arXiv:nucl-ex/0603003 v2 28 Jul 2006

REVIEW ARTICLE

Recent results in relativistic heavy ion collisions: from “a new state of matter” to “the perfect fluid”.

M J Tannenbaum‡

Physics Dept. 510c Brookhaven National Laboratory Upton, NY 11973-5000 USA

E-mail: mjt@bnl.gov

Abstract. Experimental Physics with Relativistic Heavy Ions dates from 1992 when a beam of^{197}Au of energy greater than 10A GeV/c first became avalilable at the Alternating Gradient Synchrotron (AGS) at Brookhaven National Laboratory (BNL) soon followed in 1994 by a^{208}Pb beam of 158A GeV/c at the Super Proton Synchrotron (SPS) at CERN (European Center for Nuclear Research). Previous pioneering measurements at the Berkeley Bevalac [1] in the late 1970’s and early 1980’s were at much lower bombarding energies (^<∼ 1A GeV/c) where nuclear breakup rather than particle production is the dominant inelastic process in A+A collisions. More recently, starting in 2000, the Relativistic Heavy Ion Collider (RHIC) at BNL has produced head-on collisions of two 100A GeV beams of fully stripped Au ions, corresponding to nucleon-nucleon center-of-mass energy, √ s_{NN} = 200 GeV, total c.m. energy 200A GeV. The objective of this research program is to produce nuclear matter with extreme density and temperature, possibly resulting in a state of matter where the quarks and gluons normally confined inside individual nucleons (r < 1fm) are free to act over distances an order of magnitude larger. Progress from the period 1992 to the present will be reviewed, with reference to previous results from light ion and proton-proton collisions where appropriate. Emphasis will be placed on the measurements which formed the basis for the announcements by the two major laboratories:“A new state of matter”, by CERN on Feb 10, 2000 and “The perfect fluid”, by BNL on April 19, 2005.

Published 23 June 2006: Rep. Prog. Phys. 69 (2006) 2005–2059

‡ Research supported by U. S. Department of Energy, DE-AC02-98CH10886.

Recent results in relativistic heavy ion collisions 2

1. Introduction

In the early 1970’s, it became clear that the nucleon was not an elementary particle but was composed of a substructure of 3 valence quarks confined into a bound state by a strong interaction, Quantum Chromo Dynamics (QCD), which is mediated by the exchange of color-charged vector gluons. [2] In sharp distinction to the behavior of the uncharged quanta of quantum electrodynamics (QED), the color-charged gluons of QCD interact with each other. This leads to the property of asymptotic freedom, [3, 4] the reduction of the effective coupling constant at short distances, and is believed to provide the confinement property at long distances where the quarks and gluons behave as if attached to each other by a color string. It is worth reviewing some developments leading up to and immediately following the discovery of QCD which bear on the importance of Relativistic Heavy Ion collisions as a probe of this fundamental interaction.

In the early 1960’s, with the construction of proton accelerators with energies well above the threshold for anti-proton production, a veritable ‘zoo’ of new particles and resonances was discovered [5]. Gell-Mann [6] and Ne’eman [7] noticed that particles sharing the same quantum numbers (spin, parity) follow the symmetry of the mathematical group SU(3) which is based on 3 elementary generators, up, down, strange, or u, d, s, with spin 1/2 and fractional electrical charge, [8, 9] which Gell-Mann called quarks. Mesons are described as states made of a quark-anti-quark (qq̄) pair and baryons as states of 3 quarks (qqq). This led to the prediction of a new baryon, the Ω^− (sss) with strangeness -3, which was observed shortly thereafter. [10] However, the Ω^− had a problem: 3 identical s quarks in the same state, apparently violating the Pauli Exclusion Principle. To avoid this problem, it was proposed [11] that quarks come in 3 ‘colors’, i.e. distinguishing characteristics which would allow 3 otherwise identical quarks to occupy the same state (formally, para-Fermi statistics of rank 3). A major breakthrough was the realization that the real SU(3) symmetry was not the original 3 quarks uds (now called ‘flavor’), but the 3 colors; and that color-charged gluons are the quanta of the ‘asymtotically-free’ strong interaction which binds hadrons. [2] The fourth “charm” or c quark, proposed to explain the absence of certain channels in weak decays of strange-particles, [12] thus had no problem fitting into this scheme–the quark symmetry became SU(2), groups of doublets. Elegant as these theories were, the experimental results were what made them believable.

There were 3 key experimental observations that made the composite theory of hadrons believable: 1) the discovery of pointlike constituents (‘partons’) inside the proton, in deeply inelastic (large energy loss, ν, large 4-momentum transfer, Q) electronproton (ep) scattering (DIS) at the Stanford Linear Accelerator Center (SLAC) [13]; 2) the observation of particle production at large transverse momenta (p_T ) in p-p collisions at the CERN-Intersecting Storage Rings (ISR) [14, 15, 16], which proved that the partons of DIS interacted much more strongly with each other than the electromagnetic scattering observed at SLAC; 3) the observation of the J/Ψ, a narrow bound state of cc̄, in both p+Be collisions at the BNL-AGS [17], and in e^+e^− annihilations at SLAC [18],

Recent results in relativistic heavy ion collisions 3

shortly followed by observation of the Ψ^′ , a similar state with higher mass [19] which corresponded to cc̄ bound states in a simple couloumb-like potential with a string-like linear confining potential. [20, 21, 22] These discoveries turned Gell-Mann and Zweig’s quarks from mere mathematical concepts to the fundamental constituents of matter, the components of the nucleon. [23, 24, 25, 26]

1.1. From Bjorken Scaling to QCD to the QGP

The fundamental idea to emerge from DIS, which was the basis of much of the subsequent theoretical developments leading to QCD, was the concept of Bjorken scaling [27] which indicated that protons consist of point-like objects (partons). The structure function F_2(Q^2, ν) which describes the inelastic ep scattering cross section was predicted to [27] and observed to [13] “scale” i.e. to be a function only of the ratio of the variables, Q^2/ν. The deeply inelastic scattering of an electron from a proton is simply incoherent quasi-elastic scattering of the electron from point-like partons of effective mass Mx, where ν = Q^2/2Mx, where M is the rest mass of the proton. Thus Bjorken ‘x’ is the fraction of the nucleon momentum (or mass) carried by the parton. Similar ideas for the scaling of longitudinal momentum distributions in p-p collisions were also given [28, 29]. However these ideas related to the “soft” (low p_T ) particle production rather than the large p_T or “hard scattering” processes described by Bjorken [30].

Bjorken scaling was the basis of QCD [2], the MIT Bag model [31] and led to the conclusion [32] that “superdense matter (found in neutron-star cores, exploding black holes, and the early big-bang universe) consists of quarks rather than of hadrons”, because the hadrons overlap and their individuality is confused. Collins and Perry [32] called this state “quark soup” but used the equation of state of a gas of free massless quarks from which the interacting gluons acquire an effective mass, which provides long-range screening. They anticipated superfluidity and superconductivity in nuclear matter at high densities and low temperatures. They also pointed out that for the theory of strong interactions (QCD), “high density matter is the second situation where one expects to be able to make reliable calculations—the first is Bjorken scaling”. In the Bjorken scaling region, the theory is asymptotically free at large momentum transfers while in high-density nuclear matter long range interactions are screened by many-body effects, so they can be ignored and short distance behavior can be calculated with the asymptotically-free QCD and relativistic many-body theory. Shuryak [33] codified and elaborated on these ideas and provided the name “QCD (or quark-gluon) plasma” for “this phase of matter”, a plasma being an ionized gas.

1.2. Relativistic Heavy Ions Collisions

It was soon realized that the collisions of relativistic heavy ions could provide the means of obtaining superdense nuclear matter in the laboratory. [34, 35, 36, 37] The kinetic energy of the incident projectiles would be dissipated in the large volume of nuclear matter involved in the reaction. The system is expected to come to equilibrium, thus

Recent results in relativistic heavy ion collisions 4

heating and compressing the nuclear matter so that it undergoes a phase transition from a state of nucleons containing bound quarks and gluons to a state of deconfined quarks and gluons, the Quark Gluon Plasma, in chemical and thermal equilibrium, covering the entire volume of the colliding nuclei or a volume that corresponds to many units of the characteristic length scale. In the terminology of high energy physics, this is called a “soft” process, related to the QCD confinement scale [38]

Λ^{−1}_{QCD} ≃ (0.2 GeV)^{−1} ≃ 1 fm . (1)

Two energy regimes are discussed for the QGP [39]. At lower energies, typical of the AGS fixed target program, the colliding nuclei are expected to stop each other, leading to a baryon-rich system. This will be the region of maximum baryon density. At very high energy, 100 to 200 GeV per nucleon pair in the center of mass, nuclei become transparent and the nuclear fragments will be well separated from a central region of particle production. This is the region of the baryon-free or gluon plasma. In the nuclear fragmentation regions a baryon-rich plasma may also be formed [39, 40].

There has been considerable work over the past three decades in making quantitative predictions for the QGP [32, 41, 42, 43, 44]. The predicted transition temperature from a state of hadrons to the QGP varies, from T_c ∼ 150 MeV at zero baryon density, to zero temperature at a critical baryon density [42, 45] roughly 1 GeV/fm^3, ∼ 6.5 times the normal density of cold nuclear matter, ρ_0 = 0.14 nucleons/fm^3, μ_B ≃ 930 MeV, where μ_B is the Baryon chemical potential. A typical expected phase diagram of nuclear matter [46] is shown in Fig. 1a. Not distinguished on Fig. 1a in the hadronic phase are the liquid self-bound ground state of nuclear matter and the gas of free nucleons [47].

Figure 1. a)(left) Proposed phase diagram for nuclear matter [46]: Temperature, T , vs Baryon Chemical Potential, μ. b) (right) Lattice calculation [49] of energy density, ϵ/T^4 as a function of the number of active flavors: 2 flavor (u, d), 3 flavor (u, d, s).

Predictions for the transition temperature for μ_B ∼ 0 are constrained to a relatively narrow range 140 < T_c < 250 MeV, while the critical energy density is predicted to be 5 to 20 times the normal nuclear energy density, ϵ_0 = 0.14 GeV/fm^3. Presumably, the most accurate predictions of the phase transition are given by numerical solutions of the

Recent results in relativistic heavy ion collisions 5

QCD Lagrangian on a lattice [48], see Fig. 1b [49]. Here, the critical energy density at the transition temperature, T_c ∼ 150 − 170 MeV, is stated to be presently known only with large errors [50], ϵ_c=(0.3–1.3) GeV/fm^3.

One of the nice features of the search for the QGP is that it requires the integrated use of many disciplines in Physics: High Energy Particle Physics, Nuclear Physics, Relativistic Mechanics, Quantum Statistical Mechanics, etc. [51, 52, 53] From the point of view of an experimentalist there are two major questions in this field. The first is how to relate the thermodynamical properties (temperature, energy density, entropy ...) of the QGP or hot nuclear matter to properties that can be measured in the laboratory. The second question is how the QGP can be detected.

One of the major challenges in this field is to find signatures that are unique to the QGP so that this new state of matter can be distinguished from the “ordinary physics” of relativistic nuclear collisions. Another more general challenge is to find effects which are specific to A+A collisions, such as collective or coherent phenomena, in distinction to cases for which A+A collisions can be considered as merely an incoherent superposition of nucleon-nucleon collisions [54, 55, 56].

Many signatures of the Quark Gluon Plasma [57, 58, 59] have been proposed over the past two decades, which cover the experimental RHI programs at the AGS, the SPS, RHIC and soon the Large Hadron Collider (LHC) at CERN. In recent peer reviewed articles summarizing the first 3 years of RHIC operation [60, 61, 62, 63, 64], the four experiments and many distinguished theorists presented their results and opinions on QGP signatures and whether the QGP had been detected at RHIC. These were summarized in a BNL press release on April 18, 2005: “instead of behaving like a gas of free quarks or and gluons, as was expected, the matter created in RHIC’s heavy ion collisions appears to be more like a liquid.” This matter interacted much more strongly than expected, causing the theorists [64] to give it the new name “sQGP” (strongly interacting QGP). Weighing heavily on this process was the CERN press release [65] and unpublished preprint [66] on February 10, 2000, just at the start of RHIC operations, which discussed properties of the QGP and announced that “The collected data from the [SPS] experiments gives compelling evidence that a new state of matter has been created. This state of matter found in heavy ion collisions at the SPS features many of the characteristics of the theoretically predicted quark-gluon plasma...” “The data from any one experiment is not enough to give the full picture but the combined results from all experiments agree and fit. Whereas all attempts to explain them using established particle interactions have failed, many of the observations are consistent with the predicted signatures of a quark-gluon plasma.” In other words, several features of the CERN measurements were consistent with the expected properties of the QGP at that time, i.e. a gas of quarks and gluons. (Although not mentioned in any press release, the same could be said for several features of measurements at the AGS fixed target program.) In light of this apparent contradiction, the data from the AGS, SPS and RHIC experiments will be examined with emphasis on the QGP signatures outlined in these review articles and press releases.

Recent results in relativistic heavy ion collisions 6

2. Observables in Relativistic Heavy Ion Collisions

Figure 2. a) (left) Schematic of collision of two nuclei with radius R and impact parameter b. b) (center) A p-p collision in the STAR detector viewed along the collision axis; c) (right) Au+Au central collision at √ s_{NN} = 200 GeV in the STAR detector.

A schematic drawing of a Relativistic Heavy Ion collision is shown in Fig. 2a. In the center of mass system of the nucleus-nucleus collision, the two Lorentz-contracted nuclei of radius R approach each other with impact parameter b. In the region of overlap, the “participating” nucleons interact with each other, while in the non-overlap region, the “spectator” nucleons simply continue on their original trajectories and can be measured in Zero Degree Calorimeters (ZDC), so that the number of participants can be determined. The degree of overlap is called the centrality of the collision, with b ∼ 0, being the most central and b ∼ 2R, the most peripheral. The maximum time of overlap is τ_O = 2R/γ c where γ is the Lorentz factor and c is the velocity of light. The energy of the inelastic collision is predominantly dissipated by multiple particle production.

For any observed particle of momentum p, energy E, the momentum can be resolved into transverse (p_T ) and longitudinal (p_L) components; and in many cases the mass (m) of the particle can be determined. The longitudinal momentum is conveniently expressed in terms of the rapidity (y):

y = ln ( E + p_L m_T ) (2) cosh y = E/m_T sinh y = p_L/m_T dy = dp_L/E (3)

where

m_T = √ m^2 + p^2_T and E = √ p^2_L + m^2_T = √ p^2 + m^2 (4)

In the limit when (m ≪ E) the rapidity reduces to the pseudorapidity (η)

η = − ln tan θ/2 (5)

cosh η = csc θ sinh η = cot θ (6)

where θ is the polar angle of emission. The rapidity variable has the useful property that it is additive under a Lorentz transformation.

Recent results in relativistic heavy ion collisions 7

2.1. Kinematics of the collision

For any collision, the center-of-mass (c.m.) system—in which the momenta of the incident projectile and target are equal and opposite—is at rapidity y^{cm}. The total energy in the c.m. system is denoted √ s, which, evidently, is also the “invariant mass” of the c.m. system. For a collision of an incident projectile of energy E_1, mass m_1, in the “Laboratory System”, where the target, of mass m_2, is at rest (appropriate for fixed-target experiments):

s = m^2_1 + m^2 + 2E_1m_2 . (7) The c.m. rest frame moves in the laboratory system (along the collision axis) with a velocity β^{cm}c corresponding to:

γ^{cm} =

E_1 + m_2 √ s and y^{cm} = cosh^{−1} γ^{cm} , (8)

where γ^2 = 1/(1 − β^2). Another useful quantity is y^{beam}, the rapidity of the incident particle in the laboratory system

y^{beam} = cosh^{−1}

E_1 m_1

, (9)

and note that for equal mass projectile and target:

y^{cm} = y^{beam}/2 . (10) In the region near the projectile or target rapidity, the Feynman x fragmentation variable is also used: x_F = 2p^∗_L/ √ s , (11) where p^∗_L is the longitudinal momentum of a particle in the c.m frame.

