on collision energy differing significantl
from the sharp-freezeout predictions (compare Fig. 7 and Fig. 9). While the com
tion of partonic hydrodynamics and hadron transport offers the promise of a reas
QGP-based account for the observed smooth energy dependence ofpT -integratedv2 (see
Figs. 9, 34), it also serves to emphasize that quantitative ambiguities of scale comp
to the EOS sensitivity remain to be understood.

In addition to questions about the thermalization time, viscosity and freezeout
ment, one also needs to address the robustness of the standard assumption of lon
boost-invariance in hydrodynamics calculations [3]. There is growing evidence at RH
significant deviations from boost-invariance. This is illustrated by PHOBOS results fv2

as a function of pseudorapidity in Fig. 19, where one sees no evidence for a mid-ra
plateau in elliptic flow strength [108]. Thus, while the successes of QGP-based h
dynamics calculations at RHIC are tantalizing, substantially greater systematic inve
tion of their sensitivities—including computationally challenging full three-dimensio
treatments—would be needed to make a compelling QGP claim on their basis alone

At higher pT values, as shown by experimental results from 200 GeV Au+ Au min-
imum bias collisions in Fig. 20, the observed values ofv2 saturate and the level of th
saturation differs substantially between mesons and baryons. Hydrodynamics calcu
overpredict the flow in this region. The dot-dashed curves in Fig. 20(a)–(c) represent

analytical function fits to the measuredK0

S andΛ+ Λ̄ v2 distributions [104,109]. It is seen
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Fig. 20. Experimental results on the transverse momentum dependence of the event elliptic anisotropy p
for various hadron species produced in minimum-bias Au+ Au collisions at

√
sNN = 200 GeV. STAR results

[104] for K0
S

andΛ+ Λ̄ are shown in all frames, together with simple analytic function fits (dashed lines) to
data. Additional data shown are STAR multi-strange baryon elliptic flow [110] forΞ (in frames (a) and (c)) an
Ω ((b) and (c)), and PHENIX results [111] forπ andp + p̄ (frame (c)). Hydrodynamic calculations are indicat
by dotted curves in frames (a) and (b). In (c), the flow results for all of the above hadrons are combined by
bothv2 andpT by the number of valence quarks (nq ) in each hadron. The figure is an update of one in [109]

in Fig. 20(a) and (b) that STAR’s most recentv2 results for the multi-strange baryonsΞ

andΩ [110] are consistent with that ofΛ’s but within still sizable statistical uncertaintie
In Fig. 20(c), particle-identified elliptic flow measurements for the 200 GeV Au+ Au

minimum-bias sample are combined by dividing bothv2 andpT by the number of valenc
quarks (nq ) in the hadron of interest. The apparent scaling behavior seen in this figu
pT /nq > 1 GeV/c is intriguing, as the data themselves seem to be pointing to const
quarks (or at least to valence quarks sharing the full hadron momentum, see Section
the most effective degree of freedom in determining hadron flow at intermediatepT values.
The data need to be improved in statistical precision andpT extent for more identified
mesons and baryons in order to establish this scaling more definitively. Within erro
the size of those forpT /nq > 1 GeV/c, the lowpT data would also look as though th
scale with the number of constituent quarks, whereas we already have seen in Fig.
there is rather a clear hydrodynamic mass-dependence in the lowpT region. (Note that the
pion data barely extend into the scaling region atpT /nq > 1 GeV/c.)

If the scaling behavior at intermediatepT is confirmed with improved data, it will pro
vide a very important clue to the origin of the meson–baryon differences (see also F

that characterize thispT range. In particular, both thev2 scaling and the meson–baryon
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Fig. 21. Comparisons of calculations in the Duke quark recombination model [69,112] with STAR measur
[104,110] of (a)RCP and (b)v2 for strange mesons and baryons. “R+ F” denotes the sum of recombination a
fragmentation contributions. Comparison of the solid and broken curves in (b) reveals a weak mass-dep
in the calculations, superimposed on the predominant meson–baryon differences. The figures are tak
Ref. [70], and they include preliminary STAR data for multi-strange baryons that differ slightly from the v
shown in Fig. 20.

RCP differences can be explained [69,112] (see Fig. 21) by assuming that hadro
mation at moderatepT proceeds via two competing mechanisms: the coalescencenq

constituent quarks at transverse momenta∼ pT /nq , drawn from a thermal (exponentia
spectrum [69], plus more traditional fragmentation of hard-scattered partons giving ri
power-law component of the spectrum. Note that, as discussed in Section 2.6, these
are not expected to apply at lowpT . It is not yet clear that the same models could sim
taneously account as well for another observed feature characteristic of this interm
pT range, namely, a jet-like azimuthal correlation of hadron pairs that will be discu
further in Section 4.

In these coalescence models, the constituent quarks carry their own substan
imuthal anisotropy, which is then summed to give the hadronv2. The establishment o
clearer evidence for such pre-hadronic collective flow would be an important mile
in elucidating the nature of the matter produced in RHIC collisions. In interpreting
evidence, it must be kept in mind that constituent quarks are not partons: they are ef
degrees of freedom normally associated with chiral symmetry breaking and confine
rather than with the deconfinement of a QGP. Until the mechanism for the emer
of these effective degrees of freedom from a QCD plasma of current quarks and
is clarified (see Section 2.6), collectively flowing constituent quarks should not be
as definitive proof of a QGP stage, as we have defined it in Section 1. It is unclea
example, whether the characteristic time scale for constituent quarks to coalesc
current quarks and gluons might not be shorter than that for the establishment o
malization in the collision (leading to a sort of “constituent quark plasma”, as oppos
a QGP). Furthermore, the constituent quarkv2 values needed to account for the obser
hadronv2 saturation might arise in part from differential energy loss of their progen
partons in traversing the spatially anisotropic matter of non-central collisions [47], r
than strictly from the partonic hydrodynamic flow assumed in [112]. The unanticip

RHIC results in this intermediatepT range thus raise a number of important and fasci-
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nating questions that should be addressed further by future measurements and the
calculations.

In summary, the measured yields with respect to the reaction plane are among th
important results to date from RHIC: they provide critical hints of the properties o
bulk matter at early stages. They indicate that it behaves collectively, and is con
with rapid (i.e., very short mean free path) attainment of at least approximate local th
equilibrium in a QGP phase. Hydrodynamic accounts for the mass- andpT -dependence
of v2 for soft hadrons appear to favor system evolution through a soft, mixed-phase
The saturatedv2 values observed for identified mesons and baryons in the range.5 �
pT � 6 GeV/c suggest that hadronization in this region occurs largely via coalesc
of collectively flowing constituent quarks. What has yet to be demonstrated is that
interpretations are unique and robust against improvements to both the measureme
the theory. In particular, it must be demonstrated more clearly that the sensitivity
role of the QGP outweighs that to other, more mundane, ambiguities in the theo
treatment.

3.4. Quantum correlation analyses

Two-hadron correlation measurements in principle should provide valuable info
tion on the phase structure of the system at freezeout. From the experimentally me
momentum–space two-particle correlation functions, a Fourier transformation is the
formed in order to extract information on the space–time structure [113]. Bertsch
parameterization [114] is often used to decompose total momentum in such measur
into components parallel to the beam (long), parallel to the pair transverse component (out)
and along the remaining third direction (side). In this Cartesian system, information on t
source duration time is mixed into theout components. Hence, the ratio of inferred em
ting source radiiRout/Rside is sensitive to the time duration of the source emission.
example, if a QGP is formed in collisions at RHIC, a long duration time and consequ
large value ofRout/Rside are anticipated [115].

Measured results for Hanbury-Brown-Twiss (HBT) pion interferometry, exploiting
boson symmetry of the two detected particles at low relative momenta, are sho
Figs. 22 and 23. A clear dependence of the ‘size’ parameters on the pair transver
mentumkT is characteristic of collective expansion of the source [116,117], so the re
are plotted vs.kT in Fig. 22. As indicated by the set of curves in the figure, hydrodynam
calculations that can account for hadron spectra and elliptic flow at RHIC systema
over-predictRout/Rside [116,118]. One possible implication of this discrepancy is that
collective expansion does not last as long in reality as in the hydrodynamics acc
However, shorter expansion times are difficult to reconcile with the observed mag
of Rside, and are not supported by a recent systematic study of HBT correlations re
to the event-by-event reaction plane [117]. The source eccentricity at freezeout in
from these azimuthally sensitive measurements is shown in Fig. 23 to retain a sign
fraction of the initial spatial eccentricity characteristic of the impact parameter for
centrality bin. The observed eccentricity retention is, in fact, quantitatively consisten
hydrodynamics expectations for thetime-integratedpion emission surface to which HB

is sensitive [119]. Thus, the deformations in Fig. 23 tend to support the hydrodynamics
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Fig. 22. STAR measurements [116] ofRout/Rside from pion HBT correlations for central Au+ Au collisions,
plotted as a function of the pion pair transverse momentumkT . The experimental results are identical in the th
frames, but are compared to hydrodynamics calculations [118] performed for a variety of parameter valu

Fig. 23. The eccentricityεfinal of the time-integrated emitting source of soft pions, inferred from STAR HBT
relations measured with respect to the reaction plane, plotted versus the initial spatial eccentricityεinitial deduced
from a Glauber calculation for five different Au+ Au centrality bins. The dotted line representsεfinal = εinitial .
See [117] for details.

view of the expansion pressure and timeline (see Fig. 6), which lead to an eventua
plete quenching of the initial configuration-space anisotropy by the end of the free
process.

The failure of the hydrodynamics calculations to account for the HBT results in Fi
raises another significant issue regarding the robustness of the hydrodynamics su
reproducingv2 and radial flow data. Although the HBT interference only emerges afte
freezeout of the strong interaction, whose treatment is beyond the scope of hydrodyn
the measured correlation functions receive contributions from all times during the co
process. Furthermore, these HBT results are extracted from the lowpT region, where sof
bulk production dominates. It is thus reasonable to expect the correct hydrodynam
count of the collective expansion to be consistent with the HBT source sizes. If imp

treatment of the hadronic stage and/or the introduction of finite viscosity during the hydro-
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dynamic expansion [35] are necessary to attain this consistency, then it is importan
how those improvements affect the agreement with elliptic flow and spectra.

STAR has also measured two-hadron momentum–space correlation functions fonon-
identical particles [120]. These are sensitive to differences in the average emissio
and position for the different particle species. Such differences are very clearly revea
the measured correlations between pions and kaons [120], and provide additional
evidence for a collective transverse flow of the produced hadrons.

3.5. Correlations and fluctuations

A system evolving near a phase boundary should develop significant dynamical fl
tions away from the mean thermodynamic properties of the matter. For high-energy
ion collisions, it has been predicted that the general study of two-particle correlation
event-wise fluctuations might provide evidence for the formation of matter with par
degrees of freedom [121–126]. In addition, non-statistical correlations and fluctu
may be introduced by incomplete equilibrium [127]. With its large acceptance and
plete event-by-event reconstruction capabilities, the STAR detector holds great po
for fluctuation analyses of RHIC collisions.

An approach that has been used previously [128,129] to search for the prese
dynamical correlations involves extraction of measures of the excess variance of so
servable above the statistical fluctuations that show up even in mixed-event samp
example shown in Fig. 24 utilizes the square root of the covariance inpT for charged-
particle pairs from collisions at SPS (CERES [128]) and at STAR [130]. The presen
dynamical 2-particle correlations is revealed by non-zero values of this quantity, w
gross features exhibit a magnitude and a smooth centrality-dependence that are
tially independent of collision energy, once the variations of the inclusive meanpT values
(〈〈pT 〉〉) with centrality and energy have been divided out. However, the detailed n
of the dynamical correlations is best probed by fully exploiting the impressive stati
precision at STAR to investigate finer, multi-dimensional aspects of the correlation d
ties themselves, rather than of the integrals of correlation densities represented by
variance measures.

