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Abstract

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

Prologue:  A very brief history of relativistic heavy ion experiments

The first ideas for experiments to search for the quark gluon plasma came hard on the heels of the deep-inelastic scattering experiments of the 1970’s that convinced us of the physical reality of quarks, and the subsequent rapid development of QCD as a theory to describe the concepts of quark confinement and asymptotic freedom.  By the late 1970’s an equation of state was discussed for nuclear matter in which a postulated “quark phase” appeared at temperatures and densities that seemed to be accessible to experiments via high energy collisions of heavy nuclei.
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Figure 1:  An early (c. 1979) phase diagram for nuclear matter showing a possible trajectory for exploring the quark phase with heavy ion collisions.  The calculation for oxygen-silver collisions was done with a cascade code.  [Ref. 1]

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

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

In the summer of 1983 a BNL-organized Task Force on Relativistic Heavy Ion Physics, including theorists, experimenters and accelerator physicists, presented a report to BNL Director Nick Samios with recommendations for the design parameters of a Relativistic Heavy Ion Collider that could be built in the footprint of the Isabelle/CBA project, whose fate had been sealed only weeks earlier [8].  Key specifications for RHIC at that time were that the facility be capable of accelerating ion species over the full range of nuclear masses (including protons), that it be able to provide proton-nucleus collisions, and that it be operational over a wide range of collision energies – leaving no large gap between the top energy of the forthcoming SPS data and the range covered by RHIC.

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

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

  Helped by significant advances in detector and computing technology, the AGS and SPS heavy ion experiments made measurements of the abundances and spectra of many species of particles produced in these collisions.  In particular, measurements were made at CERN of the production of the J/( resonance, with results clearly indicating that the nucleus-nucleus collisions at high energy are very different from a simple superposition of nucleon-nucleon interactions.  These, and many other measurements showed that nuclear collisions are indeed capable of producing the conditions in the range predicted for the existence of hot, compressed nuclear matter [10].


In 2000, after 15 years of ground-breaking experiments with the fixed-target ion beams, and the SPS heavy ion program nearing completion, CERN scientists assessed the combined results from the seven large experiments participating in the lead beam program. [11]  They concluded that a “multitude” of different observations gave results which, taken together, could not be explained with models based on ordinary hadronic interactions, while on the other hand the data showed several of the expected indicators for a quark-gluon plasma.  Having built a strong case of circumstantial evidence, the community expressed confidence that definitive observation of the elusive new state of matter would come with next generation of collision energies about to become available.  In the words of Director General Luciano Maiani at a CERN press conference in February 2000, “The challenge now passes to the Relativistic Heavy Ion Collider at Brookhaven, and later to CERN’s Large Hadron Collider.”

The Collider era begins: surveying the new landscape

The RHIC construction project was formally completed in 1999, and the first data-taking runs began in the summer of 2000, with full participation by all four experiments: BRAHMS, PHENIX, PHOBOS, and STAR. [12].  The run modes for RHIC operation to date are shown in Table 1.

	Year
	Beam Configurations
	Sample 
	Physics

	2000
	Au-Au at 130 GeV/u
	~5 (b-1 (5wk)
	First look at HI collisions in the new energy range

	2001-2002
	Au-Au at 200 GeV/u

Au-Au at 19 GeV/u

p-p at 200 GeV
	~50 (b-1 (14wk)

<1 (b-1 (1 day)

~0.8 (b-1 (5wk)
	Global properties; particle spectra; first look at hard scat.

Global connection to SPS energy

Comparison data; first spin data

	2003
	d-Au at 200 GeV/u

p-p at 200 GeV
	~10 nb-1 (11wk)

~5 pb-1 (3wk)
	Comparison data for Au-Au analysis.

Spin data & commissioning

	2004
	Au-Au at 200 GeV/u

Au-Au at 62.4 GeV

p-p at 200 GeV
	~1.2 nb-1 (10wk)

~ 20 (b-1 (1wk)

(5 wk)
	“Long run” for high statistics

Energy scan

Development run


Table 1.  Overview of RHIC Physics runs from 2000 to 2004.

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

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

The first Au-Au run at RHIC, at sqrt(Snn) = 130 GeV, quickly showed that the gross features of the data are consistent with monotonically increasing energy densities with increasing collision energy.  The measured transverse energy spectrum in the PHENIX central spectrometer arms revealed unprecedented energy deposition in the central region of rapidity for the most central events (Figure 3) [13].