The kinematics are considerably simpler in the nucleon-nucleon c.m. frame in which the two nuclei approach each other with the same γ. (This is the reference frame of the detectors at RHIC). The nucleon-nucleon c.m. energy is denoted √ s_{N N} , and the total c.m. energy is √ s = A · √ s_{N N} for symmetric A+A collisions. The colliding nucleons approach each other with energy √ s_{N N} /2 and equal and opposite momenta. The rapidity of the nucleon-nucleon center of mass is y_{N N} = 0, and, taking m_1 = m_2 = m_N =931 MeV, the projectile and target nucleons are at equal and opposite rapidities [68]:

y^{proj} = −y^{target} = cosh^{−1} √ s_{N N} 2m_N = y^{beam}/2 . (12)

2.2. A brief overview of relativistic collisions of nucleons and nuclei

The challenge of RHI collisions can be understood from Fig. 2b, which compares a p-p collision to an Au+Au central collision in the STAR detector [62]. It would appear to be a daunting task to reconstruct all the particles in such events. Consequently, it is more common to use single-particle or multi-particle inclusive variables to analyze these reactions.

Recent results in relativistic heavy ion collisions 8

A single particle “inclusive” reaction involves the measurement of just one particle coming out of a reaction, a + b → c + anything .

The terminology [28] comes from the fact that all final states with the particle c are summed over, or included. A “semi-inclusive” reaction[67] refers to the measurement of all events of a given topology or class, e.g. a + b → n_1 particles in class 1 + anything , where “centrality” is the most common class in relativistic heavy ion collisions.

Measurements are presented in terms of the (Lorentz) invariant single particle inclusive differential cross section (or Yield per event in the class if semi-inclusive): Ed^3σ dp^3 = d^3σ p_T dp_T dydϕ = 1 2π f(p_T , y) , (13)

where y is the rapidity, p_T is the transverse momentum, and ϕ is the azimuth of the particle (see Fig. 3). The average transverse momentum, ⟨p_T ⟩, or the mean

Figure 3. a) (left) Semi-inclusive invariant p_T spectra for π^±, K^±, p^± in Au+Au collisions at √ s_{NN} = 200 GeV [63]. b) (right) ⟨p_T ⟩ of positive particles as a function of centrality (N_{part}) from the same data.

transverse kinetic energy, ⟨m_T ⟩ − m, or the asymptotic slope are taken as measures of the temperature, T , of the reaction.

It is important to be aware that the integral of the single particle inclusive cross section over all the variables is not equal to σ_I the interaction cross section, but rather is equal to the mean multiplicity times the interaction cross section: ⟨n⟩ × σ_I . Hence the mean multiplicity per interaction is ⟨n⟩ = 1 σ_I ∫ dϕ 2π dy dp_T p_T f(p_T , y) = 1 σ_I ∫ dy dσ dy = ∫ dy ρ(y) , (14)

Recent results in relativistic heavy ion collisions 9

where the terminology for the multiplicity density in rapidity is (1/σ_I ) dσ/dy = ρ(y) = dn/dy for identified particles (m known), dn/dη for non-identified particles (m unknown, assumed massless). The total charged particle multiplicity is taken as a measure of the total entropy, S and dn/dη is taken as a measure of the entropy density in restricted intervals of rapidity.

2.2.1. The rapidity density and the rapidity plateau. The shape and evolution with √ s of the charged particle density in rapidity, dn/dy, provide a graphic description of high energy collisions. Data from a classical measurement in a streamer chamber from p-p collisions at the CERN ISR [69] are shown in Fig. 4. Regions of nuclear fragmentation

Figure 4. Measurements in a streamer chamber at the CERN ISR [69] of the normalized charged particle densities^1_{σn}^{dσn}_{dη} (correctedfor acceptance up to |η| ≃ 4) in various intervals of the total observed multiplicity as a function of the c.m. energy √ s of the p-p collision.

take up the first 1-2 units around the projectile and target rapidity and if the centerof-mass energy is sufficiently high, a central plateau is exhibited. The data in p+A and A+A collisions follow a similar trend (Fig 5a) [70]. The distributions increase in width with increasing √ s_{N N} but by a smaller amount than the increase in y^{beam} and show a small decrease in width with increasing centrality. dn/dη increases with increasing centrality, √ s_{N N} and A in A+A collisions. In the asymmetric d+Au collision, dn/dη in the target rapidity region is larger than in the projectile region, but not by much, only about 50%. Also the nuclear transparency is evident, there is no reduction of particles at the projectile rapidity with increasing centrality.

Recent results in relativistic heavy ion collisions 10

Figure 5. a) (top right) dn/dη for A+A and d+Au collisions at RHIC as a function of √ s_{NN} [70]. b) (bottom left) dn/dy|_p − dn/dy|_{p̄} at AGS, SPS and RHIC, y^{proj} = 1.6, 2.9, 5.4 [71].

Subtleties of the distributions in A+A collisions become apparent when identified particles are used [71]. In Fig. 5b, the difference of dn/dy for protons and anti-protons, i.e net-protons is shown as a function of c.m. energy, √ s_{N N} = 5 (AGS, Au+Au), 17 (SPS, Pb+Pb), 200 (RHIC, Au+Au), y^{proj} =1.6, 2.9, 5.4. As √ s_{N N} is reduced, stopping of the participating nucleons is indicated by the nuclear fragmentation peak moving from the fragmentation region (not visible for RHIC) to mid-rapidity.

2.2.2. The Bjorken energy density Another variable, closely related to multiplicity, is the transverse energy density in rapidity or dE_T /dy ∼ ⟨p_T ⟩ × dn/dy, usually measured in calorimeters by summing over all particles on an event in a fixed but relatively large solid angle [72]: E_T = ∑ i E_i sin θ_i. dE_T /dy is thought to be related to the co-moving energy density in a longitudinal expansion [73, 63], and taken by all experiments as a measure of the energy density in space ϵ: ϵ_{Bj} = d ⟨E_T ⟩ dy 1 τ_F πR^2 (15)

Recent results in relativistic heavy ion collisions 11

where τ_F , the formation time, is usually taken as 1 fm/c, πR^2 is the effective area of the collision, and d ⟨E_T ⟩ /dy is the co-moving energy density.

Figure 6. a) (left) Mid-rapidity E_T spectra (corrected to Δϕ = 2π, Δη = 1) from AGS measurements by E814/E877 [75] and E802/E866 • ∘ [76] for 14.6·A GeV/c Si+Al, Au and 11.6·A GeV/c Au+Au (corrected to 14.6·A GeV/c). The E802 data have been scaled by the factor indicated to match the E877 measurement. Upper percentiles of the distribution are indicated. The light ∘ points on the Au+Au data are from a ZDC trigger of (0-7%) centrality. b) (right) E_T distribution for √ s_{NN} = 200 GeV Au+Au at RHIC • [77] together with the E802 measurement ∘ from the left panel scaled as indicated [78]. The solid circles represent a measurement in an azimuthal aperture of Δϕ = 5 × 22.4^∘, corrected to full azimuth. The other solid symbols represent measurements in Δϕ = 4, 3, 2, 1 × 22.4^∘, corrected to full azimuth, where the smaller the aperture, the flatter the slope of the data above the knee.

Besides the Bjorken energy density, the importance of E_T distributions in RHI collisions (see Fig. 6) is that they are sensitive primarily to the nuclear geometry of the reaction, and hence can be used to measure the centrality of individual interactions on an event-by-event basis [74]. Fig. 6a shows mid-rapidity E_T distributions for Si+Al, Si+Au and Au+Au at the AGS [75, 76]. The increase of dE_T /dη with increasing atomic mass of projectile and target is evident. Fig. 6b shows that E_T distributions at RHIC and the AGS are the same shape, when scaled to match at the knee, which shows that the shape of the distribution is essentially independent of √ s_{N N} and thus dominated by the nuclear geometry of the Au+Au reaction. Above the knee, the slope of the fall-off is sensitive to fluctuations and depends somewhat on the solid angle [76, 72, 63]. A consistent evaluation [77, 78] of the Bjorken energy density for 0–5% centrality gives τ_F ϵ_{Bj} = 1.0, 2.0, 5.4 GeV/fm^2 at √ s_{N N} = 5, 17, 200 GeV.

2.3. Space-time and quantum mechanical issues

An interaction of two relativistic heavy ions can be viewed initially as the superposition of successive collisions of the participating nucleons in the overlap region (recall Fig. 2) [79]. Collective effects may subsequently develop due to rescattering of the participants with each other or with produced particles. Conceivably, a cascade of

Recent results in relativistic heavy ion collisions 12

interacting particles could develop. However, the actual situation is considerably more fascinating.

Space-time and quantum mechanical issues play an important role in the physics of RHI collisions and the considerations are different in the longitudinal and transverse directions. In QED and QCD, which have the same 1/r form of the potential at small distances, two particles of charge Z_1 and Z_2, velocity v, which pass each other at impact parameter b each acquire a momentum p_T = 2Z_1Z_2/bv transverse to the direction of motion. Thus large transverse momenta correspond to small impact parameters in both QED and QCD.

In the longitudinal direction because of the large γ factors involved, small excitations/deexcitations of the colliding nucleons, take place over long distances. When a nucleon with momentum, p_L, mass, M, makes a collision, the only thing it can do consistent with relativity and quantum mechanics is to get excited to a state with invariant mass M^∗ ≥ M, with roughly the same energy and reduced p^′_L = p_L − Δp_L, where Δp^2_L = −Δm^2_T ≃ −Δm^2 from Eq. 4. By the uncertainty, principle, a distance δz = h̄/Δp_L = γβ/Δm(=14 fm for γ = 10 and m = m_π ) is required to resolve Δm. The large γ factor in relativistic collisions ensures that the excited nucleons pass through the entire target nucleus before de-exciting into e.g. a nucleon + a pion. Thus, nuclei are transparent to relativistic nucleons; and pions are produced outside the target nucleus, thus avoiding a nuclear cascade.

For instance, in the collision of a relativistic proton with a 15 interaction-length-thick lead brick, a cascade develops and all particles are absorbed. Nothing comes out the back. By contrast, in the collision of a relativistic proton with a lead nucleus, which is roughly 15 interaction mean-free-paths thick through the center, the (excited) proton comes out the back! This is relativity and quantum mechanics in action.

2.4. Participant (N_{part}) scaling-the Wounded Nucleon Model

These concepts of relativity and quantum mechanics are dramatically illustrated by particle production in proton nucleus (p+A) interactions measured at bombarding energy of 200 GeV √ s_{N N} = 19.4 GeV. When a high energy proton (or any hadron) passes through a nucleus, it can make several successive collisions. However, the charged particle multiplicity density, dn/dy, observed in p+A interactions is not simply proportional to the number of collisions, but increases much more slowly. These features are strikingly illustrated [80] in Fig. 7, which is the pseudorapidity distribution of relativistic charged particles (v/c > 0.85) produced by 200 GeV proton interactions in various nuclear targets. The sizes of the nuclei are discussed in terms of ν̄, the average number of collisions encountered by an incident hadron passing through a nucleus of atomic mass A in which an interaction occurred: ν̄ = Aσ_{hp} σ_{hA} , (16)

where σ_{hp} and σ_{hA} are the absorption cross sections for the incident hadron on a nucleon and a nucleus, respectively [81].

Recent results in relativistic heavy ion collisions 13

Figure 7. a) (left) Pseudorapidity distributions dn/dη of relativistic charged particles for various values of ν̄ in 200 GeV/c proton-nucleus interactions [80]. b) (center) R_A as a function of ν̄ for collisions of 200 GeV p, π^± on various nuclei. The solid line shows the linear trend of the data ∼ Eq. 17 [80]. c) (right) Mean number of pions per participant for A+A central collisions and p(p̄) − p collisions as a function of √ s_{NN} represented by F = ( √ s_{NN} − 2m_N )^{3/4}/ √ s_{NN}^{1/4} [82]

The most dramatic feature of Fig. 7 is that there is virtually no change in the forward fragmentation region (η > 5.0) with increasing A. By contrast, there is tremendous activity in the target region (η ≤ 0.5). In the mid-rapidity region, dn/dη increases with A and the peak of the distribution shifts backwards. The integral of the distribution (the average multiplicity) and dn/dη at mid-rapidity show a linear increase with ν̄ for all targets given by the relation

R_A = ⟨n⟩_{hA} ⟨n⟩_{hp} = 1 + ν̄ 2 , (17)

which is simply the ratio of the average number of participating nucleons (participants or N_{part}) for the 2 cases: N_{part} = 1 + ν̄ for the p+A collision and N_{part} = 2 for a p+p collision. In addition to the quantum and relativistic arguments given above, this result can be explained by the further assumptions that the excited nucleon interacts with the same cross section as an unexcited nucleon and that the successive collisions of the excited nucleon do not greatly affect the excited state or its eventual fragmentation products. [83] This leads to the conclusion that the multiplicity in nuclear interactions should be proportional to the total number of projectile and target participants, rather than to the total number of collisions. This is called the Wounded Nucleon Model (WNM) [84].

Interestingly, the WNM works well only at roughly √ s_{N N} ∼ 20 GeV where it was discovered. At lower √ s_{N N} , at the AGS, particle production in p+A and A+A collisions is smaller than the WNM and for √ s_{N N} ≥ 31 GeV is larger than the WNM [85, 86, 87]

Recent results in relativistic heavy ion collisions 14

as emphasized by Gazdzicki [82] (“the kink”). However as the effect is seen in p+A collisions, it is not likely to be related to the QGP [88, 89, 90] although the physics is surely very interesting and needs further investigation.

3. Signatures of the Quark-Gluon Plasma

One of the more interesting signatures proposed for the QGP is that it could trigger a catastrophic transition from the metastable vacuum of the present universe to a lower energy state [36, 91], “a possibility naturally occurring in many spontaneously broken quantum field theories”. This type signature gives laboratory directors nightmares, and such a possibility must be ruled out to a high degree of certainty [92]. However this is actually one example of a class of signatures of the QGP called “Chiral Symmetry Restoration”. It is convenient to group QGP signatures into classes according to their sensitivity to expected properties of the QGP [58]: (i) signals sensitive to the equation of state; (ii) signals of chiral symmetry restoration; (iii) probes of the response function of the medium (including deconfinement).

All authors imagine that the QGP is in a state of chemical and thermal equilibrium at temperature T_F which is established over a short formation time, τ_F , following the collision and that hydrodynamics describes the evolution of the system of quarks and gluons as it expands and cools and eventually freezes out at transition temperature, T_c, at time, τ_c, to a system of hadrons which are observable. Another important time is the overlap time of the colliding Lorentz contracted nuclear pancakes as seen in the nucleus-nucleus c.m. system, τ_O = 2R/γ, where R is the radius of the nucleus in a symmetric A+A collision. For Au+Au or Pb+Pb collisions, R ∼ 7.5 fm , τ_O = 5.6, 1.7, 0.14 fm/c at √ s_{N N} =5, 17, 200 GeV.

3.1. Degrees of freedom, equation of state

It is important to emphasize that the operative degrees of freedom in the QGP are taken to be quarks and gluons and the operative “charge” is taken be color, unscreened over many units of the characteristic length scale. Since the spin-1 gluons have 8 colors and the spin-1/2 quarks have 3 colors, with presumably 3 active flavors in the QGP (u, d, s), there are many more degrees of freedom in the QGP than in the final state ‘gas’ of hadrons (HG); and this is one of the signatures of the transition from one phase to the other. The QGP is described by the thermodynamic quantities, entropy density, s, energy density, ϵ, temperature, T , pressure P , volume, V , and it is important to understand how to relate these quantities to properties of the observable final state particles. As in classical thermodynamics, the equation of state (EOS) is the relationship among the three quantities, P,V,T, which are not independent for a fixed amount of matter. A relation between any two quantities is sufficient to define the EOS. For instance, the large difference in degrees of freedom [63] between a QGP (taken as a Stefan-Boltzmann gas) and a hadron gas dominated by spin 0 pions (3 d.o.f: π^+, π^−, π^0)

Recent results in relativistic heavy ion collisions 15

is shown in Lattice calculations (Fig. 1b) : ϵ^{QGP}_{SB} = 47.5 π^2 30 T^4 ϵ^{QGP}_{HG} = 3 π^2 30 T^4 . (18)

However, it is not obvious how this effect could be measured—possibly by evidence of discontinuities or rapid changes as a function of an observable [93, 94] or by fluctuations due to passing through the phase transition [95, 96]. (Recall that T ↔ ⟨p_T ⟩, s ↔ dn/dη and ϵ ↔ dE_T /dy). In general, fluctuations are a standard probe of thermodynamic systems and phase transitions [97, 98, 46, 99] and have been extensively studied at the SPS and RHIC. However, no strong signals have yet been observed in relativistic A+A collisions. [100].