For example, emerging STAR angular correlation results are already suggestin
there is appreciable soft hadron emission before the attainment of local thermal e
rium, even in the most central RHIC collisions. The evidence resides in remnants of j
behavior observed [131] even in soft (0.15� pT � 2.0 GeV/c) hadron pair correlation
on the angular difference variables�η ≡ η1 − η2 (pseudorapidity) and�φ ≡ φ1 − φ2
(azimuthal angle), presented for peripheral and central Au+ Au collisions in Fig. 25.
The equivalent correlations forp + p collisions at RHIC [131] emphasize the cent
role of parton fragmentation even down to hadron transverse momenta of 0.5 G/c,
resulting in a prominent near-side jet peak symmetric about�η = �φ = 0 and a broad
�η-independent away-side(�φ = π) jet ridge. One certainly anticipates some remna
of these correlations to survive in heavy-ion collisions at sufficiently high hadronpT , and
these correlations will be discussed in the next section. In the soft sector, however,
ment of a fully equilibrated state of all emerging hadrons at freezeout would wash ou

initial hard-scattering dynamical correlations.
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Fig. 24. The square root of the transverse momentum covariance for charged particle pairs, scaled by the
meanpT value for each centrality and collision energy, plotted vs. centrality for SPS [128] and RHIC [130] d
several energies. Both the centrality-dependence (nearly∝ 1/Npart) and magnitude of this quantity are essentia
unchanged from SPS to RHIC energies, but its implicit integration of correlation densities over the full d
acceptance masks other interesting correlation features.

Instead, the observed soft-hadron-pair correlation for central Au+ Au collisions shown
in the upper right-hand frame of Fig. 25, after removal of multipole components r
senting elliptic flow (v2) and momentum conservation (v1) [131], exhibits a substantiall
modified remnant of the jet correlation on the near side, affecting typically 10–30
the detected hadrons. Contributions to this near-side peak from HBT correlation
Coulomb final-state interactions between hadrons have been suppressed by cuts to
pairs at very low relative momentum, reducing the overall strength of the correlation
�η = �φ = 0 by ∼10% [131]. Simulations demonstrate that resonance decays ma
more than a few percent contribution to the remaining near-side correlation strength
lack of evidence for any remaining away-side correlation in central collisions will be
cussed further in the high-pT context in Section 4. Its absence even for more periph
collisions in the upper left frame of Fig. 25 can be attributed to the broad centralit
used here to compensate for limited statistics in the 130 GeV Au+ Au data sample, an
to thev1 subtraction that removes thermalized soft hadrons balancing the near-sid
momentum.)

The observed near-side correlation in central Au+ Au is clearly much broader in�η

than that inp + p or peripheral Au+ Au collisions. The pseudorapidity spread, as ch
acterized by the�η width of a two-dimensional Gaussian function fitted to the struc
(ignoring the�η = �φ = 0 bin, where conversion electron pairs contribute), grows rap
with increasing collision centrality, as revealed in the lower frames of Fig. 25. This
suggests that while some parton fragments are not yet fully equilibrated in the soft

they are nonetheless rather strongly coupled to the longitudinally expanding bulk medium.
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Fig. 25. Upper frames: joint autocorrelations measured by STAR, as a function of the hadron pair angle diff
η1−η2 andφ1−φ2, for 0.15� pT � 2.0 GeV/c charged hadrons detected in 130 GeV Au+ Au collisions [131].
The right frame contains data for central collisions, while the left frame spans a broad range of central
more peripheral collisions. The quantitȳN(r̂ − 1) plotted on the vertical axes represents the average multipl
for the selected centrality bin multiplied by the relative difference in charged particle pair yields between
events and mixed events. Elliptic flow and momentum conservation long-range correlations have been su
as explained in [131]. Lower frames: centrality-dependence of the Au+ Au pseudorapidity and azimuthal width
from two-dimensional Gaussian fits to the near-side correlation structure seen for two centrality bins in th
frames. The same extracted widths for Au+ Au collisions are plotted vs. two different measures of centra
the observed charged-particle multiplicity divided by its maximum value (on the left), and the mean numν

of nucleons encountered by a typical participant nucleon (right). The hatched bands indicate the widths o
for p + p collisions, and the curves guide the eye.

The onset of this coupling appears especially dramatic when the results are plotted
right-hand frame) vs. the alternative centrality measureν ≡ (Npart/2)1/3 (estimating the
mean number of nucleons encountered by a typical participant nucleon along it
through the other nucleus), rather than the more traditional charged-particle multi
(lower left frame). The latter comparison serves as a reminder that, as we seek ev
for a transition in the nature of the matter produced in RHIC collisions, it is importa
consider carefully the optimal variables to use to characterize the system.

The coupling to the longitudinal expansion can be seen more clearly as an equilib
mechanism from measurements of the power spectraP λ of local fluctuations in the den
sity of charged hadrons with respect to a mixed-event counterpartP λ

mix. Theλ superscript

distinguishes different directions (modes) of density variation, orthogonal in the wavelet
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Fig. 26. STAR measurements (filled circles) of dynamic texture for the 4% most central Au+ Au collisions at√
sNN = 200 GeV, compared to STAR peripheral (60–84%) collision data (boxes) renormalized for direc

parison, and to HIJING calculations with (dashed curves) and without (solid curves) inclusion of jet quen
The dynamic texture measures the non-statistical excess in point-to-point fluctuations in the local de
charged hadrons in an event, averaged over the event ensemble. Figure taken from Ref. [133].

decomposition used [133] for the analysis: alongη, alongφ, and along the diagonalηφ.
The so-called “dynamic texture” [132] of the event, used to characterize the non-sta
excess in density fluctuations, is defined asP λ

dyn/P
λ
mix/N , whereP λ

dyn = P λ − P λ
mix andN

is the average number of tracks in a givenpT interval per event. The dynamic texture
shown as a function ofpT for three different modes and for both central and peripheral
lisions in Fig. 26 [133]. HIJING simulations [135] shown in the figure cannot accoun
the observed fluctuations, even when jet quenching is included, although they do s
qualitatively that the rising trends in the data with increasingpT are signals of “clumpi-
ness” in the particle density caused by jets. In the absence of a successful model fo
fluctuations, we can at least search for interesting centrality dependences. The box s
in the figure represent what we would expect for the dynamic texture in central collis
based on what STAR measures for peripheral collisions, if the correlation structure
independent of centrality. The strong suppression observed with respect to this expe
for the central collisionη-mode fluctuations is interpreted as another manifestation o
coupling of parton fragments to the longitudinally expanding bulk medium [133].

The results in Figs. 25 and 26 are averaged over all charged hadrons without co
ation of the sign of the charge. Detailed information on the hadronization of the me
can be obtained from the study of charge-dependent(CD) correlations, e.g., by examin
ing the difference between angle-dependent correlations of like- vs. unlike-sign pair
method focuses on the “balance function”, constructed [125,134] to measure the ex
unlike- over like-sign pairs as a function of their (pseudo)rapidity difference�η. The re-

sults in Fig. 27 show that the width of this function in�η steadily decreases with increasing
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Fig. 27. Width〈�η〉 of the measured charged hadron balance function from Au+ Au (filled circles) collisions
at

√
sNN = 130 GeV, plotted as a function of the relative impact parameter deduced from the charged

multiplicities for each analyzed centrality bin. The cross-hatched band represents the centrality-indepen
sults of HIJING simulations [135] of the balance function width measured within STAR for 130 GeV Au+ Au
collisions. The diamond-shaped points illustrate constraints imposed on the balance function by globa
conservation and the STAR detector acceptance, when dynamical correlations are removed by random
fling the association of pseudorapidities with detected particles within each analyzed event. The figure
Ref. [134].

Au + Au centrality [130,134], in contrast to HIJING simulations [135]. A related tren
observed in the CD two-dimensional autocorrelation [131] (not plotted) analogous i
mat to the charge-independent results shown in Fig. 25. The CD peak amplitude inc
and its width decreases, dramatically with increasing centrality. These trends indi
marked change in the formation mechanism of charged hadron pairs in central Au+ Au,
relative top + p, collisions. The implications of that change for the nature of the med
produced are now under intensive study with a growing array of correlation techniqu

3.6. Summary

In this section, we have presented important results on the bulk matter propert
tained in Au+ Au collisions at RHIC. The measured hadron spectra, yield ratios, and
pT v2, are all consistent from all experiments at RHIC. STAR, in particular, has made
neering measurements of elliptic flow, of multi-strange baryons, and of dynamical h
correlations that bear directly on the matter properties critical to establishing QG
mation. The yield ratios are consistent with chemical equilibration across theu, d and
s sectors. The spectra andv2 clearly reveal a collective velocity field in such collision
The combined evidence for near-central Au+ Au collisions at RHIC suggests that the
mal equilibrium is largely, though not quite completely, attained, and that collective
is established, at an early collision stage when sub-hadronic degrees of freedom do
the matter. However, the quality of some of the data, and the constraints on ambigu
some of the theoretical models used for interpretation, are not yet sufficient to demo

convincingly that thermalized, deconfined matter has been produced.
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In particular, the unprecedented success of hydrodynamics in providing a reas
quantitative account for collective flow at RHIC, and of the statistical model in repro
ing hadron yields through the strange sector, together argue for an early approach
thermalization spanning theu, d ands sectors. On the other hand, measurements of a
difference distributions for soft hadron pairs reveal that some (admittedly heavily mod
remnants of jet-like dynamical correlations survive the thermalization process, and in
its incompleteness. The fitted parameters of the statistical model analyses, combin
inferences from the produced transverse energy per unit rapidity, suggest attainm
temperatures and energy densities at least comparable to the critical values for QG
mation in LQCD calculations of bulk, static strongly interacting matter.

The data in this section provide two hints of deconfinement that need to be s
ened in future work. One is the improvement in hydrodynamics accounts for mea
low-pT flow when the calculations include a soft point in the EOS, suggestive of a tr
tion from partonic to hadronic matter. It needs to be better demonstrated that comp
improvement could not be obtained alternatively by addressing other ambiguities
hydrodynamics treatment. One indication of such other ambiguities is the failure of h
dynamics calculations to explain the emitting source sizes inferred from pion interfe
etry. The second hint is the apparent relevance of (constituent or valence) quark d
of freedom in determining the observed meson–baryon differences in flow and yield
intermediate-pT region. Here the data need improved precision to establish more c
the quark scaling behavior expected from coalescence models, while the theory n
establish a clearer connection between the effective quarks that seem to coalesce
current quarks and gluons of QCD.

4. Hard probes

Due to the transient nature of the matter created in high energy nuclear collision
ternal probes cannot be used to study its properties. However, the dynamical pro
that produce the bulk medium also produce energetic particles through hard sca
processes. The interaction of these energetic particles with the medium provides
of unique, penetrating probes that are analogous to the method of computed tomo
(CT) in medical science.

ForpT � 5 GeV/c the observed hadron spectra in Au+ Au collisions at RHIC exhibit
the power-law falloff in cross section with increasingpT that is characteristic of pertu
bative QCD hard-scattering processes [136]. The parameters of this power-law be
vary systematically with collision centrality, in ways that reveal important properties o
matter traversed by these penetrating probes [136]. While we focus for the most part
section on hadrons ofpT above 5 GeV/c, we do also consider data in the intermediatepT

range down to 2 GeV/c, when those data allow more statistically robust measuremen

effects we associate with hard scattering.
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4.1. Inclusive hadron yields at highpT

There are several results to date from RHIC exhibiting large and striking effects
traversed matter on hard probes in central collisions. Figs. 28 and 29 show the most
cant highpT measurements made at RHIC thus far. Both figures incorporate measure
of

√
sNN = 200 GeVp + p, d + Au and centrality-selected Au+ Au collisions at RHIC,

with the simplerp + p andd + Au systems providing benchmarks for phenomena see
the more complex Au+ Au collisions.

Fig. 28 showsRAB(pT ), the ratio of inclusive charged hadron yields inA + B (either
Au + Au or d + Au) collisions top + p, corrected for trivial geometric effects via scali
by 〈Nbin〉, the calculated mean number of binary nucleon–nucleon collisions contrib
to eachA + B centrality bin:

RAB(pT ) = dNAB/dη d2pT

TABdσNN/dη d2pT

, (5)

where the overlap integralTAB = 〈Nbin〉/σpp

inelastic. A striking phenomenon is seen: lar
pT hadrons in central Au+ Au collisions are suppressed by a factor≈ 5 relative to naive
(binary scaling) expectations. Conventional nuclear effects, such as nuclear shado
the parton distribution functions and initial state multiple scattering, cannot account f
suppression. Furthermore, the suppression is not seen ind + Au but is unique to Au+ Au
collisions, proving experimentally that it results not from nuclear effects in the initial
(such as gluon saturation), but rather from the final state interaction (FSI) of hard
tered partons or their fragmentation products in the dense medium generated in A+ Au
collisions [137–140].

These dominant FSI in Au+ Au are presumably superimposed on a variety of inter
ing initial-state effects revealed by thed + Au results. The enhancement seen in Fig.
in RdAu for moderatepT and mid-rapidity, known as the Cronin effect [141], is genera
attributed [142] to the influence of multiple parton scattering through cold nuclear
ter prior to the hard scattering that produces the observed high-pT hadron. Other effects
revealed by the strongrapidity-dependence ofRdAu, will be discussed in Section 4.4.