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

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

These ET and multiplicity results provide the basis for the first estimates of the energy density achieved in the RHIC collisions.  The energy density obtained by PHENIX from the ET data, using the straightforward Bjorken formulation for central events, is (BJ = 4.6 GeV/fm3 at sqrt(Snn) = 130 GeV [13].  The corresponding number at 200 GeV is (BJ = 5.0  GeV/fm3.  These estimates assume a formation time of 1 fm/c. More aggressive estimates, invoking smaller formation times, are often quoted as 15 GeV/fm3 or larger.  Calculations of energy loss of high pT particles support the larger values (see later), as do the (model dependent) hydrodynamic calculations of initial conditions based on particle spectra and flow data.  In any event, the data indicate energy densities that well exceed the value inside a nucleon (~1 GeV/fm3).


Another important early result from the RHIC data was the rapid publication of well-measured spectra for identified particles at mid-rapidity, including mesons, baryons, and hyperons.  From these data it was quickly learned that the statistical thermal models that had previously been applied to the AGS and SPS heavy ion data work very well in the RHIC energy range. As shown in Figure 5, the relative abundances of observed particle types are very well described by a statistical system with an equilibrium temperature at chemical freeze-out of T = 177 MeV, and a baryochemical potential  (B = 29 MeV [15].  The near-zero value for the baryon density is a qualitatively new feature of the RHIC results, when compared to the lower-energy data.  That the RHIC collisions closely approximate the ideal of a “baryon free” central rapidity region is nicely illustrated in the BRAHMS data shown in Figure 6 [16].  The net baryons represent ~1% of the particle density at mid-rapidity in central collisions.

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

The RHIC Harvest:  Major new results
Flow and hydrodynamics

Having established that the Au-Au collisions produce high temperature and energy density over an apparently large volume, an essential question is whether or not this is a manifestation of a self-interacting medium.  Is the hot volume in, or near, thermal equilibrium?    

Among the first, surprising results from the early Au-Au data was the strength of the observed elliptic flow, and the degree to which the flow measurements agree with the calculations of models based on “ideal” hydrodynamics [18, 19].  This is illustrated in Figure 8, which shows v2, the asymmetry with respect to the reaction plane that defines elliptic flow, as a function of centrality (Fig 8a), and also a compilation (Fig. 8b) that graphically illustrates the saturation of hydrodynamic effects in RHIC energy range.  It has, of course, been pointed out that the linear increase of the strength of elliptic flow shown in Fig. 8b shows no sign of actually saturating at the calculated hydro limit!


A convincing demonstration of the relevance of the observed flow behavior to hydrodynamic phenomena is shown in Figure 9 [19, 20], where the measured flow parameter, v2, is plotted as a function of transverse momentum for identified mesons and baryons.  For soft particles, pT less than ~1GeV/c, the dependence of flow on particle mass is described with remarkable accuracy by the hydrodynamic calculations.  This is a strong indicator of bulk collective flow.


At large pT, strong azimuthal correlations are still seen, but show a saturation for pT above ~ 3 GeV/c, with values that decrease systematically with increasing centrality (Figure 10) [21].  This is a departure from nondissipative hydrodynamics, which predicts a monotonically increasing v2 with increasing pT.

Hard scattering at RHIC:  Jet Quenching

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

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


In subsequent measurements at 200 GeV/u, all four of the RHIC experiments have obtained well-measured spectra, as a function of centrality, for charged particles over transverse momenta out to pT > 10 GeV/c.  PHENIX has measured (0s over this range as well.  Importantly, all four experiments have directly measured p-p comparison data at sqrt(S) = 200 GeV in their own detectors.  Some representative data are shown in Figure 12 [23-25].


The published RHIC data now map out in considerable detail the systemmatics of high-pT suppression.  Figure 13a shows RAA for charged hadrons vs. transverse momentum, as a function of centrality (STAR) [23].  Figure 13b shows RAA vs. pT for (0 data measured by PHENIX [25].  In both cases the suppression seen in central Au-Au events appears to saturate at RAA ( 0.2, extending to the highest measured pT .  Charged hadron data appear to behave differently from the (0 data at intermediate pT .  Indeed, data from both PHENIX and STAR indicate that the degree of suppression in the pT range from ~2 – 5 GeV/c depends very much on the type of observed particle, with pronounced differences in the behavior of mesons and baryons in this range [20, 26].  See Figure 14.  


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

The Color Glass Alternative;  deuteron-gold data

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


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


The RHIC deuteron-gold run, carried out from January to March in 2003, was undertaken to discriminate between these two interpretations of the jet quenching results.  In these collisions of a large nucleus with a small one, the color glass condensate mechanism should be operative, while there should be no significant volume of hot matter in the final state to slow down the hard-scattered partons.


By June 2003 the striking results of these measurements were presented by all four of the RHIC experiments.  Figure 16 shows the comparison of RAA vs. pT for d-Au and Au-Au collisions from BRAHMS [30], PHENIX [31], PHOBOS [32], and STAR [33].  The suppression at high pT seen in central Au-Au data is absent in the d-Au data.  The result is further illustrated in the high-pT correlation data shown in Figure 17, comparing Au-Au central, d-Au central, and p-p collisions.  The recoil jet peak, absent in the Au-Au data, is clearly present in both d-Au and p-p collisions.