The volume of a thermalized source is thought to be measurable by identical particle interferometry using the GGLP effect [101], commonly called Bose-Einstein correlations since the measurement is predominantly performed with identical bosons (π^±, K^±) [102, 103]. Also, collective effects, where all partons (or particles) moving in the same direction have a common (flow) velocity, are sensitive to the EOS. [104, 105]

3.1.1. Thermal Equilibrium One of the best probes of thermal equilibrium is thermal lepton pair production [106] or thermal photon production [107]. This is effectively the ‘black-body radiation’ of the QGP and should follow a Boltzmann distribution in the local rest frame [108]: d^2σ dp_Lp_T dp_T = 1 e^{E/T} ± 1 ∼ e^{−E/T} . (19) Since p_T dp_T = m_T dm_T and E = m_T cosh y, a signal of thermal production is that the p_T and mass dependence of the cross section are not independent but depend only on the transverse mass m_T . This means that at any fixed value of m_{ee} and rapidity, the ⟨p_T (m_{ee})⟩ is linearly proportional to m_{ee}. As neither the photons nor e^+e^− pairs are strongly interacting, they emerge from a QGP or hadronic system without interacting and thus are sensitive to the entire thermal history of the system, especially the early stage where the QGP should be dominant. In principle, the initial temperature of the system, T_i can be determined from the rate of thermal photon or e^+e^− pair production [107, 106]. However, even though radiation from the QGP comes from the interaction of ‘massless’ quarks and gluons: q q̄ → e^+e^− g q → γ q q q → q q γ etc, the latest ‘state-of-the-art’ calculations [109, 110] indicate that for the same temperature, the thermal photon production rates in a QGP or a hadron gas are very similar [111]. It is important to distinguish thermal photons (lepton pairs), which dominate at low p_T (mass), near T_c, and are exponential, from the high p_T (mass) direct photons (Drell-Yan pairs) produced by hard-scattering in some of the same subprocesses, q g → γ q (q q̄ → e^+e^−), which follow a power-law. Hard-scattering (see below) is not relevant for thermal equilibrium.

Recent results in relativistic heavy ion collisions 16

3.2. Chiral Symmetry Restoration

In the QGP [112, 58] the light quarks are expected to have the same mass or be massless, thus exhibiting exact “chiral symmetry”. These are the so-called “current quarks” of DIS. This is quite different from the normal vacuum state of QCD [36] in which chiral symmetry is “spontaneously broken” and the quarks are massive, called “constituent quarks”. This leads to several interesting effects which might be measurable.

3.2.1. Strangeness Enhancement In the QGP, the gluons, quarks and anti-quarks continuously react with each other via the QCD subprocesses: g g → q q̄ q q̄ → g g q q̄ → q^′ q̄^′ where q^′ represents a different flavor quark (u, d or s). After several interactions have taken place, the reaction rates and the abundances of the gluons and the different flavor quarks (and anti-quarks) will become equilibrated, so that they no longer change with time. This is called chemical equilibrium. Since the masses of u, d, s quarks should be nearly degenerate if chiral symmetry is restored, they should reach nearly the same equilibrium value so that the strange quarks s, s̄ should have nearly the same abundance as the u, ū and d, d̄ in the gluon plasma. Thus strangeness should be enhanced in the QGP [113, 114, 115] compared to p-p collisions where the abundance of strange particles, e.g. K^±, is much below their thermal equilibrium value relative to π^±. In the baryonrich plasma, the s, s̄ will be enhanced compared to u and d, since u, ū and d, d̄ are “Pauli” blocked by valence u and d quarks.

Since the quarks and gluons in a QGP can not be observed directly, the principal probe of chemical equilibrium and strangeness enhancement in the QGP is the particle composition of observed hadrons. For instance, the abundance of strange mesons and baryons as well as anti-baryons should be quite different in a QGP than in a hadron gas or in an ordinary nuclear collision.

3.2.2. Disordered Chiral Condensate An interesting anomaly possible when the medium returns to the normal QCD ground state from the chirally symmetric QGP state is that “misaligned” QCD vacuum regions might occur such that instead of emitting π^0 and π^+π^− with a binomial distribution with probability of 1/3 for the fraction R = π^0/(π^0 + π^+ + π^−) of π^0 emitted, individual “misaligned” domains could emit, for instance, only π^0 or only π^+π^− pairs [116]. This would give a distribution of the form P (R) = 1/(2 √ R), which has the same mean value, ⟨R⟩ = 1/3 but a totally different event-by-event distribution. Incredibly, so far there is only one (null) measurement [117] (at the SPS) due to the inherent difficulty of reconstructing π^0 → γ + γ at low p_T .

3.2.3. mass-shifts, branching ratio changes While it is clear how chiral symmetry breaking and restoration affect the quarks, it is not so clear how they affect the particles we observe which are by definition on their mass-shell, with their well defined masses and

Recent results in relativistic heavy ion collisions 17

are probably formed during the hadronization process, well after the QGP has cooled. Pisarski [118] has suggested that if the temperature for chiral symmetry restoration, T_{ch} is greater that the QGP critical temperature, T_c, then all hadrons except pions would unbind at T ≥ T_c, with pions massive quarks and gluons in coexistence until T ≥ T_{ch}, when all quarks and gluons become massless. This might mean a state of constituent quarks in the region T_c ≤ T ≤ T_{ch}. Also, particles which are formed and which decay to leptons or photons in this phase can be detected, since the leptons and photons do not interact with the QGP and simply emerge unscathed. As the width of the ρ is 150 MeV (lifetime 1.3 fm/c), this might give rise to [118] an “extraordinary signal” of a thermal ρ^0 → dilepton peak “quite distinct from the familiar ρ^0 peak”. To a lesser extent, a similar effect is predicted for the ϕ meson [119] which has a width of 4.3 MeV (lifetime ∼ 46 fm/c). The ϕ mass is just above the K^+K^− mass but its width is dominated by K^+K^− (or K^0_LK^0_S ) decay and therefore is very sensitive to relative shifts of its mass with respect to the masses of the Kaons. The width of the ϕ is predicted to increase by a factor of 2-3 due to this effect, which may be detectable directly by high resolution measurements of ϕ → dileptons, or by an increase of the observed ϕ → e^+e^−/K^+K^− branching ratio from the standard (vacuum) value.

3.3. Probes of the response function of the medium including deconfinement

3.3.1. Deconfinement Since 1986, the ‘gold-plated’ signature of deconfinement was thought to be J/Ψ suppression. Matsui and Satz proposed [120] that J/Ψ production in A+A collisions will be suppressed by Debye screening of the quark color charge in the QGP. The J/Ψ is produced when two gluons interact to produce a c, c̄ pair which then resonates to form the J/Ψ. In the plasma the c, c̄ interaction is screened so that the c, c̄ go their separate ways and eventually pick up other quarks at the periphery to become open charm. Due to the fact that it takes time for the initial c, c̄ pair to form a J/Ψ, for the quarks to separate to the correct Bohr orbit, the J/Ψ suppression should vanish characteristically with increasing p_T as the c, c̄ pair leaves the medium before the J/Ψ is formed or screened [121]. J/Ψ suppression would be quite a spectacular effect since the naive expectation was that J/Ψ production, due to the relatively large ∼ 1.5 GeV scale of the charm quark mass, should behave like a pointlike process, proportional to A × A in an A+A collision, and thus would be enhanced relative to the total interaction cross section, which increases only as A^{2/3}.

The screening of the coulomb-like QCD potential for heavy quarks is supported by lattice gauge calculations [122, 50] (Fig. 8). With increasing temperature, T , in analogy to increasing Q^2, the strong coupling constant α_s(T ) becomes smaller, reducing the binding energy, and the string tension, σ(T ), becomes smaller, increasing the confining radius, effectively screening the potential[43]: V (r) = − 4 3 α_s r + σ r → − 4 3 α_s r e^{−μ r} + σ (1 − e^{−μ r}) μ (20)

where μ = μ(T ) = 1/r_D is the Debye screening mass. [43]. When the potential in Fig. 8a

Recent results in relativistic heavy ion collisions 18

Figure 8. a) (left) Lattice gauge calculations of heavy quark potential V (r) as a function of T /T_c [122]. The solid line is the normal (T = 0) potential; b) (right) Estimate [50] of r_{med}, the distance beyond which the force between a static quark anti-quark pair is strongly modified by temperature effects, compared to the Debye screening radius, r_D = 1/μ, and the mean square charge radii of cc̄ and bb̄ bound states (lines). Note that the actual melting points of the Ψ^′ , χ_c and J/Ψ are no longer expected to be ∼0.2,0.7 and 1.1 T_c as in the calculation illustrated [50], but rather 1.1, 1.1 and ∼ 2 T_c by more recent calculations [123, 124, 125].

becomes constant with increasing radius, the binding force vanishes as illustrated [50] in Fig. 8b.

Since the radii of higher excitations of the bound cc̄ (charmonium) and bb̄ states increase with their masses and the binding energies decrease, the states should melt sequentially with increasing T from the highest mass to the lowest in a given family (cc̄, bb̄). Since 60% of the observed J/Ψ are directly produced, 30% are from χ_c decay and 10% from Ψ^′ decay, this should give a characteristic sequential nature to J/Ψ suppression with increasing centrality (presumably increasing T ) of an A+A collision—first the 10% of the J/Ψ from the Ψ^′ are suppressed, then the 30% from the χ_c are suppressed and eventually the other 60% vanish when the direct J/Ψ melts. Such an effect was apparently observed at the SPS [126] and wonderful models were woven to explain the results [127, 128]. However, recent measurements from RHIC (see below), and an increase in the expected dissociation temperatures for the charmonium states [123, 124, 125] put the whole concept of J/Ψ suppression as a probe of deconfinement into question.

3.4. Jet Quenching

A new tool for probing the color response function of the medium was developed in the early 1990’s [129, 130, 131] and given a firm basis in QCD [132, 133, 134, 135, 136] just before RHIC turned on. In the initial collision of the two nuclei in an A+A collision when the Lorentz contracted nuclei are overlapped, hard scatterings can occur which produce pairs of high p_T outgoing partons with their color charge fully exposed as they travel through the medium before they fragment to jets of particles. If the medium

Recent results in relativistic heavy ion collisions 19

also has a large density of color charges, then the partons are predicted to lose energy by ‘coherent’ (LPM) gluon bremsstrahlung which is sensitive to the properties of the medium. This leads to a reduction in the p_T of both the partons and their fragments and hence a reduction in the number of partons or fragments at a given p_T , which is called jet quenching. The effect is absent in p+A or d+A collisions due to the lack of a medium produced (see Fig. 9)

Figure 9. a) (left) Schematic diagram of hard scattering in A+A and d(p)+A collision. For Au+Au, high p_T partons from scattering when the nuclei overlap, emerge sideways through the medium formed. For d+Au no medium is formed and the outgoing partons travel in the vacuum until they fragment. b) (right) Transport coefficient q̂ as a function of energy density for different media [136]: cold nuclear matter ( ), massless hot pion gas (dotted) and ‘ideal’ QGP (solid curve)

The screened coulomb potential (Eq. 20) resulting from the thermal mass μ acquired by gluons in the medium modifies the elastic scattering of outgoing partons such that the average 4-momentum transfer per collision is finite:

μ^2 = ⟨ q^2 ⟩ ≡ ∫ q^2 dσ_{el} dq^2 dq^2 ∫ dσ_{el} dq^2 dq^2 = ρ λ_{mfp} ∫ q^2 dσ_{el} dq^2 dq^2 ≡ q̂ λ_{mfp} . (21)

The integral in the denominator is σ_{el} ≡ 1/ρ λ_{mfp}, where ρ is the density of scatterers and λ_{mfp} is the mean free path for elastic scattering. The ‘transport coefficient’ q̂ is the mean 4-momentum transfer/collision expressed as mean 4-momentum transfer per mean free path, so that the mean 4-momentum transfer for length L in the medium is ⟨q(L)^2⟩ = q̂ L = μ^2 L/λ_{mfp}. Any gluon radiation that is contained within the cone defined by the transverse momentum, ⟨q(L)⟩, is coherent over all the scatterings (LPM effect) so that the energy loss of a parton due to gluon bremsstrahlung per unit length (x) of the medium takes the form [136]: −dE dx ≃ α_s ⟨ q(L)^2 ⟩ = α_s q̂ L = α_s μ^2 L/λ_{mfp} . (22)

Recent results in relativistic heavy ion collisions 20

Thus the total energy loss in the medium goes like L^2 [134]. It is also important to note that the screening mass, μ^2, plays the role of t_{min} = q^2_L for the gluon bremsstrahlung in the medium [132].

The solution for the energy loss in pQCD for a static medium can be calculated analytically in only two limits, many soft scatterings (like multiple coulomb scattering) and 1 hard scattering, so that many treatments have been developed in varying degrees of approximation in the opacity, L/λ_{mfp} (like ν̄, Eq. 16), the average number of partonic collisions in the medium [137, 138, 139]. Also, a formulation convenient for numerical simulations has been given [140]. However, the medium is not static but is expanding, flowing, etc, which gives rise to further complications. It is generally agreed that the energy loss measures q̂, which depends on the color charge density in the medium within the screening radius around the probe (Fig. 9b). However it is not sensitive to the vanishing of the string tension beyond r_D = 1/μ, which represents true ‘extended’ deconfinement [55], because the formation time to resolve a pion in the fragmentation process means that quarks do not fragment to on-the-mass-shell pions until they are well outside medium where ordinary confinement applies.

4. The Search for the QGP

In the early 1980’s, before measurements with relativistic heavy ions of c.m. energy √ s_{N N} ≫ 2 GeV (∼ 2 nucleon masses) became available, it was expected that the search for the QGP would proceed by looking for its predicted properties, or by the discovery of “anomalies” or discontinuities as a function of some experimental observable in A+A collisions [141]. However, it was also realized that “systematic studies and comparison of pp, pA and AA data are equally important to understand basic processes hiding behind the phenomena observed in AA collisions” [142]. Thus it was not unreasonable to expect a few surprises:

• Many of the predicted properties will be found, but will not be the QGP • The QGP will have a few unpredicted or unexpected properties • The search will uncover many unexpected backgrounds and new properties of pp and AA collisions, some of which may be very interesting pheonmena in their own right.

Consequently, before proclaiming a perceived anomaly in A+A collisions as the QGP, it is imperative to learn and understand the “ordinary physics” of relativistic nuclear collisions as well as p-p and p+A collisions. As emphasized by Van Hove [141] much could be gained in this regard by studying the history of strong interactions for the past 30 years. An understanding of the properties of high energy p-p and p+A interactions is vital to the ability to distinguish the “ordinary physics” of relativistic nuclear interactions from the signatures of production of a new phenomenon like the QGP. It is also possible that the “ordinary physics” may in itself be quite interesting.

Recent results in relativistic heavy ion collisions 21

Furthermore, by studying the hard won knowedge of the past, one might hope to avoid some pitfalls in the future.

4.1. p-p physics

The theory and phenomenology of secondary particle production in ultrarelativistic hadron-hadron collisions originated with the study of cosmic rays [143]. It is hard to overstate the importance of the fundamental observation made by cosmic ray physicists, that the average transverse momentum of secondary particles is limited to ∼0.5 GeV/c, independent of the primary energy [144, 143]. Cocconi, Koester and Perkins [145] proposed the prescient empirical formula for the transverse momentum spectrum of meson production: dσ p_T dp_T = Ae^{−6pT} , (23)

where p_T is the transverse momentum in GeV/c and ⟨p_T ⟩ = 2/6 =0.333 GeV/c. The observation by Orear [146] that large angle p-p elastic scattering at AGS energies (10 to 30 GeV incident energy) “can be fit by a single exponential in transverse momentum, and that this exponential is the very same exponential that describes the transverse momentum distribution of pions produced in nucleon-nucleon collisions”, led to the interpretation [148] that particle production was “statistical”, with Eq. 23 as a thermal Boltzmann spectrum, with 1/6=0.167 GeV/c representing the “temperature”, T at which the mesons or protons were emitted [149].