4.2. Dihadron azimuthal correlations

Fig. 29 shows seminal STAR measurements of correlations between high-pT hadrons.
The left panel shows the azimuthal distribution of hadrons withpT > 2 GeV/c relative to
a trigger hadron withptrig

T > 4 GeV/c. A hadron pair drawn from a single jet will genera
an enhanced correlation at�φ ≈ 0, as observed forp + p, d + Au and Au+ Au, with
similar correlation strengths, widths and (not shown) charge-sign ordering (the corre
is stronger for oppositely charged hadron pairs [71]). A hadron pair drawn from bac
back dijets will generate an enhanced correlation at�φ ≈ π , as observed forp + p and
for d +Au with somewhat broader width than the near-side correlation peak. Howeve
back-to-back dihadron correlation is strikingly, and uniquely, absent in central Au+ Au
collisions, while for peripheral Au+ Au collisions the correlation appears quite similar
that seen inp + p andd + Au. If the correlation is indeed the result of jet fragmentati

the suppression is again due to the FSI of hard-scattered partons or their fragmentation
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Fig. 28. Binary-scaled ratioRAB(pT ) (Eq. (5)) of charged hadron andπ0 inclusive yields from 200 GeV
Au + Au andd + Au relative to that fromp + p collisions, from BRAHMS [137] (upper left), PHENIX [138
(upper right), PHOBOS [139] (lower left) and STAR [140] (lower right). The PHOBOS data points in the l
left frame are ford + Au, while the solid curve represents PHOBOS central (0–6%) Au+ Au data. The shade
horizontal bands around unity represent the systematic uncertainties in the binary scaling corrections.

Fig. 29. Dihadron azimuthal correlations at highpT . Left panel shows correlations forp + p, centrald + Au
and central Au+ Au collisions (background subtracted) from STAR [71,140]. Right panel shows the b
ground-subtracted highpT dihadron correlation for different orientations of the trigger hadron relative to

Au + Au reaction plane [143].
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products in the dense medium generated in Au+ Au collisions [140]. In this environmen
the hard hadrons we do see (and hence, the near-side correlation peak) would arise
entially from partons scattered outward from the surface region of the collision zone,
the away-side partons must burrow through significant lengths of dense matter.

The qualification concerning the dominance of jet fragmentation is needed in this
because the correlations have been measured to date primarily for hadrons in tha
mediatepT range (2–6 GeV/c) where sizable differences in meson vs. baryon yields h
been observed (see Fig. 15), in contrast to expectations for jets fragmenting in vacuu
systematics of the meson–baryon differences in this region suggest sizable contri
from softer mechanisms, such as quark coalescence [69]. Where the azimuthal cor
measurements have been extended to trigger particles above 6 GeV/c, they show a simila
pattern to the results in Fig. 29, but with larger statistical uncertainties [144]. This sug
that the peak structures in the correlations do, indeed, reflect dijet production, and t
back-to-back suppression is indeed due to jet quenching. Coalescence processes i
termediatepT range may contribute predominantly to the smooth background, with
long-range (e.g., elliptic flow) correlations, that has already been subtracted from th
in Fig. 29.

It remains an open challenge for the quark coalescence models to account for
served�φ distributions at moderatepT at the same time as the meson vs. baryon yield
elliptic flow differences discussed in Section 3 (see Fig. 21 and associated discussio
the size of the jet peaks seen in Fig. 29 be reconciled with the modest fragmentation
butions implied by the coalescence fits nearpT ≈ 4 GeV/c (Fig. 21)? Do the jet�φ peaks
rather require substantial contributions also from recombination of a hard-scattered
with thermal partons from the bulk matter [72]? Are models of the latter type of
tributions, of constituent quark coalescence in a thermal ensemble [112] and of va
fragmentation [4] mutually compatible? They would appear to contain non-orthog
contributions and to employ incompatible degrees of freedom. Until these questio
successfully addressed, some ambiguity remains in physics conclusions drawn fr
intermediate-pT region, including the dihadron correlations in Fig. 29.

A more differential probe of partonic energy loss is the measurement of highpT di-
hadron correlations relative to the reaction plane orientation. The right panel of F
shows a study from STAR of the highpT dihadron correlation from 20–60% centrali
Au + Au collisions, with the trigger hadron situated in the azimuthal quadrants cen
either in the reaction plane (“in-plane”) or orthogonal to it (“out-of-plane”) [143]. T
same-side dihadron correlation in both cases is similar to that inp + p collisions. In
contrast, the suppression of the back-to-back correlation depends strongly on the
angle between the trigger hadron and the reaction plane. This systematic depend
consistent with the picture of partonic energy loss: the path length in medium for a
oriented out of the reaction plane is longer than in the reaction plane, leading to
spondingly larger energy loss. The dependence of parton energy loss on path le
predicted [4] to be substantially stronger than linear. The orientation-dependence
energy loss should be further affected by different rates of matter expansion in-pla
out-of-plane.

The energy lost by away-side partons traversing the collision matter must appear

der to conserve transverse momentum, in the form of an excess of softer emerging hadrons.
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Fig. 30. Associated charged hadron〈pT 〉 from the away-side in 200 GeVp+p (two leftmost points) and Au+ Au
collisions at various centralities, in each case opposite a trigger hadron withpT in the 4–6 GeV/c (filled triangles)
or 6–10 GeV/c (open triangles) range [145]. The shaded band and the horizontal caps represent the sy
uncertainties for the filled and open symbols, respectively.〈pT 〉 for inclusive hadron production in the Au+ Au
collisions is indicated by the solid curve.

An analysis of azimuthal correlations between hard andsofthadrons has thus been carri
out for both 200 GeVp + p and Au+ Au collisions [145] in STAR, as a first attempt
trace the degree of degradation on the away side. With trigger hadrons still in the
4 < p

trig
T < 6 GeV/c, but the associated hadrons now sought over 0.15< pT < 4 GeV/c,

combinatorial coincidences dominate these correlations, and they must be remov
tistically by a careful mixed-event subtraction, with an elliptic flow correlation correc
added by hand [145]. The results demonstrate that, in comparison withp + p and periph-
eral Au+ Au collisions, the momentum-balancing hadrons opposite a high-pT trigger in
central Au+ Au are greater in number, much more widely dispersed in azimuthal a
and significantly softer. The latter point is illustrated in Fig. 30, showing the centr
dependence of〈pT 〉 of the associated away-side charged hadrons in comparison t
of the bulk inclusive hadrons. While in peripheral collisions the values of〈pT 〉 for the
away-side hadrons are significantly larger than that of inclusive hadrons, the tw
ues approach each other with increasing centrality. These results are again subjec
ambiguity arising from possible soft (e.g., coalescence) contributions to the observe
relations, as the away-side strength shows little remnant of jet-like behavior [145
again, preliminary results for higher trigger-hadronpT values, shown in Fig. 30, appe
to be consistent within larger uncertainties. If a hard-scattering interpretation fram
turns out to be valid, the results suggest that even a moderately hard parton tra

a significant path length through the collision matter makes substantial progress toward
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equilibration with the bulk. The rapid attainment of thermalization via the multitud
softer parton–parton interactions in the earliest collision stages would then not be s
ing.

4.3. Theoretical interpretation of hadron suppression

Fig. 31 showsRCP(pT ), the binary scaled ratio of yields from central relative to
ripheral collisions for charged hadrons from 200 GeV Au+ Au interactions.RCP(pT ) is
closely related toRAB(pT ), using as reference the binary-scaled spectrum from perip
Au + Au collisions rather thanp+p collisions. The substitution of the reference set allo
a slight extension in thepT range for which useful ratios can be extracted. The error ba
the highestpT are dominated by statistics and are therefore, to a large extent, uncorr
from point to point. The suppression for central collisions is again seen to be a facto≈ 5
relative to the most peripheral collisions, and forpT � 6 GeV/c it is independent ofpT

within experimental uncertainties. Also shown in Fig. 31 are results from theoretical c
lations based on pQCD incorporating partonic energy loss in dense matter (pQCD-I
pQCD-II [147]) and on suppression at highpT due to gluon saturation effects (satu
tion [149], with implications discussed further in the following subsection). The neglig
pT -dependence of the suppression at highpT is a prediction of the pQCD models [14
147], resulting from the subtle interplay of partonic energy loss, Cronin (initial-state
tiple scattering) enhancement, and nuclear shadowing. The variation in the supp
for pT � 5 GeV/c is related to differences in suppression in this region for mesons
baryons (see Fig. 15). It is accounted for in the pQCD-I calculation by the introdu
of an additional non-fragmentation production mechanism for kaons and protons
The magnitude of the hadron suppression in the pQCD calculations is adjusted to
measurements for central collisions, as discussed further below.

In order to deduce the magnitude ofpartonicenergy loss in the medium it is essential
establish the degree to whichhadronicinteractions, specifically the interaction of hadro
jet fragments with the medium, can at least in part generate the observed highpT phenom-
ena and contribute substantially to the jet quenching [51,151,152]. Simple conside
already argue against this scenario. The dilated formation time of hadrons with eneEh

and massmh is tf = (Eh/mh)τf , where the rest frame formation timeτf ∼ 0.5–0.8 fm/c.
Thus, a 10 GeV/c pion has formation time∼ 50 fm/c and is unlikely to interact as a full
formed pion in the medium. Since the formation time depends on the boost, the su
sion due to hadronic absorption with constant or slowly varying cross section shoul
off with rising pT , at variance with observations (Fig. 31). A detailed hadronic trans
calculation [51] leads to a similar conclusion: the absorption of formed hadrons i
medium fails by a large factor to account for the observed suppression. Rather, th
culation attributes the suppression to ad hoc medium interactions of “pre-hadrons
short formation time and constant cross section. The properties of these “pre-hadro
thus similar to those of colored partons [51], and not to the expected color transpare
hadronic matter to small color singlet particles that might evolve into normal hadrons

Additional considerations of the available highpT data [53] also support the conclusio
that jet quenching in heavy ion collisions at RHIC is the consequence of partonic e

loss. In particular, largev2 values observed at highpT and the systematics of the small-
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Fig. 31. Binary-scaled yield ratioRCP(pT ) for central (0–5%) relative to peripheral (40–60%, 60–80%) co
sions for charged hadrons from 200 GeV Au+ Au collisions [150]. The shaded bands show the multiplica
uncertainty of the normalization ofRCP(pT ) relative to binary collision and participant number scaling.

angle dihadron correlations are difficult to reconcile with the hadronic absorption sce
While further theoretical investigation of this question is certainly warranted, we con
that there is no support in the data forhadronicabsorption as the dominant mechani
underlying the observed suppression phenomena at highpT , and we considerpartonic
energy loss to be well established as its primary origin. It is conceivable that there
be minor hadronic contributions from the fragments of soft gluons radiated by the pr
hard partons during their traversal of the collision matter. In any case, we emphasi
while the jet quenching results seem to favor partons over hadronslosingenergy, they do
not allow any direct conclusion regarding whether the energy is lostto partonic or hadronic
matter.

The magnitude of the suppression at high-pT in central collisions is fit to the data i
the pQCD-based models with partonic energy loss, by adjusting the initial gluon den
the medium. The agreement of the calculations with the measurements atpT > 5 GeV/c

is seen in Fig. 31 to be good. In order to describe the observed suppression, these
require an initial gluon density about a factor 50 greater than that of cold nuclear m
[146–148]. This is the main physics result of the highpT studies carried out at RHIC t
date. It should be kept in mind that the actual energy loss inferred for the rapidly expa
Au + Au collision matter is not very much larger than that inferred for static, cold nuc
matter from semi-inclusive deep inelastic scattering data [57]. But in order to ac
for this slightly larger energy lossdespitethe rapid expansion, one infers the much lar
initial gluon density at the start of the expansion [146,147]. Certainly, then, the quant
extraction of gluon density is subject to uncertainties from the theoretical treatment
expansion and of the energy loss of partons in the entrance-channel cold nuclear

before they initially collide.
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The gluon density derived from energy loss calculations is consistent with esti
from the measured rapidity density of charged hadrons [153] using the Bjorken sc
[84], assuming isentropic expansion and duality between the number of initial gluon
final charged hadrons. Similar values are also deduced under the assumption that
tial state properties in central Au+ Au RHIC collisions, and hence the measured part
multiplicities, are determined by gluon–gluon interactions below the gluon density
ration scale in the initial-state nuclei [66]. Additionally, the energy density is estim
from global measurements of transverse energy (see Section 3.1) to be of order
times that in cold nuclear matter, consistent with the values inferred from hydrodyn
accounts of measured hadron spectra and flow. The consistency among all these es
though only semi-quantitative at present, is quite significant. These inferred densiti
well into the regime where LQCD calculations predict equilibrated matter to reside
QGP phase.