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

Outlook


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


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


Thus, there are strong indications for an emerging picture in which the formation of quark-gluon plasma is preceded by an initial state described by color glass condensate, and that both of these states can be explored experimentally at RHIC.  The stage is now set for a detailed understanding of these new phenomena and their relationship to the nature and origins of hadronic matter.  The sensitive new probes involve measurements of rare processes, requiring large data samples.  As illustrated in figure 2, the first step toward these precision measurements has been taken:  The 2004 data samples, now being analyzed, have benefited from rapidly improving accelerator performance and exceed the previous statistics for Au-Au collisions by more than an order of magnitude.
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Figure 8a

The measured elliptic flow asymmetry

Parameter as a function of centrality for 130 GeV/u Au-Au collisions (data points).  The open rectangles show the range of values expected in the hydrodynamic limit.  [Ref. 18]

Figure 8b

The strength of elliptic flow a function of the density of particles in the collision overlap region [Ref. 18].  Here,   measures the initial spatial eccentricity, and S is the area of the overlap region.
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Figure 13a

The nuclear modification function, RAA , vs. transverse momentum for charged hadrons, as a function of centrality.  STAR, Ref. 23

Figure 13b

RAA vs. pT  for central and peripheral 0s.

PHENIX, Ref. 25.

Note: vertical axis is logarithmic for STAR data, linear for PHENIX data.
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PHENIX

STAR

Figure 12

12a

Charged particle spectra from Au-Au and p-p collisions at 200 GeV/u in STAR, showing centality classes. [Ref. 23]

12b

0 spectra from p–p and central Au-Au collisions at 200 GeV/u in PHENIX.  The suppression Au-Au relative to p-p is clearly seen.  [Ref. 24, 25]
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Figure 15

Two particle correlations at high pT.

The top panel shows azimuthal correlations between a “trigger” particle with pT > 4 GeV/c and all other particles in the event with pT > 2 GeV/c.  The open circles are the estimated contribution from flow effects.  The difference, shown in the lower panel, shows a jet peak at  = 0.  STAR, Ref. 28.
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Figure 16 b,c

Deuteron-gold data at Snn = 200 GeV recorded Jan – Mar 2003, compared with Au-Au suppression results.

PHOBOS data: Ref. 32

STAR data: Ref. 33
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Recoil jet peak:

 p – p

Central d – Au

Central Au - Au

Figure 17

High-pT correlation data for p-p, central d-Au, central Au-Au at sqrt(Snn) = 200 GeV,

Showing trigger jet peaks at 0 degrees and recoil jet peaks at 180 degrees.

STAR data:  Ref. 33
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Figure 16a,b

Deuteron-gold data at Snn = 200 GeV recorded Jan – Mar 2003, compared with Au-Au suppression results. 

BRAHMS data: Ref. 30

PHENIX data: Ref. 31
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PHENIX: Ref. 26

STAR:  Ref. 20

Figure 14

Suppression data, measuring the ratio of yeilds in central to peripheral collisions, for identified mesons and baryons as a function of transverse momentum.
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Figure 10



The reaction-plane asymmetry parameter as a function of transverse momentum, for different centralities in Au-Au collisions at 130 GeV/u.  [Ref. 21]





5 6
p- (GeV/c)







_1144158817.ppt


Figure 11

The nuclear modification ratio RAA for charged hadrons an neutral pions in central Au-Au collisions. The band shows the range of values measured at the SPS, ssqrt(Snn) = 17 GeV.

Ref. 22.
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Figure 9



The elliptic flow parameter vs. transverse momentum for different particle species.  Data from Ref.s 19, 20.  

Hydro calculations:  Huovinen et al., Phys. Lett. B 503 58 (2001)
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Charged particle multiplicity density per interacting nucleon pair vs. collision energy.

Central collision data from nucleus-nucleus interactions are compared with proton-antiproton collider data.  Ref. 14



Figure 4a

Figure 4b

PHOBOS measurement of multiplicity density as a function of centrality (Npart)

Ref. 14
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Figure 5

Measured particle abundance ratios at RHIC compared with statistical thermal model calculation.  Ref. 15
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Figure 7

Measured HBT parameters as a function of  (a.) collision energy and (b.) transverse momentum at the RHIC energy.  [Ref. 17]
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Figure 6

a.  The measured antiparticle/particle ratios as a function of rapidity, for central Au-Au collisions at sqrt(Snn) = 200 GeV.  BRAHMS, Ref. 16

b. The corresponding dn/dy spectra.
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Figure 3

a.  Transverse energy spectrum at mid-rapidity measured by PHENIX in Au-Au collisions at 130 GeV.  The solid curve shows minimum-bias data.  The dashed curves show the top four centrality classes [Ref. 13]

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