It was natural in a thermal scenario [150, 151] to represent the invariant cross section, as a function of the longitudinal variable rapidity, (y), in terms of the transverse mass, m_T = √ p^2_T + m^2, with a universal temperature parameter T . This description nicely explained the observed successively increasing ⟨p_T ⟩ of π, K, p, with increasing rest mass (e.g. see Fig. 3) and had the added advantage of explaining, by the simple factor e^{−6(mK −mπ )} ∼ 11% , the low value of ∼10% observed for the K/π ratio at low p_T at ISR energies ( √ s ∼ 20 − 60 GeV).

The introduction of the constituent quark model, which used SU(3) symmetry to explain the hadron flavor spectrum and the static properties of hadrons [8, 9], as a dynamical model to calculate the flavor dependence of identified hadrons in soft multiparticle production, [152] together with the inclusive reaction formalism [28, 29, 153], which showed that there was much to be learned by simply measuring a single particle spectrum, brought the study of identified inclusive single particle production into the mainstream of p-p physics. However, in the constituent quark model, the “suppression” of strange quarks, evident from the small K/π ratio, was not explained, but simply quantified [154] by a parameter λ = 2ss̄/(uū + dd̄), which represents the ratio of the numbers of ss̄ pairs produced to the average of uū and dd̄ pairs.

4.1.1. Thermodynamics and Hydrodynamics in p-p collisions One of the burning issues in the early 1950’s in soft multiparticle production was whether more than one meson

Recent results in relativistic heavy ion collisions 22

could be produced in a single nucleon-nucleon collision (“multiple production”) or whether the multiple meson production observed in nucleon-nucleus interactions was the result of several successive nucleon-nucleon collisions, with each collision producing only a single meson (“plural production”) [155]. The issue was decided when multiple meson production was first observed in 1954 in collisions between neutrons with energies up to 2.2 GeV, produced at the Brookhaven Cosmotron, and protons in a hydrogen filled cloud chamber [156, 157].

The observation of multiparticle production occurring not only in nucleon-nucleus, but also in nucleon-nucleon collisions motivated Fermi and Landau to develop the statistical [158] and hydrodynamical [159] approach to multi-particle production. Belenkij and Landau observed that although the statistical model of Fermi is sufficient to describe the particle numbers in terms of only a temperature and a chemical potential, this model has to be extended to hydrodynamics, when particle spectra are also considered. To quote Carruthers [160], “One envisions a thin slab of hot hadronic matter in thermal equilibrium just after the collision; strictly speaking this is a ‘headon’ collision picture, but one can imagine that a fraction of the collision products are described by this initial condition while leading particles carry away a sizeable fraction (of the order of 1/2) of the energy and perhaps most of the angular momentum. In Landau’s model the particles do not jump right out into phase space (which leads to too many heavy particles in Fermi’s picture), but undergo an expansion phase before breaking up. The force responsible for the expansion is large in the longitudinal direction (the pressure gradient is mainly in the longitudinal direction because of the Lorentz contraction) and provides a natural dynamics for the well-known transverselongitudinal asymmetry of secondary momenta.” In the light of present-day discussions, it is worthwhile continuing the direct quote: “The detailed calculations are made on the basis of the classical relativistic hydrodynamics of a perfect fluid, whose energymomentum tensor T^{μν} is:

T^{μν} = (ϵ + P )u^μu^ν − g^{μν} P , (24)

where u^μ(x)[= (u_0, ⃗u) with u_0 = √ 1 + ⃗u · ⃗u ] is the four-velocity field and ϵ, P are the scalar densities of energy and pressure. The hydrodynamical equations are simply ∂^μT_{μν} = 0. In order to solve these equations one needs in addition an equation of state, taken by Landau to be P = ϵ/3 which is characteristic of black body radiation. It is not surprising that this is equivalent to the vanishing of the trace of T^μ_ν , T^μ_μ = ϵ − 3P .” The expansion phase is taken as scale-invariant (⃗u = ⃗x/t) [161] and adiabatic (conserves entropy). “The details of the final stage, in which the fluid breaks up into asymptotic states of the system, remain quite obscure, as in the parton model.”

The Landau hydrodynamical model was never popular with particle physicists because it seemed not relevant to small systems such as p-p collisons and because it predicted a gaussian rapidity distribution, whereas a flat rapidity distribution—the rapidity plateau—had been discovered at the CERN ISR [162].

It is interesting to note that Bjorken used Landau hydrodynamics in his seminal

Recent results in relativistic heavy ion collisions 23

Figure 10. a) Comparison of dN/dy of π^+ and π^− in Au+Au central collisions at √ s_{NN} = 200 GeV and Landau’s prediction. [163] b) Ratio of data to Landau’s prediction for rms width (σ) of the distribution [163] c) (right) The invariant cross sections for π^+, π^−, K^+, K^−, p and p̄ for p_T = 0.4 GeV/c versus y_{lab} = y − y^{proj} at the CERN-ISR [162].

paper on A+A collisions [73] with an initial condition to assure 1 dimensional longitudinal ‘boost invariant’ expansion (resulting a flat rapidity distribution). The 1d expansion lasts until the rarefaction front which starts at the outer transverse edge of the collision zone propagates at the speed of sound to the center and the whole fluid (being ‘aware’ of the edge) starts expanding 3-dimensionally. Recent results from Au+Au collisions at RHIC indicate a relatively more Gaussian than flat rapidity distribution for identified π^± [163] (Fig. 10), leading to suggestions that the p-p situation be reevaluated both with respect to the rapidity plateau and searches for evidence of other hydrodynamic phenomena [55, 56, 164].

The applicability of the relativistic hydrodynamics of a “perfect fluid” (zero viscosity) to both p-p and A+A collisions means that the issue for the QGP will be not whether hydrodynamics is applicable, but rather what exactly are the EOS and the initial conditions; and what exactly flows—hadrons, constituent quarks or current quarks.

4.1.2. Hard-scattering It is important to distinguish the soft multi-particle physics, with limited transverse momentum corresponding to the ∼ 1 fm scale of the nucleon radius, which is described by constituent-quarks, thermodynamics and hydrodynamics, from the high transverse momentum phenomena (p_T ≥ 2 GeV/c), due to the hardscattering of point-like current-quarks, which correspond to a very short distance scale ∼ 0.1 fm ≪ 1 fm [147], and contribute ≪ 1% of the particles produced. These two different

Recent results in relativistic heavy ion collisions 24

pictures of particle production in p-p collisions, the hard and the soft mechanisms, indicate that the “elementary” p-p collisions are actually rather complicated processes.

As noted above (Sec. 1) the observation of particle production at large transverse momentum (p_T ), well above the extrapolation of the low p_T exponential behavior (see Fig. 11a) proved that the partons of DIS strongly interacted with each other. The subject developed before the discovery of QCD, but QCD eventually provided a quantitative description of this phenomenon [165].

Figure 11. a) (left) Ed^3σ(p_T )/d^3p at mid-rapidity as a function of √ s in p + p collisions [169]. b) (right) √ s(GeV)^{6.3} × Ed^3σ/d^3p vs x_T = 2p_T / √ s [63].

The overall p-p hard-scattering cross section in “leading logarithm” pQCD is the sum over parton reactions a + b → c + d (e.g. g + q → g + q) at parton-parton centerof-mass (c.m.) energy √ ŝ: d^3σ dx_1dx_2d cos θ^∗ = 1 s ∑ ab f_a(x_1)f_b(x_2) πα^2_s(Q^2) 2x_1x_2

Σ^{ab}(cos θ^∗) (25)

where f_a(x_1), f_b(x_2), are parton distribution functions, the differential probabilities for partons a and b to carry momentum fractions x_1 and x_2 of their respective protons (e.g. u(x_2)), and where θ^∗ is the scattering angle in the parton-parton c.m. system. The parton-parton c.m. energy squared is ŝ = x_1x_2s, where √ s is the c.m. energy of the p + p collision. The parton-parton c.m. system moves with rapidity ŷ = 1/2 ln(x_1/x_2) in the p + p c.m. system.

Equation 25 gives the p_T spectrum of outgoing parton c, which then fragments into hadrons, e.g. π^0. The fragmentation function D^{π0}_c (z) is the probability for a π^0 to carry a fraction z = p^{π0} /p^c of the momentum of outgoing parton c. Equation 25 must be summed over all subprocesses leading to a π^0 in the final state. In this formulation,

Recent results in relativistic heavy ion collisions 25

f_a(x_1), f_b(x_2) and D^C_c (z) represent the “long-distance phenomena” to be determined by experiment; while the characteristic subprocess angular distributions, Σ^{ab}(cos θ^∗), and the coupling constant, α_s(Q^2) =^{12π}_{25 ln(Q2/Λ2)} , are fundamental predictions of QCD [166, 167, 168].

Equation 25 leads to a general ‘x_T -scaling’ form for the invariant cross section of high-p_T particle production: E d^3σ d^3p = 1 p^n_T F (x_T ) = 1 √ s^n G(x_T ) , (26)

where x_T = 2p_T / √ s. The cross section has two factors, a function F (x_T ) (G(x_T )) which ‘scales’, i.e. depends only on the ratio of momenta, and a dimensioned factor, 1/p^n_T (1/ √ s^n), where n equals 4 in lowest-order (LO) calculations, analogous to the 1/q^4 form of Rutherford Scattering in QED. The structure and fragmentation functions are all in the F (x_T ) (G(x_T )) term. Due to higher-order effects such as the running of the coupling constant, α_s(Q^2), the evolution of the structure and fragmentation functions, etc, n is not a constant but is a function of x_T , √ s. Measured values of n(x_T , √ s) in p + p collisions are between 5 and 8 [170].

The scaling and power-law behavior of hard scattering are evident from the √ s dependence of the p_T dependence of the p + p invariant cross sections. This is shown for nonidentified charged hadrons, (h^+ + h^−)/2, in Fig. 11a. At low p_T ≤ 1 GeV/c the cross sections exhibit a “thermal” exp (−6p_T ) dependence, which is largely independent of √ s, while at high p_T there is a power-law tail, due to hard scattering, which depends strongly on √ s. The characteristic variation with √ s at high p_T is produced by the fundamental power-law and scaling dependence of Eq. 25, 26. This is best illustrated by a plot of √ s^{n(xT ,} √ s) × E d^3σ d^3p

= G(x_T ) , (27)

as a function of x_T , with n(x_T , √ s) = 6.3, which is valid for the x_T range of the present RHIC measurements (Fig. 11b). The data show an asymptotic power law with increasing x_T . Data at a given √ s fall below the asymptote at successively lower values of x_T with increasing √ s, corresponding to the transition region from hard to soft physics in the p_T region of about 2 GeV/c.

5. “A new state of matter” vs. “The perfect fluid”.

With the terminology, concepts and other basics thoroughly discussed, it should be straightforward to present the relevant measurements and to evaluate whether the data support the conclusions.

5.1. Particle production, thermal/chemical equilibrium, strangeness enhancement

At RHIC energies, as shown in Fig. 3, the ⟨p_T ⟩ of π^±, K^±, p, p̄, increase smoothly from peripheral to central Au+Au collisions, and as in pp collisions increase with increasing

Recent results in relativistic heavy ion collisions 26

mass as would be expected for a thermal distribution (Eq. 19). The m_T -scaling property, of thermal distributions is well illustrated at SPS energies [171] where the effects of hard-scattering are small (see Fig. 12a). The increase of the ⟨p_T ⟩ with centrality for all

Figure 12. a) (left) Inverse slope of the m_T distribution (colloquially called T ) for π^±, K^±, p, p̄ in 158A GeV Pb+Pb central collisions [171]. b) (right) Inviarant yield of p and p̄ as a function of centrality scaled (by the number of binary collisions N_{coll}) to lie on top of each other for p_T >∼2 GeV/c [172]

particles, nearly linearly with rest mass, is evidence for collective motion (‘radial flow’, see below) and is seen in RHI collisions at AGS [173], SPS [171] and RHIC [60, 61, 62, 63] energies. The effect is primarily at low p_T where the slope flattens with increasing centrality as illustrated in Fig. 12b.

The semi-inclusive ratios of different particle abundances also vary smoothly as a function of centrality in Au+Au collisions at RHIC (see Fig. 13a) with a considerably larger increase in K^± production than p, p̄ production relative to π^±. However the p/π^+ and p̄/π^− ratios as a function of p_T (Fig. 13b) show a dramatic increase as a function of centrality at RHIC [172] which was totally unexpected and is still not fully understood (see below).

The ratios of particle abundances (which are dominated by low p_T particles) for central Au+Au collisions at RHIC, even for strange and multi-strange particles, are well described (Fig. 14a) by fits to a thermal distribution, d^2σ dp_Lp_T dp_T ∼ e^{−(E−μ)/T} → p̄ p = e^{−(E+μB )/T} e^{−(E−μB )/T} = e^{−(2μB )/T} , (28)

with similar expressions for strange particles, where μ_B and μ_S are chemical potentials associated with each conserved quantity: baryon number (μ_B ) and strangeness (μ_S ). This should not be very surprising as the particle abundances in A+A collisions at SPS and AGS energies [176] and in p-p [177] and e^+e^− collisions [178] are also well described by the same thermal model “(albeit, only by including a strangeness undersaturation factor, γ_s < 1) in p-p, e^+e^− and p+A collisions, where thermal and chemical equilibrium are thought not to be achieved [62])”, to such an extent that the chemical freezeout temperature T_{ch} as a function of μ_B (from Eq. 28) could be derived, which looks

Recent results in relativistic heavy ion collisions 27

Figure 13. a) (left) K^±/π^± and p^±/π^± ratios as a function of centrality (N_{part}) in √ s_{NN} Au+Au collisions. [63]. b) (right) p/π and p̄/π ratio as a function of p_T from the same data [63, 172]. Open (filled) points are for π^± (π^0), respectively.

Figure 14. a)(left) Ratios of p_T -integrated mid-rapidity yields for different hadron species measured in Au+Au central central collisions at √ s_{NN} = 200 GeV [62]. The variation of γ_s as a function of centrality is shown as an inset including measurements for 200 GeV p-p collisions. b) (right) T_{ch} versus μ_B for thermal model fits as a function of √ s_{NN} [174], where the dashed lines represent the possible phase boundary of the QGP transition and the dotted lines represent the result of [175]

suspiciously like a phase diagram (Fig. 14b). Of course, as the thermal equilibrium properties of the QGP are the subject of interest, it is important to understand how or if the thermal properties of the observed hadrons relate to the thermal properties of quarks and gluons in the QGP before getting too excited. Also, while these thermal models appear to be simple they have many technical details which are beyond the scope of this review [179].

This brings us to the perplexing question that if all particle ratios are explained by a thermal model then how could CERN claim from the strange particle abundances that

Recent results in relativistic heavy ion collisions 28

“all attempts to explain them using established particle interactions have failed”? This requires a somewhat more detailed examination of strange particle production. The

Figure 15. a)(left) E802 K/π vs y in p+A and Si+Au (central) collisions at √ s_{NN} = 5.4 GeV [180]; b) (right) Integrated yield over all rapidity of K^± per participant in Si+Au ( √ s_{NN} = 5.4 GeV) and Au+Au collisons ( √ s_{NN} = 4.7 GeV) at AGS [181]

strange particle production at the AGS in p+A and Si+A collisions at 14.6A GeV/c ( √ s_{N N} = 5.4 GeV) [180] and Au+Au collisions at 11.1A GeV/c ( √ s_{N N} = 4.7 GeV) [181] is shown in Fig. 15a. In contrast to the pion yield which is roughly constant from p+Be to p+Au (not shown), the K^+ yield in p+A collisions increases substantially with increasing target mass A and and increases in moving from the projectile to target region. Another striking feature of the data is that the π^+/p and K^+/p ratios both exhibit a strong rapidity dependence, but the K^+/p ratio exhibits a remarkable target mass independence while the π^+/p ratios do not. As the authors noted, “ The result that the K^+/π^+ ratio increases with the target mass is somewhat surprising. At AGS energies and below, the K^+ yield in p+p interactions decreases faster with decreasing energy than the π^+ yield. In a naive picture of successive collisions of the projectile proton with target nucleons in heavy targets, a decreasing ratio is expected.” In other words, strange particles are enhanced in p+A collisions and hadronic models can’t explain this. In Si+Au collisions, the enhancement of K^+/π^+ follows the same trend with rapidity but is further enhanced by a factor of ∼ 1.5.