4.4. Rapidity-dependence of highpT hadron yields ind + Au collisions

It had been proposed recently [149] that gluon saturation effects can extend w
yond the saturation momentum scaleQs , resulting in hadron suppression relative to bin
scaling (RAB(pT ) < 1) for pT ∼ 5–10 GeV/c mid-rapidity hadron production at RHIC
energies, in apparent agreement with the data in Fig. 31. However, since this pre
suppression originates in the properties of the incoming nuclear wave function, h
production ind + Au collisions should also be suppressed by this mechanism [149]
perimentally, anenhancementin mid-rapidity hadron production ind + Au is seen instead
(Fig. 28 [137–140]), even in centrald +Au collisions [140] where saturation effects shou
be most pronounced. The observed enhancement is at variance with saturation mo
pectations at highpT [149].

However, at large rapidities in the deuteron direction, a suppression of the highepT

hadrons studied is indeed observed ind + Au collisions, as revealed by the results fro
the Brahms experiment in Fig. 32 [154]. This is not true of large rapidities in the Au d
tion [157,158]. This distinct behavior is consistent with gluon saturation models, as
by the fits [156] to these results in Fig. 32. High-pT hadrons produced at small angl
with respect to the deuteron beam arise preferentially from asymmetric partonic coll
involving gluons at low Bjorkenx in the Au nucleus. (For example, in a next-to-lead
order leading-twist perturbative QCD calculation, the meanx-value of partons probed i
the Au nucleus has been found to be 0.03–0.05 when selecting on hadrons atη = 3.2 and
pT = 1.5 GeV/c [155]. Note, however, that such a calculation may have limited validit
the regime of strong gluonic fields.) It is precisely at lowx in heavy nuclei that gluon sa
uration, and the resultant suppression in high-pT hadron production, should set in. Thu
gluon saturation models predicted the qualitative behavior of increasing suppressio
increasing rapidity in the deuteron direction before the experimental results became
able [159], although parameter values had to be tuned after the fact [156] to adju
saturation scale to obtain the fits shown in Fig. 32.

At the moderatepT values kinematically accessible at large pseudorapidity, one
worry legitimately that softer hadron production mechanisms (e.g., quark recombin

and initial-state multiple scattering of partons before hard collisions complicate the inter-
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Fig. 32. The ratioRCP of binary-scaled central to peripheral hadron yields ford + Au collisions at√
sNN = 200 GeV, plotted as a function ofpT for four different pseudorapidity bins, centered atη = 0, η = 1,

η = 2.2 andη = 3.2. The measurements are from the Brahms Collaboration [154], for all charged hadron
ative hadrons only) in the case of the former (latter) twoη bins. The curves represent gluon saturation mode
from [156]. The filled circles and solid curves compare yields in the 0–20% to 60–80% centrality bins, wh
open circles and dashed curves compare 30–50% to 60–80% . The figure is taken from Ref. [156].

pretation of thed + Au results. The same basic suppression of hadrons in the deu
relative to the Au, direction can be seen extending to higherpT in the mid-rapidity back-
ward/forward yield ratios from STAR [158], shown in Fig. 33. The same gluon satur
model calculations [156] shown in Fig. 32 are seen in Fig. 33 to be qualitatively, bu
quantitatively, consistent with the observed dependences of the hadron yields on p
rapidity,pT and centrality. In particular, both measurements and calculations sugge
the mid-rapidity suppression fades away at transverse momenta above 5–6 GeV/c, as one
probes higher-x partons in the Au nucleus.

The results in Figs. 32 and 33 represent the strongest evidence yet available
applicability of color glass condensate concepts within the kinematic range spann
RHIC collisions. Nonetheless, more mundane origins of this forward hadron suppre
in d + Au have not been ruled out. Di-hadron correlation measurements involving
forward hadrons ind + Au collisions may help to distinguish between CGC and ot
explanations [160]. A critical characteristic of the CGC is that it can be treated as a cla

gluon field. Forward hadrons that result from the interaction of a quark from the deuteron
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Fig. 33. Comparison of STAR measurements [158] with gluon saturation model calculations [156] for bac
(Au side) to forward (d side) charged hadron yield ratios at mid-rapidity ind +Au collisions at

√
sNN = 200 GeV.

Results are shown as a function of hadronpT for two different pseudorapidity ranges, (a) 0.5 < |η| < 1.0 and (b)
0.0 < |η| < 0.5, and three different centrality ranges. Centrality is determined experimentally from the me
charged particle multiplicity in the forward Au direction, for−3.8 < η < −2.8. Figure is taken from Ref. [158].

beam with this gluon field may have their transverse momentum balanced not by a
recoiling parton (and therefore a jet), but rather by a number of relatively soft ha
with a much more smeared angular correlation than is characteristic of di-jet proc
Such a “mono-jet” signature would not be expected from more conventional sourc
shadowing of gluon densities in the Au nucleus [161], which still allow individual qua
gluon, rather than quark–gluon field, scattering. On the other hand, kinematic lim
the accessiblepT values for forward hadrons imply that one is dealing, even in a d
framework, with unconventional away-side jets of only a few GeV/c [162]. In this regime,
a suitable reference is needed, usingp + p or d + A with a sufficiently light nucleus A to
place the contributing partonx-range above the anticipated gluon saturation regime.
discriminating power of di-hadron correlations for CGC mono-jets must be demons

by modifications ind + Au with respect to this reference.
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4.5. Outlook

While large effects have been observed and the phenomenon of jet quenching in
matter has been firmly established, precision data in a larger-pT range are needed to full
explore the jet quenching phenomena and their connection to properties of the den
ter. The region 2< pT < 6 GeV/c has significant contributions from non-perturbat
processes other than vacuum fragmentation of partons, perhaps revealing novel had
tion mechanisms. Most studies to date of azimuthal anisotropies and correlations o
have by necessity been constrained to this region, with only the inclusive spectra e
ing to the range where hard scattering is expected to dominate the inclusive yield
statistics data sets for much higherpT hadrons are needed to fully exploit azimuthal asy
metries and correlations as measurements of partonic energy loss. Dihadron measu
probing the details of the fragmentation process may be sensitive to theenergydensity, in
addition to the gluon density that is probed with the present measurements. Heavy
suppression is theoretically better controlled, and measurement of it will provide a
cal check on the understanding of partonic energy loss. Thedifferential measurement o
energy loss through measurement of the emerging away-side jet and the recovery
energy radiated in soft hadrons is still in its initial phase of study. A complete map
of the modified fragmentation with larger initial jet energy and with a direct photon
ger will crosscheck the energy dependence of energy loss extracted from single in
hadron suppression. Experiments at different colliding energies are also useful to m
variation of jet quenching with initial energy density and the lifetime of the dense sys

At the same time as we extend thepT range for jet quenching studies on the high si
it is crucial also to pursue further (particle-identified) hadron correlation measureme
the soft sector, in order to understand better how jets are modified by interaction
the dense bulk matter. Measurements such as those presented in Figs. 25 and 30
beginning to illuminate the processes leading to thermalization of parton energy. The
erties of particles that have been substantially degraded, but not completely therm
by passage through the bulk may provide particularly fertile ground for exposing po
fundamental modifications (e.g., symmetry violations or restoration) of strong intera
in RHIC collision matter.

5. Some open issues

It should be clear from the detailed discussions of experimental and theoretical r
in the preceding sections that some open questions need to be addressed before
judge the evidence in favor of QGP formation at RHIC to be compelling. In this se
we collect a number of such open questions for both experiment and theory. Conv
answers to even a few of these questions might tip the balance in favor of a QGP dis
claim. But even then, it will be important to address the remaining questions to solidif
understanding of the properties of the matter produced in RHIC collisions.

Lattice QCD calculations suggest that a confined state is impossible in bulk, therm
namically equilibrated matter at the energy densities apparently achieved at RHIC. I

several experimental observations areconsistentwith the creation of deconfined matter.
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However, a discovery as important as the observation of a fundamentally new state
ter surely demands proof beyond circumstantial evidence for deconfinement. Can
better?

One response that has been offered is that the EOS of strongly interacting matte
ready known from lattice QCD calculations, so that only the conditions initially atta
in heavy-ion collisions, and the degree of thermalization in the matter produced, are
to doubt. Such a view tends to trivialize the QGP search by presuming the answ
deed, an important aspect of the original motivation for the experimental program at
was to explore the equation of state of strongly interacting matter under these e
conditions of energy density. Lattice QCD, in addition to its technical difficulties and a
dant numerical uncertainties, attempts to treat bulk, static, thermodynamically equili
quark–gluon systems. The relationship of such idealized matter to the finite, rapidly
ing systems produced in relativistic heavy-ion collisions is not a priori clear. One w
prefer, then, to take LQCD calculations as guideposts to the transition properties to
for experimentally, but not as unassailable truth. On the other hand, there are su
complexities in the theoretical treatment of heavy-ion collisions that one would like t
ply all credible constraints in parameterizing the problem. This dichotomy leads to ou
question:

• To what extent should LQCD results be used to constrain the equations of stat
sidered in model treatments of RHIC collisions? How does one allow for indepe
checks of the applicability of LQCD to the dynamic environment of a RHIC collis

Experimentally, to verify the creation of a fundamentally new state of matter at R
one would like crosschecks demonstrating that the matter behaves qualitativelydifferently
than “normal” (hadronic) matter in a system known or believed to be in a confined
Although such a demonstration might be straightforward in bulk matter, it becom
enormous challenge with the limited experimental control one has over thermody
variables in heavy-ion collisions. The finite size and lifetime of the matter produc
the early collision stages, coupled with the absence of global thermal equilibrium a
measurements (to date) of local temperature, all work to obscure the hallmark of
formation predicted by lattice QCD: a rapid transition around a critical temperature le
to deconfinement and, quite possibly, chiral symmetry restoration (the latter cons
here as a sufficient, but not necessary, QGP manifestation). Given these complicatio
underlying challenge to theory and experiment is:

• Can we make a convincing QGP discovery claim without clear evidence of a
transition in the behavior of the matter produced? Can we devise probes with suf
sensitivity to early, local system temperature to facilitate observation of such an
at RHIC? Can we predict, based on what we now know from SPS and RHIC colli
at what energies or under what conditions we might produce matter below the cr
temperature, and which observables from those collisions should not match sm

to SPS and RHIC results?
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At the most basic level, it is conceivable that there is no rapid deconfinement tran
in nature (or at least in the matter formed fleetingly in heavy-ion collisions), but rat
gradual evolution from dominance of hadronic toward dominance of partonic degre
freedom. It is not yet clear that we could distinguish such behavior of QCD matter fro
blurring of a well-defined QGP transition by the use of tools with insufficient resolutio
control.

5.1. What experimental crosschecks can be performed on apparent QGP signature
RHIC?

Below we briefly discuss some of the key observations that underlie theoretical c
[6–8] that deconfined matter has been produced at RHIC, and ask what crosscheck
be carried out to test this hypothesis.

5.1.1. Jet quenching
As discussed in Section 4, inclusive hadron spectra and two-particle azimuthal c

tions at moderate and highpT clearly demonstrate that jets are suppressed in central R
Au + Au collisions, relative to scaledNN collisions. The lack of suppression (indeed,
enhancement, due to the Cronin effect) ind + Au collisions at RHIC provides a critica
crosscheck that the quenching is not an initial-state effect. Measurements with res
the event reaction plane orientation (see Fig. 29) provide another important cross
demonstrating that the magnitude of the suppression depends strongly on the am
matter traversed. Such jet quenching was first predicted [46] within the framework o
ton energy loss in traversing a QGP. However, more recent theoretical work [58]
doubt that deconfinement of the medium is essential to the phenomenon, or would b
ifested clearly in the energy-dependence of quenching. Nonetheless, experimental
a possibly interesting energy dependence to quenching phenomena should be purs
potential crosscheck on formation of a new state of matter.