The dependence on centrality and species in Si+Au and Au+Au collisions at the AGS is also very striking (Fig. 15b). The enhancement in the number of K^+ per participant in Si+A collisions at √ s_{N N} = 5.4 GeV turns on quickly and for Si+Au saturates at a moderate centrality. In Au+Au at √ s_{N N} = 4.7 GeV the number of K^+/participant increases slowly and smoothly as a function of centrality reaching an enhancement (compared to N-N collisions at the same √ s_{N N} ) the same or larger than

Recent results in relativistic heavy ion collisions 29

in central Si+Au, a factor of 3-4 enhancement per participant for K^+ compared to N-N collisions [181]. The K^+ and K^− yields track each other with centrality; and although the overall number of K^+ compared to K^− increases from Si+Al to Si+Au to Au+Au, the K^+/K^− ratio stays constant as a function of centrality for each system [182]. The other striking feature of this measurement is that no simple description of the K^± yields is given in terms of the number of participants. This tends to go against the simplest thermodynamical description, in which the volume (proportional to the number of participants) is the only extensive quantity in the problem—this is the thermodynamical (rather than quantum mechanical) explanation of why the wounded nucleon model works.

Interestingly, the systematics of kaon production at SPS energies show exactly the same effect (Fig. 16a). The total yield of K^+ divided by the total yield of π^+ which is

Figure 16. a) (left) Total number of K^+ per π^+ (equivalent to N_{part}) in S+S and Au+Au collisons at SPS [183, 82]; b)(right) dN/dy at midrapidity as a function of N_{part} for strange and multi-strange baryons [184, 185]

equivalent to K^+/participant, since the pions follow the wounded nucleon model, shows the same behavior at SPS energies as at the AGS, which was noted by the authors when this data was first presented at the Quark Matter conference in 1999 [183]. However, some influential theorists [186] at this meeting did not seem to be aware of the AGS data and this situation persisted in the “New State of Matter” announcement [66]. The measurements of strange and multi-strange baryons at mid-rapidity were unique at the SPS in 1999 since no such measurements had been done at the AGS. They showed a progressive increase in enhancement by roughly a factor of 3 per unit of strangeness, so that the Ω’s are enhanced by a factor of roughly 20. Due to the lack of measurements in peripheral collisions, the approximate flatness of the enhancement for N_{part} > 100 [184] attracted some attention as evidence of a pre-hadronic state [186] (although the more recent data shown in Fig. 16b [185] don’t look as flat) and the same effect is seen with K^+ in Pb+Pb at CERN and Si+Au at the AGS. One pre-hadronic state that was neglected was the quantum-mechanical excited nucleon responsible for the Wounded Nucleon Model for pions. Multiple excitation of the incident nucleons by

Recent results in relativistic heavy ion collisions 30

successive collisions has little effect on the production of pions, but has a huge effect on the production of K^+ if it raises the excitation above the K^+Λ threshold. Also, this happens in the initial collisions not in the hadron gas which takes place much later in the evolution of the system, so may not be well accounted for in ‘hadronic’ models. To quote Ref. [186, 187] “The observed strangeness enhancement pattern thus cannot be generated by hadronic final state interactions, but must be put in at the beginning of the hadronic stage.”

So, does the fact that “models based on hadronic interaction mechanisms have consistently failed to simultaneously explain the wealth of accumulated data” [66]— notably the strangeness enhancement both at AGS and SPS—imply that the QGP exists at the SPS (and the AGS)? Obviously not! The fact that certain ‘hadronic models’ do or do not explain the data is a statement about the validity of these models (which already fail for strangeness in p+A production at the AGS [180]) and is certainly no justification for drawing any conclusion about the Quark Gluon Plamsa. The SPS strangeness data, either at that time or at present [188], never supported a QGP conclusion even though strangeness enhancement was one of the original proposed signatures for the QGP (Sec. 3.2.1). Strangeness is enhanced in nuclear collisions at all c.m. energies [189, 190], even in p+A collisions. Hence strangeness enhancement is an ordinary feature of nuclear collisions, not a unique feature of the QGP.

Interestingly, strangeness production and the region between the SPS and AGS energies has drawn renewed interest lately [82, 191]. The integrated yield (over all phase space, rapidity, azimuth, p_T ) is shown in Fig. 17a [60]. As noted above, there is

Figure 17. a) (left) Ratio of total yields of K^+/π^+ and K^−/π^− as a function of √ s_{NN} [60]; b) (right) Ratio of ss̄ to uū and dd̄ quarks, λ [154], as a function of √ s_{NN} from Ref. [192] with predictions from Ref. [193]. The dotted line is the effect of the T variation, with μ_B = 0, and the solid line includes the μ_B variation.

an enrichment of K^+ in regions of large baryon density due to associated production via e.g pp → pK^+Λ. At the AGS, where the net proton density (μ_B ) is high at midrapidity

Recent results in relativistic heavy ion collisions 31

(recall Fig. 5) the number of K^+ strongly exceeds the number of K^−, which have no baryon-associated production channel and are mostly produced in a K^−K^+ pair. The pair production channel increases smoothly with √ s_{N N} while the K^+ production exhibits a maximum at √ s_{N N} ∼ 7 GeV. This maximum is explained [192, 193] (see Fig. 17b) by the interplay between the natural rise in strangeness production (e.g. K^−, Fig. 17a) with increasing √ s_{N N} (or T ) combined with the reduction of associated production due to the reduction of μ_B with increasing T (Fig. 14) as the nuclear transparency reduces with increasing √ s_{N N} and the valence protons move away from midrapidity (Fig. 5). Of course, the burning issue at this time is whether or not the maximum (colloquially the ‘horn’ [82]) at √ s_{N N} ∼ 7 GeV is a discontinuity (a real signature of a phase transition) or just an example of the very interesting but not QGP physics of A+A collisions. Clearly, more precise measurements in this region are required.

5.2. Flow

A distinguishing feature of A+A collisions compared to either p-p or p+A collisions is the collective flow observed. This effect is seen over the full range of energies studied in heavy ion collisions, from incident kinetic energy of 100A MeV to c.m. energy of √ s_{N N} = 200 GeV [194]. Collective flow, or simply flow, is a collective effect which can not be obtained from a superposition of independent N-N collisions. It comes in three varieties: directed flow, radial flow and elliptical flow.

Figure 18. a) (left) Almond shaped overlap zone generated just after an A+A collision where the incident nuclei are moving along the ±z axis, and the reaction plane, which by definition contains the impact parameter vector (along the x axis) Thanks to Masashi Kaneta for the figure [195]. b) (right) View of the collision down the z axis: (top) spatial distribution (bottom) momentum distribution after elliptic flow (v_2) develops

Recent results in relativistic heavy ion collisions 32

Immediately after an A+A collision, the overlap region defined by the nuclear geometry is almond shaped (see Fig 18) with the shortest axis along the impact parameter vector. Due to the reaction plane breaking the ϕ symmetry of the problem, the semi-inclusive single particle spectrum is modified from Eq. 13 by an expansion in harmonics [196] of the azimuthal angle of the particle with respect to the reaction plane, ϕ − Φ_R [197], where the angle of the reaction plane Φ_R is defined to be along the impact parameter vector, the x axis in Fig. 18: Ed^3N dp^3 = d^3N p_T dp_T dydϕ (29) = d^3N 2π p_T dp_T dy [1 + 2v_1 cos(ϕ − Φ_R) + 2v_2 cos 2(ϕ − Φ_R) + · · ·].

The expansion parameter v_1 is called the directed flow and v_2 the elliptical flow. If no collective behavior takes place, i.e. the interaction is merely a superposition of independent nucleon-nucleon collisions, then the outgoing momentum distribution of the particles would be isotropic in azimuth. However, since the leading participating nucleons in the forward region +z (Fig. 18a) will interact with many other nucleons in the “almond”, they will be pushed away from the rest of the participants, into the +x direction, while the −z going participants are pushed towards −x. This is what causes the directed flow, v_1, which was discovered at the Bevalac [1] and is clearly sensitive to the Equation of State. For instance if one imagines the almond to be composed of billiard balls requiring lots of pressure for a small deformation (hard EOS) a larger v_1 would result than if the almond suddenly melts, perhaps turning into a ‘perfect fluid’, with a much softer EOS [198].

The same principles apply to v_2, the parameter of cos 2(ϕ − Φ_R), which (unlike v_1) doesn’t change sign with rapidity, and hence is non-zero at midrapidity. If thermal equilibrium is reached, then the pressure gradient is directed mainly along the direction of the impact parameter (x axis in Fig. 18b) and collective flow develops along this direction. If all the particles are approximately at rest in the fluid and thus move with the fluid velocity, the transverse momentum distribution will reflect the fluid profile. Hence the anisotropic spatial distribution is carried over to an anisotropic momentum distribution through the pressure gradient [196].

It is important to emphasize that the spatial anisotropy turns into an momentum anisotropy only if the outgoing particles or partons interact with each other [197]. Thus the momentum anisotropy is proportional to the spatial anisotropy of the almond, represented by the eccentricity, ε = (R^2_y − R^2_x)/(R^2_y + R^2_x) ≃ (R_y − R_x)/(R_y + R_x), at the time (t_0) of thermalization. This is due to the fact that the mean number of scatterings in the transverse plane is different along the x and y axes [199, 200, 197]. The mean number of scatterings is proportional to the particle density, ρ = (1/πR_xR_y ) dn/dy (similar to Eq. 15) times the interaction cross section (σ) times the distance traversed:

v_2 ∝ R_y σ 1 πR_xR_y dn dy − R_x σ 1 πR_xR_y dn dy ∝ ε σ 1 πR_xR_y dn dy , (30)

Recent results in relativistic heavy ion collisions 33

where R_x = √ ⟨x^2⟩, R_y = √ ⟨y^2⟩. Hence one test for hydrodynamic evolution [199] is to plot v_2/ε as a function of ρ = (1/πR_xR_y ) dn/dy (see Fig.19). The data follow this

Figure 19. a)(left) v_2/ε as a function of particle density ρ = (1/πR_xR_y) dN_{ch}/dy as compiled by Ref. [205] for midcentral collisions (∼ 13 − 34% upper percentile). b) (right) v_2/ε as a function of p_T for midcentral collisions at RHIC as compiled by Ref. [63]

simple scaling law very nicely. The hydro-limits indicated are for full thermalization of the system at the value of ε given by the initial nuclear geometry of the almond at the time of overlap. If the system doesn’t thermalize rapidly, the flow tends to vanish because the eccentricity reduces as the system expands [63, 201]. The value of the hydro limit is also determined by the EOS through the speed of sound and whether the state is hadronic, partonic or undergoes a phase transition [202, 203]. The speed of sound, c^2_s = ∂P/∂ϵ (e.g. a simple EOS being ϵ = P/c^2_s ), determines how long it takes information about the initial spatial anisotropy to propagate to the whole system, ∼ R_y /c_s [204]. The hydro-limits shown on Fig. 19 are for a particular choice of an EOS with no phase transition [205, 62]. However, recent, more thorough calculations indicate that the hydro-limit is reached at RHIC but that v_2 at the SPS is considerably below it [206, 203]. Because perfect fluid hydrodynamics depends on so few parameters, there are many simple scaling tests [204] (analogous to Eq.30 and Fig. 19) that can be performed to test its validity [194].

It is also possible that the increase of v_2/ε with increasing √ s_{N N} (averaged over p_T ) is due to the harder p_T spectra at larger √ s_{N N} . However the p_T dependence of v_2/ε (Fig. 19b) clearly increases more rapidly with increasing √ s_{N N} .

Since the eccentricity ε is much larger for peripheral than for central collisions, the dependence of v_2 on centrality has a characteristic shape (Fig. 20a) [207]. This was one of the first publications from RHIC and showed that v_2 was surprisingly large and near the hydro-limits. Another surprise [209] (Fig. 20b) [208] was that the v_2 followed the hydro prediction out to p_T ∼ 2 GeV/c and then plateaued at a constant value to much higher p_T . This was one of the principal arguments for the “perfect fluid” because

Recent results in relativistic heavy ion collisions 34

Figure 20. a) (left) v_2 as function of centrality measured as a fraction of the total number of charged particles [207]. The boxes represent the expected hydro-limit with v_2/ε = 0.19 (lower edge) and 0.25 (upper edge). b) (right) v_2 as a function of p_T for identified particles in minimum bias Au+Au collisions at √ s_{NN} = 200 GeV together with a hydro calculation [208].

any modest value of viscosity [210] would cause the v_2 to decrease towards zero near p_T ∼ 1.7 GeV/c (Fig. 21a).

Figure 21. a) (left)v_2 as a function of p_T in a hydro calculation [210] for mid-central collisions for different values of Γ_s/τ_0, the “sound attenuation length” which is zero for a “perfect fluid” and increases linearly with the viscosity. b) (left) v_2/n vs p_T /n for identified particles, where n is the number of constituent quarks [208]

As hydrodynamics appears to work in both p-p and A+A collisions, and collective flow is observed in A+A collision over the full range of energies studied, a key question is what is flowing at RHIC and is it qualitatively different from the flow observed at lower √ s_{N N} ? One interesting proposal in this regard is that the constituent quarks flow [211], so that the flow should be proportional to the number of constituent quarks n_q, in which case v_2/n_q as a function of p_T /n_q would represent the constituent quark flow as a function of constituent quark p_T and would be universal. Interestingly, the RHIC

Recent results in relativistic heavy ion collisions 35

data (Fig. 21b) seem to support this picture, although the fact that the π^+ + π^− deviate most from the universal curve should raise some suspicions as the pion is the only particle whose mass is much less than that of its constituent quarks. Another striking hint as to

Figure 22. a) v_2 vs p_T for ϕ → K^+K^− and other particles as indicated in √ s_{NN} = 200 GeV minimum bias Au+Au collisions [212]; b) same data plotted as v_2/n vs p_T /n where n is the number of constituent quarks. c) (right) v_2 of non-photonic e^+ + e^− from semi-leptonic heavy flavor decay [213]. The solid curve is if both charm and light quarks flow, while the dashed curve is if only the light quark flows [214].

what is flowing at RHIC is given in Fig. 22 where the ϕ meson (Fig. 22a) [212] and charm particles (Fig. 22c) detected by their large semi-leptonic decay [215, 216, 217, 218, 219] exhibit the same v_2 as other particles [220, 213] indicating for the ϕ that the flow is partonic because the hadronic interaction cross section of the ϕ meson is much smaller than for the other hadrons both in the constituent quark model and as measured in photoproduction [221, 222, 223]. For the charm particles, the v_2 of the decay electrons follows the v_2 of the D(cd̄, cū) mesons [224, 214], but due to their different masses the c and ū, d̄ quarks have different momenta for the same velocity required for formation by coalescence, so the v_2 of the D mesons is reduced to that of the light quark at lower p_T if the c quark itself does not flow. The data (Fig. 22b) favor the flow of the c quark, but clearly lots more work remains to be done to improve both the measurement and the theory. As no data for either ϕ or charm flow exist at the SPS it is difficult to know whether the observation of what must be partonic flow for these particles at RHIC is qualitatively different from flow at the SPS.

The last variety of flow is radial flow, which was illustrated in Fig. 12. Particles or partons which travel with the flow velocity, ⃗u, acquire increasingly larger kinetic energies with increasing mass so that the ⟨p_T ⟩ increases with increasing mass and centrality which is manifested by the flattening of the p_T distribution at low p_T [197, 225], an apparent increase in the inverse-slope: ⟨p_T ⟩ 2 ≈ T_{apparent} ≈ T + 1 2 m ⟨ u^2_⊥ ⟩ . (31)

While the elliptic flow is only sensitive to the geometry of the flow profile, the radial flow is sensitive to the velocity and hence puts a requirement on hydro models to explain

Recent results in relativistic heavy ion collisions 36

the p_T spectra for identified particles as well as the observed v_2. While some hydro models rise to the challenge, there is no hydro model which also explains the size of the interaction volume measured by Bose-Einstein correlations (HBT) [226], though all agree that the flow velocity ⟨u_⊥⟩ ∼ 0.5 (in units of the speed of light). Also there is no definitive explanation of the decrease of v_2 away from mid-rapidity [61, 62] which was not discussed here.