Moderate-pT (up to 4 GeV/c) yields from Pb–Pb collisions at the SPS [163] app
to show an enhancement over a scaledparameterizedp–p reference spectrum. Howeve
questions raised about thep–p parameterization [164], combined with the unavailability
measurements constraining the initial-state (Cronin) enhancement at these energie
open the possibility that even at SPS, jets in centralA + A collisions may turn out to
be suppressedrelative to expectations. Indeed, the data in [163] do demonstrate had
suppression in central relative to semi-peripheral collisions. Also, it is unclear wheth
suppression of away-side two-particle correlations out of the reaction plane, obser
RHIC (see Fig. 29), might be of similar origin as the away-side out-of-plane broad
observed at the SPS [103]. These ambiguities are amplified by the limitedpT range covered
in SPS measurements, spanning only a region where RHIC results suggest that har
scattering and fragmentation may not yet be the dominant contributing hadron prod
mechanism. These observations lead to the following question:

• Is there a qualitative change in the yield of high-pT hadrons inA + A collisions
between SPS and RHIC energies? Or does hadron suppression rather evolve sm

with energy, reflecting a gradual growth in initial gluon density and parton energy
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loss? Is it feasible to make meaningful measurements of hard probes at sufficien
collision energy to test for the absence or gross reduction of jet quenching in m
believed to be in a hot hadronic (i.e., confined) gas state?

5.1.2. Constituent-quark scaling of yields and anisotropies
The baryonvs. meson systematics ofRCP (Fig. 15) and the apparent scaling of

liptic flow with the number of constituent quarks (Fig. 20) in the intermediatepT range
strongly suggest collective behavior at a pre-hadronic level, a necessary aspect o
formation and thermalization in heavy-ion collisions. Once again, one would like to
serve theabsenceof this behavior for systems in which QGP is not formed. High-qua
particle-identified elliptic flow data do not yet exist at SPS (or lower) energies in thipT

region.

• Should constituent-quark scaling ofv2 in the intermediatepT sector be broken if a
QGP is not formed? If so, is an appropriate statistically meaningful, particle-ident
measurement ofv2 at intermediatepT feasible at

√
sNN below the QGP formation

threshold?

Alternatively, we could seek to establish the role of constituent quarks more con
ingly by additional predictions of the quark coalescence models introduced to chara
this intermediatepT region. For this purpose it may be helpful to integrate the coalesc
models with other (e.g., gluon saturation or hydrodynamics) models that might se
constrain the anticipated initial conditions and coalescence parameters as a func
centrality or collision energy.

• Coalescence models have provided a simple ansatz to recognize the possible
tance of constituent quark degrees of freedom in the hadronization process inA + A

collisions at RHIC, and to suggest that these constituent quarks exhibit collective
Once model parameters have been adjusted to account for the observed ratios o
and elliptic flow strengths for baryons vs. mesons, can integration of key feature
other models enhance predictive power? For example, can the centrality-depen
of these ratios, or meson vs. baryon correlations (angular or otherwise) at mod
pT be predicted?

5.1.3. Strong elliptic flow in agreement with hydrodynamics
In contrast to the above signatures, which require access to moderate-to-highpT values,

observables in the soft sector have already been extensively explored, even from B
energies. The only soft-sector observable selected as a “pillar” of the QGP claim at
in Ref. [6], is the strong elliptic flow, whose magnitude, mass andpT -dependence fo
mid-central collisions are in reasonable agreement with expectations based on idea
dynamic flow (see Fig. 18). Furthermore, the agreement appears better for an equa
state that includes passage through a phase transition from partonic to hadronic ma

This success leads to the claim [3,6] that the elliptic flow has finally, in near-ce
collisions at RHIC energies, reached the ideal hydrodynamic “limit”, suggesting cre

of equilibrated, low-viscosity matter at an early stage in the collision (when geometric
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Fig. 34. (a) Energy dependence of elliptic flow measured near mid-rapidity for mid-central collisions (∼ 12–34%
of the geometric cross section) ofA ∼ 200 nuclei at the AGS, SPS and RHIC. (b) Mid-rapidity elliptic flo
measurements from various energies and centralities combined in a single plot ofv2 divided by relevant initial
spatial eccentricity vs. charged-particle rapidity density per unit transverse area in theA + A overlap region. The
figures, taken from Ref. [100], highlight the smooth behavior of flow vs. energy and centrality. The righ
points represent near-central STAR results, where the observedv2/ε ratio becomes consistent with limiting hy
drodynamic expectations for an ideal relativistic fluid. The hydrodynamic limits are represented by hor
lines [100] drawn for AGS, SPS and RHIC energies (from left to right), for one particular choice of EO
assumes no phase transition in the matter produced.

anisotropy is still large). However, the results from many experiments clearly indic
smoothly risingv2(

√
sNN ), while the hydrodynamic limit for given initial spatial ecce

tricity and fixed EOS is falling with increasing energy (see Fig. 34). It is thus unc
from the available data whether we are observing at RHIC the interesting onset of s
tion of a simple physical limit particularly relevant to QGP matter, or rather an accid
crossing point of experiment with a necessarily somewhat simplified theory. It is o
jor significance that ideal hydrodynamics appears to work at RHIC for the first time.
conclusion—and in particular the evidence for an equation of state containing a
change—would be much strengthened if the hydrodynamic limit were demonstrated
relevant as well under conditions far removed from those in RHIC measurements to
Future measurements in central collisions of heavier and highly deformed nuclei
U + U [3]) possible after a planned upgrade of the ion source for RHIC, or at signific
lower or higher energy (the latter awaiting LHC turn-on) will provide the possibility
additional crosschecks of this important conclusion.

• Is the ideal hydrodynamic limit for elliptic flow relevant to heavy-ion collisions ov
broad range of conditions, within which near-central Au+ Au collisions at full RHIC
energy represent merely a first “sighting”? Willv2 at LHC energies surpass the hydr

dynamic limit? Is thermalization likely to be sufficiently established in collisions below
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sNN ≈ 100GeV to permit meaningful tests of hydrodynamics? If so, will meas

ments at lower RHIC energies reveal a non-trivial energy dependence ofv2, such as
that predicted in Fig. 7 by ideal hydrodynamics incorporating a phase transition?
one vary the initial spatial eccentricity of the bulk matter independently of cen
ity and degree of thermalization, via controlled changes in the relative alignme
deformed colliding nuclei such as uranium?

5.1.4. Dependence of observables on system size
The above questions focused on excitation function measurements, which tradit

have played a crucial role in heavy-ion physics. It is also desirable to explore the a
ance and disappearance of possible QGP signatures as a function of system size.
system size variations have been examined at RHIC primarily via the centrality depen
of many observables. A number of variables have been observed to change rapidly fr
most peripheral to mid-peripheral collisions, and then to saturate for mid-central an
tral collisions. Examples of this type of behavior include: the strength (IAA in Ref. [71])
and�η width (Fig. 25) of near-side di-hadron correlations; the ratio of measuredv2 to
the hydrodynamic limit for relevant impact parameter [105]; the strangeness saturati
rameterγs deduced from statistical model fits to measured hadron yield ratios (ins
Fig. 12) [86]. Do these changes reflect a (QGP) transition with increasing centrality
nature of the matter first produced, or merely the gradual growth in importance of ha
initial- and final-state interactions, and in the degree of thermalization achieved,
number of nucleon participants increases? One’s answer to this question may dep
how rapid the variation with centrality appears, but this in turn depends on what me
one uses for centrality, as emphasized in the lower frames of Fig. 25.

As the centrality changes for given colliding nuclei, so, unavoidably, does the i
shape of the overlap region. In order to unravel the influence of different initial cond
on the evolution of the matter formed in heavy-ion collisions, it will be important to m
sure as well the dependence of observables such as those above on the size of the
nuclei.

• Do RHIC measurements as a function of centrality already contain hints of the on
QGP formation in relatively peripheral regions? Will future measurements for lig
colliding nuclei permit more definitive delineation of these apparently rapid cha
with system size?

5.2. Do the observed consistencies with QGP formation demand a QGP-based
explanation?

Because it is difficult to control the degree of thermalization achieved in heavy-ion
sions, and to measure directly the temperature at which it is initially achieved, it is po
that none of the crosschecks discussed in the preceding subsection for RHIC energ
below may provide definitive experimental resolution concerning QGP formation. In
case, our reliance on the comparison with theory would be significantly increased, a

questions posed below become especially important. Here, we question theuniquenessof
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a QGP-based explanation. In other words, do the datademanda scenario characterized b
thermalized, deconfined matter?

5.2.1. Strong elliptic flow
The hydrodynamic overestimate of elliptic flow at energies below RHIC has bee

tributed either to a failure to achieve complete thermalization in those collisions [3]
their earlier transition to a viscous hadronic phase [6]. These interpretations sugge
the observed energy-dependence of flow (Fig. 34) is dominated by the complex dyn
of early thermalization and late hadronic interactions. While application of hydrodyna
relies on local thermal equilibrium, it is not obvious that agreement with data after pa
ter adjustment necessarily proves thermalization. The following question is posed
light.

• The unprecedented success of hydrodynamics calculations assuming ideal rela
fluid behavior in accounting for RHIC elliptic flow results has been interpreted a
idence for both early attainment of local thermal equilibrium and an equation of s
with a soft point, characteristic of the predicted phase transition. How do we know
the observed elliptic flow cannot result, alternatively, from a harder EOS coupled
incomplete or late thermalization and/or significant viscosity in the produced ma

Even if weassumethermalization (and hence the applicability of hydrodynamics),
clear that a complete evaluation of the “theoretical error bars” has yet to be perfo
When parameters are adjusted to reproduce spectra, agreement withv2 measurement
in different centrality bins is typically at the 20–30% level. The continuing system
discrepancies from HBT results, and from the energy dependence of elliptic flow
simplified freezeout parameterizations are applied, suggest some level of addition
biguity from the treatment of late-stage hadronic interactions and from possibly
assumptions of the usual hydrodynamics calculations (see Section 2.2). When the
uncertainties within hydrodynamics are fairly treated, does a convincing signal for an
with a soft point survive?

• The indirect evidence for a phase transition of some sort in the elliptic flow re
comes primarily from the sensitivity in hydrodynamics calculations of the magn
and hadron mass-dependence ofv2 to the EOS. How does the level of this EOS se
tivity compare quantitatively to that of uncertainties in the calculations, gleaned
the range of parameter adjustments, from the observed deviations from the c
nation of elliptic flow, spectra and HBT correlations, and from the sensitivity to
freezeout treatment and to such normally neglected effects as viscosity and boo
invariance?

5.2.2. Jet quenching and high gluon density
The parton energy loss treatments do not directly distinguish passage through co

vs. deconfined systems. Although effects of deconfinement must exist at some leve
on the propagation of radiated soft gluons, their inclusion in the energy loss models

well be quantitatively masked by other uncertainties in the calculations. Evidence of de-
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confinement must then be indirect, via comparison of the magnitude of inferred glu
energy densities early in the collision to those suggested by independent partonic
ments such as gluon saturation models. The actual energy loss inferred from fits to
data, through the rapidly expanding collision matter, is only slightly larger than that
cated through static cold nuclei by fits to semi-inclusive deep inelastic scattering dat
significance of the results is then greatly magnified by the correction to go from the ex
ing collision matter to an equivalent static system at the time of the initial hard scatt
The quantitative uncertainties listed in the question below will then be similarly magn
What, then, is a reasonable guess of the range of initial gluon or energy densities t
be accommodated, and how does one demonstrate that those densities can only be
in a deconfined medium?

• Does the magnitude of the parton energy loss inferred from RHIC hadron suppre
observationsdemand an explanation in terms of traversal through deconfined mat
The answer must take into account quantitative uncertainties in the energy loss
ment arising, for example, from the uncertain applicability of factorization in-med
from potential differences (other than those due to energy loss) between in-mediu
vacuum fragmentation, and from effects of the expanding matter and of energy
the partons through cold matter preceding the hard scattering.

Gluon saturation models set a QCD scale for anticipated gluon densities, that ca
be compared to values inferred from parton energy loss treatments, modulo the qu
asked above and below. An important question, given that RHIC multiplicity data
used as input to the models (e.g., to fix the proportionality between gluon densit
hadron yields) is whether they provide information truly independent from the initia
ergy density inferred via the simple Bjorken hydrodynamic expansion scenario (Eq
from measured rapidity densities of transverse energy.