5.2.1. Hydrodynamics and Bose-Einstein correlations When two identical bosons (usually π^+π^+ or π^−π^−) occupy nearly the same coordinates in phase space, constructive interference occurs due to symmetry of the wave-function imposed by Bose-Einstein statistics, a quantum-mechanical effect. This is measured with relatively soft particles (p_T ≤ 1 GeV/c) using a two-particle correlation function, C^{BE}_2 [227], which represents the probability of detecting two identical pions with momenta ⃗p_1, ⃗p_2, ⃗q = ⃗p_1 − ⃗p_2, divided by the product of the probabilities for detecting the individual pions (which is the probability of detecting two such pions if they are uncorrelated). For a classical chaotic source, C^{BE}_2 = 1, while for a quantum source of identical bosons, C^{BE}_2 = 2 [228]. For a gaussian source, C^{BE}_2 takes the form [228, 229]:

C^{BE}_2 (q) =

P(⃗p_1, ⃗p_2) P(⃗p_1) P(⃗p_2)

= 1 + λ exp(−R^2_{side}q^2_{side} − R^2_{out}q^2_{out} − R^2_{long}q^2_{long})(32)

where the coordinate system is chosen so that q_{long} is along the beam direction, q_{out} is parallel to the average transverse momentum of the pair, ⃗k_T = (⃗p_{T 1} + ⃗p_{T 2})/2, and q_{side} is the other transverse component, perpendicular to ⃗k_T . The parameter λ measures the strength of the correlation and would have the value λ = 1 for a fully chaotic quantum source. The extracted source dimensions are commonly called HBT radii, after a similar technique developed by radio astronomers to measure the angular size of radio sources [230].

For a time-dependent source, the energy difference, q_0 = E_1 − E_2, of the two pions must be taken into account. The radii then become functions of ⃗k_T ; and R_{out} acquires an additional dependence on the time duration of particle emission, τ , such that for a cylindrical source, R^2_{out} = R^2_{side} + β^2_T τ^2, where β_T is the average velocity of the pair, corresponding to ⃗k_T . It is important to note that dynamical effects due to final state interactions can be large, which makes the interpretation of these measurements a very specialized subject [231]. One such example is the case of a source which expands due to collective flow. The HBT radii do not increase as a function of velocity but instead decrease, since they correspond to “lengths of homogeniety”, or regions of the source which emit particles of similar momentum [232].

HBT measurements in search of the QGP were primarily motivated by theoretical predictions of a large source size and/or a long duration of particle emission which would result from the presence of a long-lived mixed phase during a first-order phase transition from a QGP to a gas of hadrons [63, 229, 233, 234]. This would be indicated by large values of R_{out}/R_{side} ≥ 1.5 − 3. However, beautiful measurements of Bose- Einstein correlations with pions at RHIC [235, 239] show no such effect (see Fig. 23) [63].

Recent results in relativistic heavy ion collisions 37

Figure 23. The k_T dependence of HBT radii [63] for PHENIX [235] 0–30% most central, and STAR [239], as labeled, in Au+Au collisions at √ s_{NN} = 200 GeV

Although a clear decrease of all the HBT radii with increasing k_T is seen, indicating an expanding source, R_{out}/R_{side} hovers close to or below 1, in disagreement with the hydro models [226, 203]. This is the “RHIC HBT puzzle” [236].

Does the HBT puzzle indicate a problem with hydrodynamics calculations, or the absence of a first-order phase transition, or both? With regard to the former, hydroinspired parameterized fits seem to be able to explain the data [164]. However, the exact solution of 3+1 dimensional relativistic hydrodynamics, using the correct initial conditions, EOS, and realistic hadronization is a non-trivial, non-linear mathematical problem which has not yet been solved [55]. Clearly, the RHIC HBT puzzle is a message to the theoretical community that the time has come to make the effort. Regarding the absence of a first-order phase transition, this seems to be consistent with the latest thinking [46] (see Fig. 1a) as well as with measurements of event-by-event fluctuations.

Measurements of the distribution of the event-by-event average transverse momentum of charged particles provide severely small limits on possible non-random fluctuations due to a phase transition. For events with n detected charged particles with magnitudes of transverse momenta, p_{Ti} , the event-by-event average p_T , denoted M_{pT} [237], is defined as:

M_{pT} = p_T = 1 n n∑ i=1 p_{Ti} . (33)

Recent results in relativistic heavy ion collisions 38

A typical M_{pT} distribution for a measurement in one centrality class of √ s_{N N} = 200 GeV Au+Au collisions in PHENIX [238] is shown in Fig. 24a (data points) compared to a mixed-event distribution (histogram) which defines a baseline for random fluctuations. The difference between the data and the mixed-event random baseline distribution

Figure 24. a) (left) M_{pT} for Au+Au collisions at √ s_{NN} = 200 GeV with 30– 35% centrality [238]: measured events ( ), mixed events (histogram). b) (right) Compilation [241] of Σ_{pT} (in per-cent) for SPS (Pb+Au) and RHIC (Au+Au) experiments, as indicated, as a function of √ s_{NN} and μ_B

is barely visible to the naked eye. The non-random fluctuation is quantified by the difference between the measured and random values of the variance divided by the squared mean:

Σ^2_{pT} = σ^2_{MpT} μ^2 − σ^2_{MpT} μ^2

random

, (34)

where μ = ⟨M_{pT} ⟩ and σ^2_{MpT} = ⟨ M^2_{pT} ⟩ − ⟨M_{pT} ⟩^2. If the the entire non-random fluctuation were due to fluctuations of the temperature (T ) of the initial state [240], with r.m.s. variation relative to the mean, σ_T /⟨T ⟩, then Σ_{pT} = σ_T / ⟨T ⟩. Fig 24b [241] shows measurements of Σ_{pT} for central collisions at SPS (Pb+Au) and RHIC (Au+Au) energies, with similar small values (∼ 1%) observed in all cases. These results put stringent limits on the critical fluctuations that were expected for a sharp phase transition, both at SPS energies and at RHIC, but are consistent with the expectation from lattice QCD that the transition is a smooth crossover [46].

5.2.2. Summary and conclusions on flow In summary, collective flow is observed in A+A collisions at all c.m. energies; but, uniquely at RHIC, hydrodynamics with full thermalization appears to describe the v_2 and p_T spectra, with constituent quarks as the flowing objects. Since hydrodynamics also provides a decent description of p-p data [55],

Recent results in relativistic heavy ion collisions 39

much experimental and theoretical work remains to be done before the smoking gun of the QGP can be claimed from the success of hydrodynamics in Au+Au collisions at RHIC. Suggestions for further study include measurements of v_2 with U+U collisions, where the highly deformed Uranium nuclei should provide a strong v_2 signal even for central collisions [203] and the search for collective effects in p-p collisions, where due to the difficulty of defining the reaction plane, the search for radial flow in central (high multiplicity) p-p collisions might be the most promising. Also, there is still no unified hydrodynamic description at RHIC of v_2, p_T spectra and spatial sizes determined by HBT. Even if it should turn out that constituent quarks flow at RHIC but not at the SPS, one must heed the warning of Ref. [62], “it must be kept in mind that constituent quarks are not partons: they are effective degrees of freedom normally associated with chiral symmetry breaking and confinement, rather than with the deconfinement of a QGP.” Nevertheless, the description of the medium produced at RHIC as a “perfect fluid” [64, 242] seems appropriate.

5.3. Jet Quenching

One of the major, arguably the major discovery at RHIC, was the observation of jet quenching [243, 244] (Sec. 3.4) by the suppression of π^0 and non-identified charged hadrons in Au+Au collisions at mid-rapidity for large transverse momenta, p_T > 2 GeV/c. In p-p collisions, particles with p_T ≥ 2 GeV/c at mid-rapidity (perpendicular to the collision axis) are produced from states with two roughly back-to-back jets which are the result of hard-scattering of the constituents of the nucleon (current-quarks and gluons) as described by QCD (Sec. 4.1.2). The suppression of high p_T particles was observed by all four RHIC experiments [63, 60, 61, 62] and is well calibrated by using measurements in p-p, d+Au and Au+Au collisions at √ s_{N N} = 200 GeV. The p_T spectra of π^0 from p-p collisions at √ s = 200 GeV [249] and Au+Au collisions at √ s_{N N} = 200 GeV [250] are shown in Fig. 25. Note that the p-p measurements for p_T ≥ 3 GeV/c are in excellent agreement with a pQCD calculation [253].

Since hard scattering is point-like, with distance scale 1/p_T < 0.1 fm, the cross section in p+A (B+A) collisions, compared to p-p, should be simply proportional to the relative number of possible point-like encounters [251], a factor of A (BA) for p+A (B+A) minimum bias collisions. For semi-inclusive reactions in centrality class f at impact parameter b, the scaling is proportional to T_{AB} (b), the overlap integral of the nuclear thickness functions [252], where ⟨T_{AB} ⟩_f averaged over the centrality class is:

⟨T_{AB} ⟩_f = ∫ f T_{AB}(b) d^2b ∫ f (1 − e^{−σN N TAB (b)}) d^2b = ⟨N_{coll}⟩_f σ_{N N} , (35)

and where ⟨N_{coll}⟩_f is the average number of binary nucleon-nucleon inelastic collisions, with cross section σ_{N N} , in the centrality class f. This leads to the description of the scaling for point-like processes as binary-collision (or N_{coll}) scaling. This description is convenient, but confusing, because the scaling has nothing to do with the inelastic

Recent results in relativistic heavy ion collisions 40

Figure 25. a)(left) Invariant yield of π^0 in Au+Au peripheral collisions at √ s_{NN} = 200 GeV (stars) and compared to p-p collisions, scaled by N_{coll} (circles) [250, 249]. The black line is a pQCD calculation. [253] The yellow band around the scaled pp points represents the overall normalization uncertainties. b) (right) The same for central collisions.

hadronic collision probability, it is proportional only to the geometrical factor ⟨T_{AB}⟩_f (Eq. 35).

Effects of the nuclear medium, either in the initial or final state, may modify the point-like scaling. This is shown rather dramatically in Fig. 25, where for peripheral collisions, Fig. 25a, the AuAu data are in excellent agreement with the point-like scaled p-p data while for central collisions, Fig. 25b, the Au+Au data are suppressed relative to the scaled p-p data by a factor of ∼ 4−5 for p_T ≥ 3 GeV/c. A quantitative evaluation of the suppression is made using the “nuclear modification factor”, R_{AB} , the ratio of the measured semi-inclusive yield to the point-like scaled p-p cross section: R_{AB} = dN^P_{AB} ⟨T_{AB} ⟩_f × dσ^P_{N N} = dN^P_{AB} ⟨N_{coll}⟩_f × dN^P_{N N} (36)

where dN^P_{AB} is the differential yield of a point-like process P in an A + B collision and dσ^P_{N N} is the cross section of P in an NN (usually p-p) collision. For point-like scaling, R_{AB} = 1.

The suppression, R_{AA}, of π^0 in central Au+Au collisions at RHIC (see Fig. 26a), although quite dramatic in its own right, is even more dramatic when compared to previous data. All previous measurements of nuclear effects at high p_T ≥ 2 GeV/c in p+A and A+A collisions at lower √ s_{N N} have given results which are larger than point-like scaling (Fig. 26b), a situation called the ‘Cronin Effect’ [256] and thought to be due to the multiple scattering of the incident partons in the nuclear matter before the hard-collision [257, 258]. The suppression observed at RHIC is a totally new effect.

Naturally, the first question asked about the RHIC suppression was whether it is an initial state effect, produced, for instance, by ‘shadowing’ of the structure functions in nuclei, or a final state effect produced by the medium. Although originally

Recent results in relativistic heavy ion collisions 41

Figure 26. a) (left) Nuclear modification factor R_{AA}(p_T ) for π^0 in central • and peripheral Au+Au at √ s_{NN} = 200 GeV. [250]. The error bars include all point-to-point experimental (p-p, Au+Au) errors. The shaded bands represent the fractional systematic uncertainties for each centrality which can move all the points at that centrality up and down together. b) (right) Compilation of R_{AA}(p_T ) for π^0 production in A+A collisions from Refs. [63, 255].

answered by all 4 RHIC experiments by the observation of no suppression in d+Au collisions [60, 61, 62, 63], a clearer answer came from later measurements of QCD hard-photon production (gq → γq) [259], Fig. 27a, and the total yield of charm particles (gg → cc̄) deduced from measurements of non-photonic e^± [260] (Fig. 27b) in Au+Au collisions. Both these reactions are sensitive to the same initial state partons

Figure 27. a) (left) R_{AA} for p_T > 6 GeV/c for prompt photon • and π^0 ∘ production as a function of centrality (N_{part}) in Au+Au collisions at √ s_{NN} = 200 GeV [259].

Experimental systematic errors for prompt photon are shown by dashes while the shaded region on the right indicates the theoretical scale error from the NLO calculation of direct photons in p-p [259]. b) Non-photonic electron yield (0.8 < p_T < 4.0 GeV/c), dominated by semi-leptonic charm decays, measured at √ s_{NN} = 200 GeV for Au+Au (scaled by N_{coll}) and p-p collisions as a function of centrality (N_{coll}). The right-hand scale shows the corresponding electron cross section per N − N collision in the above p_T range [260].

as π^0 production, but the photons, which are themselves elementary constituents which

Recent results in relativistic heavy ion collisions 42

participate in and emerge directly from the hard-scattering, do not interact with the final state medium; and the number of cc̄ pairs produced does not depend on whether or not the c or c̄ later interact with the medium. Hence the fact that R_{AA} = 1 as a function of centrality for these two reactions, which is dramatically different from the suppression of π^0, indicates that the π^0 suppression is produced by the interaction of the outgoing hard-scattered parton with the medium, losing energy before it fragments into a π^0. The energy loss is indicated by the shift to lower p_T of the spectrum (Fig. 25b) for a given yield. Another possiblity is that the energy loss is hadronic rather than partonic (to be discussed below).

5.3.1. More Surprises It turned out that the d+Au measurement was less clearcut than sketched out in Fig. 9. For particles detected at 90^∘ from the collision axis (at mid-rapidity, η = 0), the d+Au results showed no suppression, possibly a Cronin enhancement [261] (see Fig. 28a). However for more forward emission, larger

Figure 28. a) (top) Central • and semicentral ∘ R_{CP} (p_T ) ratios for charged hadrons at pseudorapidities η = 0, 1.0.2.2, 3.2 in d+Au collisions at √ s_{NN} = 200 GeV [261].

b) (bottom)R_{dAu}(p_T ) for same data. Statistical errors are shown with error bars. Systematic errors are shown with shaded boxes around the data points. The shaded band around unity is the systematic error on N_{coll}.

η, corresponding to lower values of x (Eq. 25), R_{CP} , the ratio of binary-scaled semiinclusive yields of central compared to peripheral collisions, showed a huge suppression. This was exactly what was predicted if the initial state of the Au nuclei at RHIC were a color glass condensate (CGC), in which the gluon structure function at small x is not an incoherent superposition of nucleon structure functions but is limited with increasing A by non linear gluon-gluon fusion (gg → g) resulting from the overlap of gluons from several nucleons [262]. A CGC can produce either a Cronin-like enhancement or a

Recent results in relativistic heavy ion collisions 43

suppression depending on the initial conditions and the kinematic range covered [263]. However, the suppression, if any, at large η is much less pronounced when a measured p-p reference is used and R_{d+Au} is plotted (Fig. 28b).

There are two lessons from this example. (i) It is important to obtain a p-p reference spectrum, since R_{CP} just shows the relative change of A+A collisions from more peripheral to more central which may be confused by a Cronin effect for peripheral collisions. (ii) There may be yet another “new state of nuclear matter”, the CGC, to deal with. This may be particularly important at the LHC where all the physics moves to much lower values of x.

The d+Au data was not the only surprise at RHIC. An even bigger, and totally unpredicted, surprise was revealed with the measurement of R_{AA} for identified particles other than the π^0 in the range 2 ≤ p_T ≤ 5 GeV/c (Fig. 29). Charm particles, as

Figure 29. a) (left) R_{AA}(p_T ) for non-photonic electrons in central collisions (0–10% upper percentile) of Au+Au at √ s_{NN} = 200 GeV [213]. b) (right) R_{CP} for π^0 and ϕ mesons and for p + p̄ in Au+Au at √ s_{NN} = 200 GeV [264]. The vertical dotted bar on the right represents the systematic error in N_{coll}. The shaded solid bar around R_{CP} = 1 represents the systematic error by which the ϕ can move with respect to the other data.

measured by non-photonic e^+ + e^−, exhibit a suppression comparable to π^0 (Fig. 29a), indicating a surprisingly strong interaction with the medium [213]. This is is a very recent result and has caused quite a commotion since the heavy c quark should lose much less energy to the medium than light quarks and gluons [265]. Another totally surprising result is that the protons and anti-protons (Fig. 29b) are not suppressed at all, but follow point-like scaling. (The N_{coll} scaling of the p_T spectra can be seen in Fig. 12b).