• If there is a truly universal gluon density saturation scale, determined already
HERAe–p deep inelastic scattering measurements, why cannot RHICA + A particle
multiplicities be predicted a priori without input from RHIC experimental data? Is
the A- (orNpart-) dependence of the gluon densities at the relevant Bjorkenx-ranges
predicted in gluon saturation treatments? Can saturated entrance-channel gluon
sities in overlapping cold nuclei be directly compared to the early gluon densiti
thermalized hot matter, inferred from parton energy loss treatments of jet quench

6. Overview and outlook

6.1. What have we learned from the first three years of RHIC measurements?

Already in their first three years, all four RHIC experiments have been enorm
successful in producing a broad array of high-quality data illuminating the dynami
heavy-ion collisions in a new regime of very high energy densities. STAR, in partic

has established a number of seminal, striking results highlighted in Sections 3 and 4 of this
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Fig. 35. Measured mid-rapidity charged particle densities, scaled by the calculated number of participan
ons, for central collisions ofA ∼ 200 nuclei at AGS, SPS and RHIC, plotted as a function of the center-of-
energy. Results for̄p + p collisions are shown for comparison. Figure from [80].

document. In parallel, there have been significant advances in the theoretical treatm
these collisions. The theory-experiment comparison indicates that central Au+ Au colli-
sions at RHIC produce a unique form of strongly interacting matter, with some dra
and surprisingly simple properties. A number of the most striking experimental re
have been described to a reasonable quantitative level, and in some cases even p
beforehand, using theoretical treatments inspired by QCD and based on QGP forma
the early stages of the collisions.

The observed hadron spectra and correlations at RHIC reveal three transverse m
tum ranges with distinct behavior: a soft range (pT � 1.5 GeV/c) containing the vas
majority of produced hadrons, representing most of the remnants of the bulk co
matter; a hard-scattering range (pT � 6 GeV/c), providing partonic probes of the ear
collision matter; and an intermediate range (1.5 � pT � 6 GeV/c) where hard processe
coexist with softer ones. The behavior in each of these ranges is quite different than
be expected from an incoherent sum of independent nucleon–nucleon collisions;
hard sector, in particular, this is one of the most important new observations at RHIC
low we summarize the major findings described in earlier sections within each of
three ranges, in each case listing them in approximate decreasing order of what w
to be their level of robustness with respect to current experimental and theoretic
biguities. This is not intended necessarily to represent order of importance, as so
the presently model-dependent conclusions are among the strongest arguments in
QGP formation.

6.1.1. Soft sector
• The matter produced exhibitsstrong collective flow: most hadrons at low-pT reflect

a communal transverse velocity field resulting from conditions early in the colli
when the matter was clearly expanding rapidly under high, azimuthally anisotr
pressure gradients and frequent interactions among the constituents. The comm
of the velocity is clearest from the systematic dependence of elliptic flow streng

hadron mass at low-pT (see Fig. 18), from the common radial flow velocities extracted



164 STAR Collaboration / Nuclear Physics A 757 (2005) 102–183

6].

non-
in a

imilar
rated

sity
arly,
Fig. 25
ecula-
ested

bserved
r over
and

In any
”

t mile-
Fig. 36. Energy dependence of HBT parameters extracted from pion pair correlations in centralA+A (A ∼ 200)
collisions at mid-rapidity and pairkT ≈ 0.2 GeV/c. The data span the AGS, SPS and RHIC. Figure from [16

by fitting observed spectra (Fig. 14), and from the measurements of HBT and
identical particle correlations [120]. All of these features fit naturally, at least
qualitative way, within a hydrodynamic description of the system evolution.

• Most bulk properties measured appear to fall on quite smooth curves with s
results from lower-energy collisions. Examples shown include features of integ
two-hadronpT correlations (Fig. 24), elliptic flow (Fig. 34), charged particle den
(Fig. 35) and emitting source radii inferred from HBT analyses (Fig. 36). Simil
the centrality-dependences observed at RHIC are generally smooth (but see
for a possible exception). These experimental results contrast with theoretical sp
tions and predictions made before RHIC start-up, which often [11,30,165] sugg
strong energy dependences accompanying the hadron-to-QGP transition. The o
smooth general behavior has been primarily attributed to the formation of matte
a range of initial local conditions, even at a given collision energy or centrality,
to the absence of any direct experimental determination of early temperature.
case, the results clearly highlightthe difficulty of observing any rapid “smoking-gun
onset of a transition to a new form of matter.

• Despite the smoothness of the energy and centrality dependences, two importan

stones related to the attainment of thermal equilibrium appear to be reached for the first
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time in near-central RHIC collisions at or near full energy. The first is thatthe yields of
different hadron species,up to and including multi-strange hadrons, become consis
tent with a grand canonical statistical distributionat a chemical freezeout temperatu
of 163± 5 MeV and a baryon chemical potential≈ 25 MeV (see Fig. 12). This resu
places an effective lower limit on the temperatures attained if thermal equilibrat
reached during the collision stages preceding this freezeout. This lower limit isessen-
tially equal to the QGP transition temperature predicted by lattice QCD calculat
(see Fig. 1).

• At the same time (i.e., for near-central RHIC collisions) the mass- andpT -dependence
of the observed hadron spectra and of the strong elliptic flow in the soft secto
comeconsistent, at the±20–30% level, with hydrodynamic expectations for anideal
relativistic fluid formed with an initial eccentricity characteristic of the impact pa
meter. These hydrodynamic calculations have not yet succeeded in also quanti
explaining the emitting hadron source size inferred from measured HBT correla
(see Fig. 22). Nonetheless, their overall success suggests that the interactions
constituents in the initial stages of these near-central collisions are characteriz
very short mean free paths, leading toquite rapid (τ � 1 fm/c) attainment of at leas
approximate local thermal equilibrium. The short mean free path in turn sugges
very dense initial system.

• Based on the rapid attainment of thermal equilibrium, and making the assumpt
longitudinal boost-invariant expansion, one can extract [84] a rough lower boun
the initial energy density from measured rapidity densities [81,83] of the total t
verse energy (dET /dy) produced in the collisions. These estimates suggest th
central Au+ Au collisions at RHIC,matter is formed at an initial energy density w
above the critical density(∼ 1.0 GeV/fm3) predicted by LQCD for a transition to th
QGP.

• Measurements of two-hadron angular correlations and of the power spectrum
cal charged-particle density fluctuations reveal strong near-side correlations sur
in the soft sector, reminiscent of jet-like behavior in some aspects, but with a s
pseudorapidity broadening introduced by the presence of the collision matter. T
served structure (see Fig. 25) suggests thatsoft jet fragments are not fully thermalize
with the bulk matter, but nonetheless show the effects of substantial coupling t
matterin a considerable broadening of the jet “peak” in pseudorapidity differenc
tween two hadrons.

• Hydrodynamics calculations are best able to reproduce RHIC results for hadron
tra and the magnitude and mass-dependence of elliptic flow (Fig. 18) by utilizinan
equation of state incorporating a soft LQCD-inspired phase transition from QG
hadronic matter. However, the calculations also exhibit comparable sensitivity to o
a priori unknown features, e.g., the details of the hadronic final-state interaction
the time at which thermal equilibrium is first attained. In light of these competing
sitivities, it is not yet clear if the experimental results trulydemandan EOS with a sof

point.
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6.1.2. Intermediate sector
• In the intermediate-pT range, the elliptic flow strengthv2 saturates and we see sy

tematic meson vs. baryon differences (rather than a systematic mass-depende
both yield (see Fig. 15) andv2 value (Fig. 20). In the same region we also obse
clear jet-like angular correlation peaks in the near-side azimuthal difference dis
tions between pairs of hadrons (see Fig. 29). The most natural interpretation f
combination of characteristics is thatthe intermediate-pT yield arises from a mix
ture of partonic hard-scattering (responsible for the jet-like correlations) and so
processes (responsible for the meson–baryon differences).

• The saturatedv2 values appear to scale with the number of constituent (or vale
quarksn in the hadron studied, i.e.,v2/n vs.pT /n falls on a common curve for meson
and baryons (see Fig. 20). If this trend persists as the particle-identified interme
pT data are improved in statistical precision for a suitable variety of hadron t
it would provide direct experimental evidence for the relevance of sub-hadron
grees of freedom in determining flow for hadrons produced at moderatepT in RHIC
collisions.

• Quark recombination models are able to provide a reasonable account of the ob
meson and baryon spectra, as well as thev2 systematics, in the intermediate sector
a sum of contributions from coalescence of thermalized constituent quarks follo
an exponentialpT spectrum and from fragmentation of initially hard-scattered p
tons with a power-law spectrum[70]. It is not yet clear if the same mixture can al
account quantitatively for the azimuthal dihadron correlation (including backgr
under the jet-like peaks) results as a function ofpT . Other models [69,72] mix th
above contributions by also invoking recombination of hard-scattered with the
partons.

6.1.3. Hard sector
• The dominant characteristic of the hard regime isthe strong suppression of hadro

yields in central Au+ Au collisions, in comparison to expectations fromp + p or
peripheral Au+ Au collisions, scaled by the number of contributing binary (nucle
nucleon) collisions (see Fig. 31). Such suppression sets in already in the interm
sector, but saturates and remains constant as a function ofpT throughout the hard
region explored to date. Such suppression was not seen ind + Au collisions at RHIC,
indicating that it isa final-state effect associated with the collision matter produce
Au+ Au. It is consistent with effects of parton energy loss in traversing dense m
predicted before the data were available [146,147].

• Azimuthal correlations of moderate- (see Fig. 29) and high-pT [144] hadrons ex-
hibit clear jet-like peaks on the near side. However,the anticipated away-side pea
associated with dijet production is suppressedby progressively larger factors as t
Au + Au centrality is increased, and for given centrality, as the amount of (azimut
anisotropic) matter traversed is increased (see Fig. 29). Again, no such suppres
observed ind + Au collisions. The suppression of hadron yields and back-to-b
correlations firmly establish thatjets are quenched by very strong interactions w
the matter produced in central Au+ Au collisions. The jet-like near-side correlation

survive presumably because one observes preferentially hard fragments of partons
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scattered outward from the surface region of the collision zone. Effects of int
tion with the bulk matter are nonetheless still seen on the near side, primarily b
broadened distribution in pseudorapidity of softer correlated fragments (see F
and Ref. [145]).

• Many features of the observed suppression of high-pT hadrons, including the
centrality-dependence and thepT -independence, can be described efficiently byper-
turbative QCD calculations incorporating parton energy lossin a thin, dense medium
(see Fig. 31). To reproduce the magnitude of the observed suppression, desp
rapid expansion of the collision matter the partons traverse, these treatments n
assume thatthe initial gluon density when the collective expansion begins is more
an order of magnitude greater than that characteristic of cold, confined nuclear m
[146]. The inferred gluon density is consistent, at a factor∼ 2 level, with the saturate
densities needed to account for RHIC particle multiplicity results in gluon satur
models (see Fig. 11).

• The yields of hadrons at moderate-to-high-pT in centrald + Au collisions exhibit a
systematic dependence on pseudorapidity, marked bysubstantial suppression, with re
spect to binary scaling expectations, of products near the deuteron beam dire
in contrast to substantial enhancement of products at mid-rapidity and near th
beam direction(see Figs. 32 and 33). This pattern suggests a depletion of gluon
sities at low Bjorkenx in the colliding Au nucleus, and isqualitatively consistent with
predictions of gluon saturation models. Measurements to date cannot yet distingu
interactions with a classical gluon field (color glass condensate) from interaction
a more conventionally shadowed density of individual gluons.

• Angular correlations between moderate-pT and soft hadrons have been used to exp
how transverse momentum balance is achieved, in light of jet quenching, oppo
high-pT hadron in central Au+ Au collisions. The results show the balancing hadr
to be significantly larger in number, softer (see Fig. 30) and more widely dispers
angle compared top+p or peripheral Au+ Au collisions, withlittle remnant of away-
side jet-like behavior. To the extent that hard scattering dominates these correla
at moderate and low-pT , the results could signal an approach of the away-side pa
toward thermal equilibrium with the bulk matter it traverses. As mentioned ea
progress toward thermalization of jet fragments on the near-side is also sugges
soft-hadron correlations.

• The hard sector was not accessed in SPS experiments, so any possible energy
dence of jet quenching can only be explored via the hadron nuclear modification
in the intermediate-pT range. While the results (see Fig. 37) leave open the possi
of a rapid transition [53], one is not expected on the basis of theoretical studies o
ton energy loss [58]. Furthermore, serious questions have been raised [164] ab
validity of thep + p reference data used to determine the SPS result in the figur

In summary, the RHIC program has enabled dramatic advances in the study
strongly interacting matter, for two basic reasons. With the extended reach in initi
ergy density, the matter produced in the most central RHIC collisions appears to
attained conditions that considerably simplify its theoretical treatment: essentially

fluid expansion, and approximate local thermal equilibrium beyond the LQCD-predicted



168 STAR Collaboration / Nuclear Physics A 757 (2005) 102–183

enching

under

RHIC
r colli-
These
ighly
nferred
lective
rongly
t frac-

gest the
ean
rtonic
is ther-
sition
lliptic
rees of

n the
on ra-
atter.
amount
quires
redictive
Fig. 37. The nuclear modification factor measured for 4 GeV/c hadrons in centralA + A (A ∼ 200) collisions
at SPS and two RHIC energies, showing (Cronin) enhancement at the lower energy and clear jet-qu
suppression at RHIC. The small difference between RHIC charged hadron and identifiedπ0 results reflects
meson vs. baryon differences in thispT range. The solid curve represents a parton energy loss calculation
simplifying assumptions concerning the energy-dependence, as described in [146].

threshold for QGP formation. With the extended reach in particle momentum, the
experiments have developed probes for behavior that was difficult to access at lowe
sion energies: jet quenching and apparent constituent quark scaling of elliptic flow.
results indicate, with fairly modest reliance on theory, that RHIC collisions produce h
opaque and dense matter that behaves collectively. The magnitude of the density i
from parton energy loss treatments, together with the hints of constituent quark col
flow, argue against the effectiveness of a purely hadronic treatment of this unique st
interacting matter. It appears from the most robust signals to evolve for a significan
tion of its lifetime as alow-viscosity, pre-hadronic liquid.

If one takes seriously all of the theoretical successes mentioned above, they sug
following more detailed overall picture of RHIC collisions: Interactions of very short m
free path within the gluon density saturation regime lead to a rapidly thermalized pa
system at energy densities and temperatures above the LQCD critical values. Th
malized matter expands collectively and cools as an ideal fluid, until the phase tran
back to hadronic matter begins, leading to a significant pause in the build-up of e
flow. During the phase transition, constituent quarks emerge as the effective deg
freedom in describing hadron formation at mediumpT out of this initially partonic mat-
ter. Initially hard-scattered partons (with lower color interaction cross sections tha
bulk partons) traversing this matter lose substantial energy to the medium via glu
diation, and thereby approach, but do not quite reach, equilibration with the bulk m
Thus, some evidence of degraded jets survives (e.g., see Fig. 29), depending on the
of matter traversed. Any claim of QGP discovery based on RHIC results to date re
an assessment of the robustness, internal consistency, quantitative success and p

power of this emerging picture.
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6.2. Are we there yet?

The consistency noted above of many RHIC results with a QGP-based theo
framework is an important and highly non-trivial statement! Indeed, it is the basis of
claims [6–8] that the quark–gluon plasma has already been discovered at RHIC. Ho
these claims are associated with QGP definitions [6,7] that do not specifically hig
deconfinement as an essential property to be demonstrated. In our judgment, for r
mentioned below, and also reflected in the list of open questions provided in Sectio
this document, it is premature to conclude definitively that the matter produced in c
RHIC collisions is a quark–gluon plasma, as this term has been understood by the sc
community for the past 20 years (see Appendix B).

• The RHIC experiments have not yet produceddirect evidence for deconfinement,
indeed for any clear transition in thermodynamic properties of the matter prod
It may be unreasonable to expect a clear onset of deconfinement in heavy-io
tems as a function of collision energy, because the matter, even if locally therma
is presumably formed over a range of initial temperatures at any given collisio
ergy. Thus, in the emerging theoretical picture, the matter produced in heav
collisions at SPS was probably also formed in part above the critical energy de
but over a smaller fraction of the volume and with shorter-lived (or perhaps n
attained) thermal equilibrium, in comparison with RHIC collisions. At still lower c
lision energies, where the critical conditions might never be reached, various asp
the theoretical framework applied at RHIC become inapplicable, precluding a s
theory-experiment comparison over a range from purely hadronic to allegedly
dominated matter.

• The indirect evidence for a thermodynamic transition and for attainment of local
mal equilibrium in the matter produced at RHIC are intertwined in the hydrodyna
account for observed hadron spectra and elliptic flow results. The uniqueness
solution involving early thermalization and an EOS with a soft mixed phase is
yet demonstrated. Nor is its robustness against changes in the treatment of t
hadronic stage of the evolution, including the introduction of viscosity and other
ifications that might be needed to reduce discrepancies from HBT measuremen

• The indirect evidence for deconfinement rests primarily on the large initial g
densities inferred from parton energy loss fits to the observed hadron suppres
high-pT , and on the supposition that such high densities could only be achiev
deconfined matter. The latter supposition has yet to be demonstrated in a com
theoretical argument. The agreement with initial gluon densities suggested by
glass condensate approaches is encouraging, but is still at a basically qualitativ
The measurements suggest that matter is formed at initial temperatures and
densities at or above the critical values predicted by LQCD for a deconfinemen
sition. But they do not establish the detailed relevance of the lattice calculations
fleeting dynamic matter produced in heavy-ion collisions.

• The role of collectively flowing constituent quarks in hadron formation at intermed
pT is not yet well established experimentally. If it becomes so established by

sequent measurements and analyses, this will hint at the existence of a collective,
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thermalized partonic stage in the system evolution. However, that hint will fall sho
a conclusive QGP demonstration until some interpretational ambiguities are res
Is it reallyconstituent, rather thancurrent(valence) quarks that coalesce? If the form
do the constituent quarks then merely represent the effective degrees of freed
hadronization of a QGP, or do they indicate an intermediate, pre-hadronic evolut
stage, after the abundant gluons and current quarks have coalesced and dynam
ral symmetry breaking has been reintroduced? If there is a distinct constituent
formation stage, is thermalization achieved before, or only during, that stage?

• The theory remains a patchwork of different treatments applied in succession to
stage of the collision evolution, without yet a clear delineation of the different as
as distinct limits of one overarching, seamless theory. The theoretical claims of
discovery in [8], considered together, rely on five “pillars of wisdom” for RHIC cen
Au + Au collisions, and each invokes a separate model or theoretical approach
interpretation:
(i) statistical model fits to measured hadron yields to infer possible chemical

librium across theu, d ands sectors;
(ii) hydrodynamics calculations of elliptic flow to suggest early thermalization

soft EOS;
(iii) quark recombination models to highlight the role of thermalized constitu

quarks in intermediate-sectorv2 scaling;
(iv) parton energy loss models to infer an initial gluon density from high-pT hadron

suppression observations;
(v) gluon saturation model fits to observed hadron multiplicities and yields at

rapidity, to suggest how high-density QCD may predetermine the achieved
gluon densities.

Each movement of the theoretical suite has its own assumptions, technical d
ties, adjusted parameters and quantitative uncertainties, and they fit together som
uneasily. Until they are assimilated into a more self-consistent whole with on
few overall parameters fitted to existing data, it may be difficult to assess the
cal uncertainties quantitatively or to make non-trivial quantitative predictions w
comparison with future experimental results have the potential to prove the t
wrong.

The bottom line is that in the absence of a direct “smoking gun” signal of deconfine
revealed by experiment alone, a QGP discovery claim must rest on the compariso
a promising, but still not yet mature, theoretical framework. In this circumstance, c
predictive power with quantitative assessments of theoretical uncertainties are nec
for the present appealing picture to survive as a lasting one. The matter produced in
collisions is fascinating and unique. The continuing delineation of its properties will
critical tests for the theoretical treatment of non-perturbative QCD. But we judge th
QGP discovery claim based on RHIC measurements to date would be premature.We do
not propose that a comprehensive theoretical understanding of all observed phen
must be attained before a discovery claim is warranted, but only that at least some

serious open questions posed above and in Section 5 be successfully answered.
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6.3. What are the critical needs from future experiments?

The above comments make it clear what is needed most urgently from theory. Bu
can future measurements, analyses and heavy-ion collision facilities bring us to a
delineation of the fundamental properties of the unique matter produced, and hopef
a more definitive conclusion regarding the formation of a quark–gluon plasma? We b
describe below the goals of some important anticipated programs, separated into
term and long-term prospects, although the distinction in time scale is not always
In the short term, RHIC measurements should concentrate on verifying and extend
new observations of jet quenching andv2 scaling; on testing quantitative predictions
theoretical calculations incorporating a QGP transition at lower energies and for dif
system sizes; on measuring charmed-hadron and charmonium yields and flow to
for other evidence of deconfinement; and on testing more extensive predictions of
saturation models for forward hadron production. Some of the relevant data have a
been acquired during the highly successful 2004 RHIC run—which has increased the
database by an order of magnitude—and simply await analysis, while other measur
require anticipated near-term upgrades of the detectors. In the longer term, the LH
become available to provide crucial tests of QGP-based theoretical extrapolations to
higher energies, and to focus on very high-pT probes of collision matter that is likely t
be formed deep into the gluon saturation regime. Over that same period, RHIC s
provide the extended integrated luminosities and upgraded detectors needed to un
statistically challenging measurements to probe directly the initial system temper
the pattern of production yields among various heavy quarkonium species, the quan
energy loss of partons traversing the early collision matter, and the fate of strong-inter
symmetries in that matter.

Important short-term goals include the following:

• Establishv2 scaling more definitively.Extend the particle-identified flow measur
ments for hadrons in the medium-pT region over a broader-pT range, a wider variety
of hadron species, and as a function of centrality. Does the universal curve ofv2/n

vs. pT /n remain a good description of all the data? How is the scaling interpret
affected by anticipated hard contributions associated with differential jet quen
through spatially anisotropic collision matter? Can the observed di-hadron angula
relations be quantitatively accounted for by a 2-component model attributing h
production in this region to quark coalescence (with correlations reflecting onl
collective expansion) plus fragmentation (with jet-like correlations)? Do hadrons
as φ-mesons orΩ-baryons, containing no valenceu or d quarks, and hence wit
quark-exchange contributions to hadronic interaction cross sections suppressed
mal nuclear matter, follow the same flow trends as other hadrons? Do the me
v2 values for resonances reflect their constituent quark, or rather their hadron
tent? These investigations have the potential to establish more clearly that cons
quarks exhibiting collective flow are the relevant degrees of freedom for hadroniz
at mediumpT .

• Establish that jet quenching is an indicator of parton, and not hadron, energy lossEx-

tend the measurements of hadron energy loss and di-hadron correlations to higher-pT ,
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including particle identification in at least some cases. Do the meson–baryon
pression differences seen at lowerpT truly disappear? Does the magnitude of
suppression remain largely independent ofpT , in contrast to expectations for hadr
energy loss [53]? Does one begin to see a return of away-side jet behavior, via p
through of correlated fragments opposite a higher-pT trigger hadron? Improve th
precision of di-hadron correlations with respect to the reaction plane, and exte
quenching measurements to lighter colliding nuclei, to observe the non-linear d
dence on distance traversed, expected for radiating partons [4]. Measure the
modification factors for charmed meson production, to look for the “dead-cone” e
predicted [54] to reduce energy loss for heavy quarks.

• Extend RHIC Au+ Au measurements down toward SPS measurements in ene
test quantitative predictions of the energy-dependence.Does the suppression of hig
pT hadron yields persist, and does it follow the gentle energy-dependence predi
Fig. 37? Do the gluon densities inferred from parton energy loss model fits to h
yields follow energy-dependent trends expected from gluon saturation models?
elliptic flow remain in agreement with calculations that couple expansion of an
partonic fluid to a late-stage, viscous hadron cascade? Do meson–baryon diffe
and indications of constituent-quark scaling persist in hadron yields and flow res
intermediatepT ? Do quark coalescence models remain viable, with inferred the
quark spectra that change sensibly with the (presumably) slowly varying initial sy
temperatures? The study of the evolution with collision energy of differential mea
ments such as those in Fig. 25 promises to yield important insight into the dyna
processes which occur during system evolution.

• Measure charmonium yields and open charm yields and flow, to search for s
tures of color screening and partonic collectivity.Use particle yield ratios for charme
hadrons to determine whether the apparent thermal equilibrium in the early co
matter at RHIC extends even to quarks with mass significantly greater than th
ticipated system temperature. From the measuredpT spectra, constrain the relativ
contributions of coalescence vs. fragmentation contributions to charmed-quark h
production. CompareD-meson flow to the trends established in theu,d ands sectors,
and try to extract the implications for flow contributions from coalescence vs. pos
earlier partonic interaction stages of the collision. Look for the extra suppressi
charmonium, compared to open charm, yields expected to arise from the strong
screening in a QGP state (see Fig. 2).

• Measure angular correlations with far forward high-energy hadrons ind + Au or
p + Au collisions.Search for the mono-jet signature anticipated for quark interac
with a classical (saturated) gluon field, as opposed to di-jets from quark intera
with individual gluons. Correlations among two forward hadrons are anticipate
provide the best sensitivity to the gluon field at sufficiently low Bjorkenx to probe the
possible saturation regime.