These two results show that particle identification is crucial to unraveling all aspects of the physics of heavy ion collisions, even for hard-scattering. In particular, the early measurements [243] showed a difference of suppression between π^0 and non-identified charged particles for 1.5 ≤ p_T ≤ 4 GeV/c (see Fig. 30a) which led to confusion. However,

Recent results in relativistic heavy ion collisions 44

that effect is now understood to be due to the proton ‘anomaly’, which appears to vanish for p_T ≥ 6 GeV/c where the R_{AA} from non-identified charged particles comes into agreement with the value of R_{AA} for π^0, which, notably, remains essentially flat at a value of R_{AA} ∼ 0.2 from 3 ≤ p_T ≤ 20 GeV/c. Clearly, something is going on in the region 2 ≤ p_T ≤ 6 GeV/c (which has come to be called “intermediate p_T ”) which needs to be understood.

Figure 30. a) (left) R_{AA}(p_T ) for π^0 and non-identified charged hadrons in Au+Au central collisions at √ s_{NN} = 200 GeV [266]. b) (right) R_{AA}(p_T ) for π^0, prompt γ and η in the same reaction. [267]

One interesting proposal to explain the proton anomaly concerns coalescence of constituent quarks [268, 269, 270]. If the light quarks have a thermal distribution, exp(−bp_T ), then production of protons via coalesence in the intermediate p_T region is favored over fragmentation from a power-law spectrum. Also, the natural p/π ratio is close to 1 because a proton of a given p_T is produced by the coalescence of 3 quarks of p_T /3, so there is no penalty compared to forming a pion from two quarks of p_T /2 because [exp(−bp_T /3)]^3 = [exp(−bp_T /2)]^2. This model nicely predicted that fragmentation would become dominant above ∼ 5 GeV/c so that the p/π ratio would return to its normal fragmentation value (Fig. 13b) and that the suppression would become the same for π^0 and p, as nicely shown by the data (Fig. 30a). The model also predicts, as observed [264] (Fig. 29b), that the ϕ meson (ss̄) would act like a π^0 meson, which has a similar constituent quark configuration, rather than like a proton which has a similar mass but a different quark configuration [264]. Similarly, R_{AA} for the η meson [266], nicely tracks the π^0 (Fig. 30b). The model has an added attraction which is worth a direct quote [269], “Finally, our scenario requires the assumption of a thermalized partonic phase characterized by an exponential momentum spectrum. Such a phase may be appropriately called a quark-gluon plasma.” Unfortunately, other facets of the data do not fit this model, as the intermediate p_T protons and mesons both seem to come from jet-like configurations rather then from soft processes (see later discussion).

Recent results in relativistic heavy ion collisions 45

5.3.2. Jet properties from two-particle correlations The study of jet properties via twoparticle correlations, pioneered at the CERN-ISR [271], is used at RHIC rather than reconstructing jets using all particles within a cone of size Δr = √ (Δη)^2 + (Δϕ)^2).

This is because the large multiplicity in A+A collisions (recall Fig. 2b,c) results in a huge energy π(Δr)^2 ×^1_{2π}^{dET}_{dη} ∼ 375 GeV in the standard cone, Δr = 1, for Au+Au central collisions. Elliptical flow further complicates the jet measurement because the large non-jet background is modulated by cos 2ϕ, which is comparable in width to the jets studied so far. In Fig. 31a, the conditional probability of finding an associated

Figure 31. a)(left) Associated charged tracks with 2 ≤ p_T ≤ p_{Tt} GeV/c per trigger charged particle with 6 ≤ p_{Tt} ≤ 8 GeV/c for central Au+Au collisions at √ s_{NN} = 200 GeV as a function of the angle Δϕ between the tracks in the range |η| < 1.4 • compared to the data in p-p collisions added to the flow modulated Au+Au background [272]; b) (right) Associated charged tracks with 1 ≤ p_T ≤ 2.5 GeV/c per trigger charged particle with 2.5 ≤ p_{Tt} ≤ 4.0 GeV/c after subtraction of flow-modulated background. The dashed (solid) curves are the distributions that would result from increasing (decreasing) the flow modulation by one unit of the systematic error; the dotted curve would result from decreasing by two units [273]. Note that only the jet correlation, after background subtraction, is shown.

charged particle with 2 ≤ p_T ≤ p_{Tt} per trigger charged particle with 6 ≤ p_{Tt} ≤ 8 GeV/c is shown for p-p and Au+Au central collisions, where the p-p data have been added to the large flow-modulated Au+Au background. (Note the offset zero.) For the p-p data there two peaks, a same-side peak at Δϕ = 0 where associated particles from the jet cluster around the trigger particle and a peak at Δϕ = π radians, from the away jet. For Au+Au central collisions, the same side peak is virtually identical to that in p-p collisions, while the away peak, if any, is masked by the v_2 modulation, and, in any case, is much smaller than observed in p-p collisions [272]. The ‘vanishing’ of the away jet is consistent with jet quenching in the medium due to energy loss—the away parton loses energy, and perhaps stops, so that there are fewer fragments in a given p_T range. The fact that the number of associated particles in a cone around the trigger particle is the same in Au+Au as in p-p collisions is a strong argument against hadronic

Recent results in relativistic heavy ion collisions 46

absorption as the cause of jet quenching [274]. Since all hadrons would be absorbed roughly equally, the associated peak would be suppressed as much as the inclusive spectrum in a hadronic scenario, which is clearly not seen. The only escape from this conclusion is if the partons or hadrons were so strongly absorbed in the medium that only jets emitted from the surface were seen. Of course, since pions at mid-rapidity with p_T > 1.4 GeV/c, γ > 10, are not formed before 14fm, due to the quantum-mechanical formation time, they fragment outside the medium, even taking account of the flow velocity. Thus hadronic absorption in the medium is not possible for pions.

The away jet reappears if the p_T of the associated charged particles is lowered to the range 1 ≤ p_T ≤ 2.5 GeV/c for trigger charged particles with p_{Tt} in the range 2.5 ≤ p_{Tt} ≤ 4.0 GeV/c (Fig.31b)[273, 275]. In the most peripheral collisions, the shape of the trigger and away jets looks the same as in p-p collisions (Fig. 31a). However with increasing centrality, the away jet becomes much wider (Fig. 31b) and possibly develops a dip at Δϕ = π. Since the outgoing partons travel much faster than c_s in the medium, a sonic-boom or mach-cone might develop, as suggested by the dip [276]. There are many other ideas to explain the apparent dip, not the least of which is to get a better understanding of how exactly to extract the flow effect.

Study of jet correlations in A+A collisions is much more complicated than the same subject in p-p collisions and one can expect a long learning curve. However even at this early stage, there is one definitive result from jet correlations[277], in the sense that it is adequate to cast serious doubt on the validity of coalescence models to explain the anomalous p/π ratio at intermediate p_T . Fig. 32a shows the integrated associated particle yields/trigger for p-p, d+Au and AuAu collisions from correlations, as in Fig. 31b, where the trigger is identified as either a meson or a baryon in the range 2.5 ≤ p_{Tt} ≤ 4.0 GeV/c and the associated particles, in the range 1.7 ≤ p_T ≤ 2.5 GeV/c, are not identified. The yield of associated particles/per trigger on the near side, from the same jet as the trigger hadron, is the same for meson and baryon triggers as a function of centrality, except perhaps in the most central bin; and the same effect is seen for the away-side yields. The red-dashed curve indicates the expected trigger-side conditional yield if all the anomalous protons in Au+Au collisions were produced by coalescence. This shows that meson and baryons at intermediate p_T are produced by hard-processes with the same di-jet structure, and not by soft coalescence. A recent paper [278] claimed to demonstrate that two-parton correlations of order of 10% would be sufficient to move the red-dashed curve of Fig. 32a into agreement with the data for the near side correlations. However the away side correlations, which are the same for meson and baryon triggers and show a clear hard-scattering di-jet structure, were not addressed. Clearly, the baryon anomaly remains a puzzle.

5.3.3. Detailed tests of the energy loss formalism At face value, suppression of high p_T particles at RHIC appears to support the jet quenching description. Unfortunately, as noted in Sec. 3.4, the properties of the medium can not be derived straightforwardly from the data but must be extracted using models [137, 138, 139]. All the models [262,

Recent results in relativistic heavy ion collisions 47

Figure 32. a) (left) Conditional yield per trigger meson (circles), baryon (squares) with 2.5 < p_T < 4 GeV/c, for associated charged hadrons with 1.7 < p_T < 2.5 GeV/c integrated within Δϕ = ±0.94 radian of the trigger (Near Side) or opposite azimuthal angle, for Au+Au (full), d+Au (open) collisions at √ s_{NN} = 200) GeV [277]. Shaded boxes indicate centrality dependent systematic errors. An overall systematic error which moves all the points by 12% is not shown. p-p data are shown for non-identified charged hadron triggers. b) (right) log-log plot of central π^0 data from Fig. 25b

279, 280, 281, 282, 283, 265] agree that the medium in Au+Au central collisions exhibits a color charge density, expressed as the gluon density in rapidity, of dN^g /dy ≈ 1100, corresponding to an energy density ϵ ≈ 30 − 10 GeV/fm^3 at an initial thermalization time t_0 ≈ 0.2 − 0.5 fm, with a time averaged ⟨q̂⟩ ≈ 4 − 14 GeV^2/fm, all roughly 100 times that of cold nuclear matter, or roughly 10 times that of a nucleon, probed in a cylinder around the outgoing parton of radius r_D = 1/μ = 0.4 fm, where μ = 0.5 GeV is the ‘screening scale’ [137], which corresponds to √ t_{min} for the gluon bremsstrahlung.

Experimentalists cannot simply accept these numbers pronounced by theorists drawing curves through various data points, but must have a way to verify the validity of the theory directly from the measurements. Since the theory involves the complicated interplay of 3 nuclear effects (Cronin+shadowing+quenching) [284] the best we can do at present is to try to test formulas provided by the theorists to approximate their results. For instance, although the total energy loss ΔE in a static medium is supposed to be independent of the energy of the parton, E, and proportional to L^2[134], once expansion is added, “the radiative spectrum and the mean energy loss can be related to the soft gluon rapidity density”[279], and ⟨ΔE⟩ becomes proportional to L but remains independent of E apart from logarithms[279]: ⟨ΔE⟩ ≈ − 9C_Rπα^2_s 4 1 A_⊥ dN^g dy L ln 2E μ^2L

+ · · · , (37)

where C_R = 4/3 (3) is the Casimir invariant for quarks (gluons) and A_⊥ ≈ πR_xR_y is the effective area of the collision.

Recent results in relativistic heavy ion collisions 48

The average energy loss ⟨ΔE⟩ can be measured from the shift in the p_T spectrum at constant Yield [136] (see Fig.32b). It is apparent from this log-log plot of the binaryscaled p-p spectrum and Au+Au central collision spectrum for π^0, that the p-p spectrum is a pure power law for p_T ≥ 3 GeV/c, Ed^3σ/dp^3 = Ap^n_T , with n = 8.1 ± 0.1 [285], and that the Au+Au spectrum is shifted down in p_T from the scaled p-p spectrum by a constant fraction, −Δp_T /p_T ≡ S_{loss}, since the spectra are parallel. This explains why R_{AA} is a constant (see Fig 30b), since the relation between S_{loss} and R_{AA} is particularly simple for a power law:

S_{loss}(p_T ) = 1 − R_{AA}(p_T )^{1/(n−2)} . (38) The dependence of Eq. 37 on the gluon density can be tested by measurement of S_{loss} as a function of centrality (recall Fig. 27) [63]. The L dependence of Eq. 37 for constant initial condition can be studied by measurement of S_{loss} as a function of angle with respect to the reaction plane, where the average L of the system can be calculated [285] (Fig. 33a). The compilation of S_{loss} vs L by this method (Fig. 33b)

Figure 33. a)(left) S_{loss} as a function of angle Δϕ = ϕ − Φ_R with respect to the reaction plane in √ s_{NN} = 200GeV Au+Au collisions as a function of centrality [285].

b)(right) S_{loss} versus L_ε, the length from the center of the almond, combining the various data points from (a), with different centrality bins represented by different symbols.

shows a reasonably linear behavior with L with the totally striking result that S_{loss} appears to go to zero at finite L ∼ 2 fm, suggestive of a formation time. This may explain why attempts to explain the azimuthal anisotropy v_2 at large p_T solely in terms of energy loss failed [286, 287]. Again, it should be noted that this type analysis is in its infancy and a long learning curve is to be expected.

5.3.4. The smoking gun? The jet suppression observed at RHIC is unique in that it has never been seen in either p+A collisions or in A+A collisions at lower √ s_{N N}

Recent results in relativistic heavy ion collisions 49

and it probes the color charge density of the medium. Many questions and unsolved problems remain which are under active investigation, but this effect comes closest of all, in the author’s opinion, to meeting the criteria for declaring the medium a Quark Gluon Plasma:

• There is no such effect in p+A collisions at any √ s_{N N} • It is not the ‘ordinary physics’ of A+A collisons since it only occurs for √ s_{N N} ≥ 30 GeV • In all discussions of the effect, the operative ‘charge’ is color and the operative degrees of freedom are quarks and gluons.

5.4. J/Ψ Suppression

Figure 34. a) (left) A dependence of total cross section for Ψ, Ψ^′ , Υ production in 800 GeV p+A collisions [288]. The per nucleon ratio between heavy nuclei and deuterium is shown versus the mass number, A. b) (right) Total cross section for J/Ψ production divided by AB in A+B collisions at 158–200A GeV [126]

Although J/Ψ suppression was thought to be the ‘gold-plated’ signature of deconfinement since 1986 [120], there were problems from the very beginning. The principal problem is that the J/Ψ is suppressed in p+A collisions (see Fig. 34). Pointlike processes such as hard-scattering scale relative to p-p collisions like A(AB) for p+A (A+B) minimum bias collisions, but unlike Drell-Yan which exhibits an A^{1.00} dependence, the J/Ψ is suppressed by A^{0.92} in p+A collisions [288] (Fig. 34a). The suppression continues as (AB)^{0.92} for minimum bias A+B collisions [126] (Fig. 34b) at the SPS until the heaviest system, Pb+Pb, where the suppression increases by ∼ 25%. However the suppression is much more impressive as function of centrality (Fig. 35a), and it was claimed that the expected discontinuity [126] due to the phase transition, and the sequential suppression of the χ_c, Ψ^′ and direct J/Ψ had been observed [127].

Recent results in relativistic heavy ion collisions 50

Figure 35. a) (left) Cross section for J/Ψ divided by Drell-Yan as a function of centrality measured by E_T for 158A GeV Pb+Pb collisions [289]. The solid line represents the expected suppression for cold nuclear matter. The plot may be converted to R_{AA} by dividing by 34. b) R_{AA} for J/Ψ production as a function of centrality (N_{part}) at √ s_{NN} = 200 GeV for the systems and rapidity ranges indicated [296]. The solid and dashed lines represent the expected suppression in cold nuclear matter for Au+Au [290]

To say the least, the interpretation of the suppression in terms of a QGP was controversial, and the effect at the SPS could be explained by hadronic [291, 292] and even thermal models [293]. The clincher would be the measurement of the J/Ψ at RHIC. All the initially produced J/Ψ, the ones not suppressed at CERN, would be totally suppressed in the much hotter denser QGP at RHIC, which would prove that the J/Ψ suppression at CERN was indeed the result of deconfinement. However, in the ensuing years a new problem developed when it was realized that if a QGP were indeed produced, the thermal c, c̄ quarks would recombine [294, 295] to form J/Ψ. Thus, if the J/Ψ suppression were the same at RHIC as at CERN, this would imply that RHIC, not CERN, had discovered the QGP since all the initially produced J/Ψ, which were suppressed at CERN by whatever mechanism, would be totally suppressed at RHIC, leaving only the thermal J/Ψ produced by recombination in a QGP. The new problem is that nobody would believe this explanation. Incredibly, this is exactly what happened (see Fig. 35), the J/Ψ suppression, expressed as R_{AA} turned out to be the same at RHIC [296] as in the famous SPS measurement [289]

This effect is illustrated quantitatively in Fig. 36. Models [291, 292, 297] which reproduce the SPS J/Ψ suppression with or without a QGP predict a near total absence of J/Ψ at RHIC beyond 150 participants without recombination. With recombination turned on, the RHIC data are reproduced (Fig. 36b), with one notable exception [298] which predicts a larger R_{AA} for J/Ψ than at CERN. In fact, a J/Ψ enhancement would have been the smoking gun for the QGP. It will be interesting to see whether this occurs

Recent results in relativistic heavy ion collisions 51

Figure 36. R_{AA} data from Fig. 35b together with predictions from models (a) without, (b) with recombination of c c̄ quarks.

at the LHC.