Longer-term prospects, requiring much greater integrated luminosities (as antic

at RHIC II) or other substantial facility developments, include:
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• Develop thermometers for the early stage of the collisions, when thermal equilib
is first established.In order to pin down experimentally where a thermodynamic tr
sition may occur, it is critical to find probes with direct sensitivity to the tempera
well before chemical freezeout. Promising candidates include probes with little
state interaction: direct photons—measured down to low momentum, for examp
γ –γ HBT, which is insensitive to the largeπ0 background—and thermal dilepton
The former would require enhanced pair production tracking and the latter the
duction of hadron-blind detectors and techniques.

• Measure the yields and spectra of various heavy quarkonium species.Recent LQCD
calculations [17] predict the onset of charmonium melting—which can be taken
signature for deconfinement—at quite different temperatures aboveTc for J/ψ vs.ψ ′.
Similar differences are anticipated for the variousΥ states. While interpretation of th
yield for any one quarkonium species may be complicated by competition in a
state between enhanced heavy quark production rates and screened quark–a
interactions, comparison of a measured hierarchy of yields with LQCD expecta
would be especially revealing. They would have to be compared to measured
for open charm and beauty, and to the corresponding quarkonium production
in p + p andp + A collisions. Clear identification ofψ ′ and separation ofΥ states
require upgrades to detector resolution and vertexing capabilities.

• Quantify parton energy loss by measurement of mid-rapidity jet fragments tagged by
a hard direct photon, a heavy-quark hadron, or a far forward energetic hadron.Such
luminosity-hungry coincidence measurements will elucidate the energy loss of
quarks vs. heavy quarks vs. gluons, respectively, through the collision matter.
should thus provide more quantitative sensitivity to the details of parton energ
calculations.

• Test quantitative predictions for elliptic flow inU +U collisions.The large size and de
formation of uranium nuclei make this a considerable extrapolation away from R
Au + Au conditions, and a significant test for the details of hydrodynamics cal
tions that are consistent with the Au+ Au results [3]. If the relative alignment of th
deformation axes of the two uranium nuclei can be experimentally controlled
would be able to vary initial spatial eccentricity largely independently of centr
and degree of thermalization of the matter.

• Measure hadron multiplicities, yields, correlations and flow at LHC and GSI e
gies, and compare to quantitative predictions based on models that work at RHIBy
fixing parameters and ambiguous features of gluon saturation, hydrodynamics,
energy loss and quark coalescence models to fit RHIC results, and with guidanc
LQCD calculations regarding the evolution of strongly interacting matter with
tial temperature and energy density, theorists should make quantitative predictio
these observables at LHC and GSI before the data are collected. The success o
of those predictions will represent a stringent test of the viability of the QGP-b
theoretical framework.

• Devise tests for the fate of fundamental QCD symmetries in the collision matter fo
at RHIC. If the nature of the QCD vacuum is truly modified above the critical te
perature, then chiral andUA(1) symmetries may be restored, while parity and CP m

conceivably be broken [167]. Testing these symmetries in this unusual form of strongly
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interacting matter is of great importance, even if we do not have a crisp demons
beforehand that the matter is fully thermalized and deconfined. Indeed, if evid
were found for a clear change in the degree of adherence to one of the strong i
tion symmetries, in comparison with normal nuclear matter, this would likely pro
the most compelling “smoking gun” for production of a new form of matter in RH
collisions. Approaches that have been discussed to date include looking for m
mass shifts in dilepton spectra as a signal of chiral symmetry restoration, and s
ing for CP violation viaΛ − Λ̄ spin correlations or electric dipole distributions
produced charge with respect to the reaction plane [167]. It may be especially
esting to look for evidence among particles emerging opposite an observed hipT

hadron tag, since the strong suppression of away-side jets argues that the fate
away-side particles may reflect strong interactions with a maximal amount of
collision matter. These tests will begin in the short term, but may ultimately nee
higher statistics available in the longer term to distinguish subtle signals from d
nant backgrounds.

6.4. Outlook

The programs we have outlined above for desirable advances in theory and expe
represent a decade’s worth of research, not all of which must, or are even expec
precedea discovery announcement for the quark–gluon plasma. We can imagine s
possible scenarios leading to a more definitive QGP conclusion. Identification of a
compelling experimental signature is still conceivable, but the most promising pros
are long-term: establishment of a telling pattern of quarkonium suppression vs. sp
observation of clear parity or CP violation, or of chiral symmetry restoration, in the c
sion matter; extraction of a transition signal as a function of measured early tempe
It is also possible that a single theoretical development could largely seal the cas
a compelling argument that gluon densities more than an order of magnitude highe
those in cold nuclear matter really dodemanddeconfinement; or sufficient hydrodynam
ics refinement to demonstrate that RHIC flow results really dodemanda soft point in the
EOS. Perhaps the most likely path would involve several additional successes in t
experiment comparisons, leading to a preponderance of evidence that RHIC collision
produced thermalized, deconfined quark–gluon matter.

In any scenario, however, RHIC has been, and should continue to be, a treme
success in its broader role as an instrument for discovery of new features of QCD
under extreme conditions. The properties already delineated, with seminal contrib
from STAR, point toward a dense, opaque, non-viscous, pre-hadronic liquid state th
not anticipated before RHIC. Determining whether the quarks and gluons in this m
reach thermal equilibrium with one another before they become confined within ha
and eventually whether chiral symmetry is restored, are two among many profound
tions one may ask. Further elaboration of the properties of this matter, with eyes o
new unanticipated features, remains a vital research mission, independent of the
that nature eventually divulges to the more limited question that has been the focus

document.
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Appendix A. Charge

This report was prepared for the STAR Collaboration in response to the follo
charge from the Spokesperson, delivered to a drafting committee on 18 March 2004

“Thank you very much for agreeing to help in preparing a draft whitepaper to s
as the starting point for a focused discussion by the STAR Collaboration of th
perimental evidence regarding the role of the quark–gluon plasma in RHIC heav
collisions.”

“The charge to this panel is to make a critical assessment of the presently availa
idence to judge whether it warrants a discovery announcement for the QGP, usi
and all experimental and theoretical results that address this question. The white
should pay particular attention to identifying the most crucial features of the QGP
need to be demonstrated experimentally for a compelling claim to be made. It s
summarize those data that may already convincingly demonstrate some features,
as other data that may be suggestive but with possible model-dependence, and st
results that raise questions about a QGP interpretation. If the conclusion is that a d
ery announcement is at present premature, the paper should outline critical add
measurements and analyses that would make the case stronger, and the timelin
pated to produce those new results.”

“The white paper should be of sufficient quality and scientific integrity that, afte
corporation of collaboration comments, it may be circulated widely within the R
and larger physics communities as a statement of STAR’s present assessmen
evidence for the QGP.”

Appendix B. Definitions of the quark–gluon plasma in nuclear physics planning
documents

One’s conclusion concerning the state of the evidence in support of quark–gluon p

formation is certainly influenced by the definition one chooses for the QGP state. Recent
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positive claims have been based on definitions different from that chosen in this wor
Section 1), leaning more toward either an operational definition based on actual RHIC
surements [6], or a demonstration that experiments have reached conditions unde
lattice QCD calculations predict a QGP state [7]. We have rather chosen to extrac
we believe to be the consensus definition built up in the physics community from th
20 years’ worth of planning documents and proposals for RHIC. In this section, we c
relevant quotes concerning the QGP from a number of these documents.

A relativistic heavy-ion collider facility was first established as the highest priority
new construction by the 1983 Nuclear Science Advisory Committee (NSAC) Long R
Plan [168]. In discussing the motivation for such a facility, that document states:

“Finally, under conditions of very elevated energy density, nuclear matter will ex
a wholly new phase in which there are no nucleons or hadrons composed of
in individual bags, but an extendedquark–gluon plasma, within which the quarks ar
deconfined and move independently.. . . The production and detection of a quark–glu
plasma in ultra-relativistic heavy ion collisions would not only be a remarkable ach
ment in itself, but by enabling one to study quantum chromodynamics (QCD) over
distance scales it would enable one to study fundamental aspects of QCD and c
ment unattainable in few-hadron experiments.. . . A second, chiral-symmetry restorin
transition is also expected at somewhat higher energy density, or perhaps coin
with the deconfinement transition; such a transition would be heralded by the q
becoming effectively massless, and low mass pionic excitations no longer appea
the excitation spectrum.”

The high priority of such a collider was confirmed in the 1984–1986 National Acad
of Sciences survey of Nuclear Physics [169], which stated:

“A major scientific imperative for such an accelerator derives from one of the
striking predictions of quantum chromodynamics: that under conditions of suffici
high temperature and density in nuclear matter, a transition will occur from ex
hadronic matter to a quark–gluon plasma, in which the quarks, antiquarks and glu
which hadrons are composed become ‘deconfined’ and are able to move about
The quark–gluon plasma is believed to have existed in the first few microsecon
ter the big bang, and it may exist today in the cores of neutron stars, but it has
been observed on Earth. Producing it in the laboratory will thus be a major scie
achievement, bringing together various elements of nuclear physics, particle ph
astrophysics, and cosmology.”

The glossary of the above document [169] defined quark–gluon plasma in the foll
way:

“An extreme state of matter in which quarks and gluons are deconfined and are
move about in a much larger volume than that of a single hadron bag. It has neve

observed on earth.”
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In the 1984 proposal for RHIC from Brookhaven National Laboratory [170], the Q
was described as follows:

“The specific motivation from QCD is the belief that we can assemble macros
volumes of nuclear matter at such extreme thermodynamic conditions as to ove
the forces that confine constituents in normal hadrons, creating a new form of ma
anextended confined plasma of quarks and gluons.”

The 1989 NSAC Long Range Plan [171], in reconfirming the high priority of RH
states:

“The most outstanding prediction based on the theory of the strong interaction, Q
that the properties of matter should undergo a profound and fundamental chang
energy density only about one order of magnitude higher than that found in the ce
ordinary nuclei. This change is expected to involve a transition from the confined
of QCD, in which the degrees of freedom are the familiar nucleons and mesons
which a quark is able to move around only inside its parent nucleon, to a new deco
phase, called the quark–gluon plasma, in which hadrons dissolve into a plasma of
and gluons, which are then free to move over a large volume.”

The 1994 NSAC Assessment of Nuclear Science [172] states:

“When nuclear matter is heated to extremely high temperatures or compressed
large densities we expect it to respond with a drastic transformation, in which the q
and gluons, that are normally confined within individual neutrons and protons, ar
to move over large distances. A new phase of matter, called quark–gluon plasma (
is formed. At the same time chiral symmetry is restored making particles massl
the scale of quark masses. Quantum chromodynamics (QCD) of massless quark
rally (or left–right) symmetric, but in the normal world this symmetry is spontaneo
broken giving dynamical masses to quarks and the particles composed of quarks

The 1996 NSAC Long Range Plan [173] repeats the emphasis on chiral sym
restoration in addition to deconfinement:

“At temperatures in excess ofTc nuclear matter is predicted to consist of unconfin
nearly massless quarks and gluons, a state called thequark–gluon plasma. The study
of deconfinement and chiral symmetry restoration is the primary motivation fo
construction of the relativistic heavy ion collider (RHIC) at Brookhaven National L
oratory.”

The most recent National Academy of Sciences survey of Nuclear Physics [174]
this way:

“At RHIC such high energy densities will be created that the quarks and gluons a

pected to become deconfined across a volume that is large compared to that of a hadron.
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2004.
By determining the conditions for deconfinement, experiments at RHIC will play a
cial role in understanding the basic nature of confinement and shed light on how
describes the matter of the real world. . . . Although the connection between chiral sy
metry and quark deconfinement is not well understood at present, chiral symm
expected to hold in the quark–gluon plasma.”

Finally, the 2004 NuPECC (Nuclear Physics European Collaboration Committee)
Range Plan for nuclear physics research in Europe [175] states:

“The focus of the research in the ultra-relativistic energy regime is to study and u
stand how collective phenomena and macroscopic properties, involving many d
of freedom, emerge from the microscopic laws of elementary particle-physics.. . . The
most striking case of a collective bulk phenomenon predicted by QCD is the occur
of a phase transition to a deconfined chirally symmetric state, the quark gluon p
(QGP).”

In short, every statement concerning the QGP in planning documents since th
ception of RHIC has pointed to deconfinement of quarks and gluons from hadrons
primary characteristic of the new phase. More recent definitions have tended to inclu
ral symmetry restoration as well. Based on the above survey, we believe that the de
used in this paper would be very widely accepted within the worldwide physics comm
as a “minimal” requirement for demonstrating formation of a quark–gluon plasma.
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