Does the agreement of the CERN and RHIC data for R_{AA} in J/Ψ production eliminate J/Ψ suppression as a signature of deconfinement? Is it possible that the J/Ψ (c, c̄) is no different in its QGP sensitivity than the ϕ-meson (s, s̄)? The recent increases in the predicted dissociation temperatures [123], give a possible way out [125]. Satz has proposed that the χ_c and the Ψ^′ were suppressed both at CERN and at RHIC, but in neither place was the direct J/Ψ suppressed, since a temperature ∼ 2T_c was not reached. However temperature sufficient to melt the J/Ψ should be reached at the LHC. Does this mean that we have to wait until 2009 to prove or disprove an idea proposed in 1986? Fortunately there are other tests to be made on the RHIC data. If the χ_c or Ψ^′ were to be observed at RHIC, that would settle the issue. For recombination to be true, J/Ψ flow should be observed [297], and both the rapidity and the p_T distributions of J/Ψ should be much narrower due to recombination than for directly produced J/Ψ [299].

One thing is perfectly clear from this discussion: the claim of the QGP discovery from J/Ψ suppression at the SPS was, at best, premature.

5.5. Thermal photons,leptons

The hardest experiments in relativistic heavy ion physics involve production of lepton pairs with low mass and photons at low p_T due to the huge backgrounds. A measurement of e^+e^− pairs in 158A GeV/c Pb+Au (Fig. 37a) had created great excitement because it looked as if the “extraordinary signal” of a thermal ρ^0 → dilepton peak [118] had appeared, which stimulated much model-making. A new high resolution measurement, this year, in 158A GeV In+In collisions, with beautiful ω → μ^+μ^− and ϕ → μ^+μ^− peaks [302] should help clarify the issue (Fig. 37b).

It is generally agreed that the observation of thermal photon or lepton pair production would represent the ‘black body radiation’ of the QGP. An exciting step in

Recent results in relativistic heavy ion collisions 52

Figure 37. a) Invariant mass spectrum of e^+e^− pairs in central 158A GeV/c Pb- Au collisions, where each e^+ or e^− has p_T > 200 MeV/c, normalized to the number of charged particles in the detector [300], compared to a coctail of known hadronic sources. The ‘enhancement’ from 0.2 < m_{ee} < 0.6 GeV occurs for the pair transverse momentum p^{ee}_T ≤ 0.5 GeV/c [301]. b) (right) Invariant mass spectrum of μ^+μ^− from minimum bias 158A GeV/c In+In collisions [302]. Total data (upper histogram), combinatorial background (dashed), fake matches (dot-dashed), and net spectrum after subtraction.

this direction was also made this year. Prompt photon production with p_T > 1.5 GeV/c had been observed in 158A GeV Pb+Pb collisions [303] (Fig. 38a) but these photons were consistent with being from hard-scattering, with an enhancement compared to point-like scaled p-p collisions. Measurements of prompt photon production by a new method, internal conversion, were presented this year from Au+Au collisions at √ s_{N N} = 200 Gev [304], which showed a clear exponential spectrum in the range 1 ≤ p_T ≤ 3 GeV/c (Fig. 38b) . Is this the smoking gun of the QGP or do p-p collisions also show a low p_T exponential for direct photons as they do for pions? Incredibly, this is not known from previous measurements and is an example of how unknown aspects of p-p physics are unearthed by A+A measurements. The p-p measurement is now underway at RHIC. This is an example of what may be faced with any apparent A+A discovery at the LHC, where the p-p physics is totally unknown [305].

6. Conclusion

Was a new state of matter discovered in Pb+Pb collisions at √ s_{N N} ∼ 17 GeV? Possibly, but it surely wasn’t the gaseous QGP [32, 33, 306, 114, 307, 124, 55] envisioned at that time; although the logic—since the data couldn’t be described by hadron gas models, it must be something else, and since the only other model (at the time) was the gaseous QGP, that’s what we must have discovered—deserves, at least, a smile for its audacity. Nevertheless, this region of A+A collisions is interesting as the transition from “Baryonic to mesonic freezeout” [193], so it is very possible that a new state of matter does exist in

Recent results in relativistic heavy ion collisions 53

Figure 38. a) (left) Invariant yield of prompt photons from 158A GeV Pb+Pb collisions [303] together with point-like scaled p+A measurements. Data points with downward arrows indicate unbounded 90% Confidence Level upper limits. b) Invariant yield of prompt photons as a function of p_T from central √ s_{NN} Au+Au collisions [304] via photon detection ∘ , and from measurements • of e^+e^− pairs with 90 ≤ m_{ee} ≤ 300 MeV, where only internal conversions from prompt photons (and some η → γe^+ e^−) contribute, compared to 0 < m_{ee} < 30 MeV, where all internal conversions (mostly π^0 → γe^+ e^−) contribute.

this region, such as an initial state of baryon resonances, raised over the K^+Λ threshold by successive excitation, or even something more interesting [82]. Clearly, this region deserves further study.

Was the gaseous QGP discovered at RHIC? Certainly not! The medium discovered at RHIC has the properties of a hot, dense, strongly interacting, (possibly) perfect fluid, the sQGP [64, 242]. Although the phenomena so far observed at RHIC are far from being understood, the scope of experiments has moved from the ‘discovery’ phase to the ‘exploration’ phase, to characterize in detail the properties of the medium. Has extended deconfinement [55] over a large volume been discovered at RHIC? There is no evidence for (or against) extended deconfinement. However the observation of ∼ 10 times the color charge density of a nucleon in a volume roughly the size of a nucleon, where all the color charge is active on a partonic test probe as it passes through the medium, is indicative of deconfinement on a small scale. This is not unreasonable, since there is nothing yet in the theory of QCD that will reduce the confinement radius with increasing temperature and density. Such a collection of quarks and gluons is not describable in terms of ordinary color-neutral hadrons, because there is no known selfconsistent theory of matter composed of ordinary hadrons at the measured densities.

Recent results in relativistic heavy ion collisions 54

The PHENIX experiment [63] calls this state, “dense partonic matter.” The situation is reminiscent of the QGP as described by Satz in a previous review article in this journal [43] (Fig. 39), except that the distance scale in Fig. 39b is comparable to the size of a nucleon rather than the size of the whole nucleus.

Figure 39. “Strongly interacting matter as nuclear matter at a density of closely packed nucleons (a) and at a much higher density (b).” [43] The dimension of (b) is based on RHIC results.

Is the gaseous QGP ruled out? No. It is possible that, at the LHC, the much larger √ s_{N N} = 5500 GeV will produce a medium with an initial temperature high enough so that α_s(T ) will become small enough so that the interaction becomes weak enough that a gaseous QGP is produced. This is also the region, where another possible new state of nuclear matter, the Color Glass Condensate [262], should become dominant, if it exists.

Clearly, the phase diagram of hot, compressed nuclear matter is much richer and more complex than originally envisioned, and much work remains to be done at all temperature and density scales.

Acknowledgments

The author would like to thank his many colleagues for helpful discussions and for allowing the use of their research results; and would like to apologize to those whose work was not able to be mentioned.

[1] Gutbrod H H, Poskanzer A M and Ritter H-G, 1989 Plastic Ball Experiments Rep. Prog. Phys.

52 1267-1328.

[2] Fritzsch H, Gell-Mann M, and Leutwyler H, 1973 Phys. Lett. B 47 365–368 [3] Politzer H D, 1973 Phys. Rev. Lett. 3 1346–1349 [4] Gross D J and Wilczek F, 1973 Phys. Rev. Lett. 30 1343-1346 [5] Cahn R N and Goldhaber G 1989 The Experimental Foundations of Particle Physics (Cambridge:

Cambridge University Press) [6] Gell-Mann M, 1962 Phys. Rev. 125 1067–1084 [7] Ne’eman Y, 1961 Nucl. Phys. 26 222-229 [8] Gell-Mann M, 1964 Phys. Lett. 8 214-215 [9] Feynman R P, Gell-Mann M, and Zweig G, 1964 Phys. Rev. Lett. 13 678–680 [10] Barnes V E, et al., 1964 Phys. Rev. Lett. 12 204

Recent results in relativistic heavy ion collisions 55

[11] Greenberg O W, 1964 Phys. Rev. Lett. 13 598–602 [12] Glashow S L, Iliopoulos J and Maiani L 1970 Phys. Rev. D 2 1285–1292 [13] Breidenbach M et al 1969 Phys. Rev. Lett. 23 935; See also Panofsky W K H 1968 Proc. 14th Int. Conf. HEP (Vienna) (CERN Scientific Information Service, Geneva, SZ), p. 23 [14] Büsser F W et al 1973 Phys. Lett. B 46 471, see also 1972 Proc. 16th Int. Conf. HEP (Chicago) (NAL, Batavia, IL) Vol. 3, p. 317 [15] Banner M et al 1973 Phys. Lett. B 44 537 [16] Alper B et al 1973 Phys. Lett. B 44 521 [17] Aubert J J et al 1974 Phys. Rev. Lett. 33 1404–1406 [18] Augustin J-E et al 1974 Phys. Rev. Lett. 33 1406–1408 [19] Abrams G S et al 1974 Phys. Rev. Lett. 33 1453–1455 [20] Appelquist T and Politzer H D 1975 Phys. Rev. Lett. 34 43–45 [21] De Rujula A and Glashow S L 1975 Phys. Rev. Lett. 34 46–49 [22] Eichten K et al 1975 Phys. Rev. Lett. 34 369–372; Eichten K et al 1978 Phys. Rev. D 17 3090–3117 [23] Kuti J and Weisskopf V F 1971 Phys. Rev. D 4 3418–3439 [24] Close F E 1979 Rep. Prog. Phys. 42 1285–1335. Note, however, that Close seemed to be unaware of the fact that the high p_T particle production at the CERN-ISR was consistent with QCD once the concept of “intrinsic transverse momentum” (k_T ) had been introduced. See references [25, 26], which were published after the submission date of Close’s article.

[25] Owens J F, Reya E and Glück M 1978 Phys. Rev. D 18 1501; Owens J F and Kimel J D 1978 Phys. Rev. D 18 3313 [26] Feynman R P, Field R D and Fox G C 1978 Phys. Rev. D 18 3320–3343 [27] Bjorken J D 1969 Phys. Rev. 179 1547–1553 [28] Feynman R P 1969 Phys. Rev. Lett. 23 1415–1417 [29] Benecke J, Chou T T, Yang C N and Yen E 1969 Phys. Rev. 188 2159–2169 [30] An illuminating discussion on “hard” (Bjorken) versus “soft” (Feynman) partons is given in 1969 Proc. Lepton Photon (Cornell Univ, Ithaca, NY), pp. 295–297 [31] Chodos A et al 1974 Phys. Rev. D 9 3471–3495 [32] Collins J C and Perry M J 1975 Phys. Rev. Lett. 34 1353–1356 [33] Shuryak E V 1980 Phys. Repts. 61 71–158 [34] Willis W J 1973 Proceedings of the XVI International Conference on High Energy Physics, Chicago-Batavia, Ill., USA, 1972, eds. Jackson J D and Roberts A (NAL, Batavia, Ill. 1973), Vol. 4, pp 321-331. Note particularly the suggestion attributed to G. Cocconi on page 323 that ”new states of matter might be produced when hadrons could be concentrated at high densities for a sufficiently long time” [35] Chapline G F, Johnson M H, Teller E and Weiss M S 1973 Phys. Rev. D 8 4302–4308 [36] Lee T D and Wick G C 1974 Phys. Rev. D 9 2291–2316 [37] 1975 Report of the Workshop on BeV/Nucleon Coliisions of Heavy Ions—How and Why, Bear Mountain, NY, 29 November–1 December 1974. (BNL-50445, Upton NY, 1975) [38] Eidelman S et al Particle Data Group 2004 Phys. Lett. B 592 1–1109 [39] Anishetty R, Koehler P and McLerran L 1980 Phys. Rev. D 22 2793–2804 [40] Stöcker H 2005 Nucl. Phys. A 750 121–147 [41] Cabibbo N and Parisi G 1975 Phys. Lett. B 59 67–69 [42] Baym G and Chin S A 1976 Phys. Lett. B 62 241–244; Chapline G and Nauenberg M 1977 Phys. Rev. D 16 450–456 [43] Satz H 2000 Rep. Prog. Phys. 63 1511-1574 [44] An excellent record is found in the Proceedings of the International Conferences on Ultra- Relativistic Nucleus-Nucleus Collisions–Quark Matter: QM ’05 Budapest, Hungary 2005 Nucl. Phys. A 1c; QM ’04 Oakland, CA, USA 2004 J. Phys. G: Nucl. Phys. 30 S633–S1429; QM ’02 Nantes, France 2003 Nucl. Phys. A 715 1–930; QM ’01 Stony Brook, NY USA 2001 Nucl.

Recent results in relativistic heavy ion collisions 56

Phys. A 698 1–707; QM ’99 Torino, Italy 1999 Nucl. Phys. A 661 1c–765c; QM ’97 Tsukuba, Japan 1998 Nucl. Phys. A 638 1–610; QM ’96 Heidelberg, Germany 1996 Nucl. Phys. A 610 1c–614c; QM ’95 Monterey, CA, USA 1995 Nucl. Phys. A 590 1c–653c; QM ’93 Borlange, Sweden 1994 Nucl. Phys. A 566 1c–681c; QM ’91 Gatlinburg, TN, USA 1992 Nucl. Phys. A 544 1c–669c; QM ’90 Menton, France 1991 Nucl. Phys. A 525 1c–741c; QM ’88 Lenox MA, USA 1989 Nucl. Phys. A 498 1c–628c; QM ’87 Nordkirchen, Germany 1988 Z. Phys. C 38 1–370; QM ’86 Pacific Grove, CA, USA 1987 Nucl. Phys. A 461 1; QM ’84 Helsinki, Finland 1985 Lect. Notes. Phys. 221 1–305; QM ’83 Upton, NY, USA 1984 Nucl. Phys. A 418 1c–678c; QM’82 Bielefeld, Germany 1982 Proc. Bielefeld Workshop—Quark Matter Formation and Heavy Ion Collisions eds. Jacob M and Satz H (Singapore: World Scientific); QM ’80 Darmstadt, Germany 1980 Proc. Workshop on Future Relativistic Heavy Ion Experiments, eds. Bock R and Stock R, GSI 81-6 (GSI Darmstadt 1981).

[45] Heinz U, Lee K S and Rhoades-Brown M J 1987 Phys. Rev. Lett. 58 2292–2295 [46] Rajagopal K 1999 Nucl. Phys. A 661 150c–161c [47] D’Agostino M et al 2005 Nucl. Phys. A 749 55c–64c [48] Creutz M 1977 Phys. Rev. D 15 1128–1136 [49] Karsch F 2002 Lect. Notes. Phys. 583 209 [50] Karsch F 2005 Eur. Phys. J. C 43 35–43 [51] Recently, even string theory tried to “get into the act”. See references [52], [53] [52] Policastro G, Son D T and Starinets A O 2001 Phys. Rev. Lett. 87 081601 [53] Nastase H (2005) The RHIC fireball as a dual black hole Preprint hep-th/0501068 [54] It should be noted that the requirement of specificity to A+A collisions immediately rules out the QGP in p-p collisions, which is disputable. See references [55, 56].

[55] Weiner R M 2006 Int. J. Mod. Phys. E 15 37–70 Preprint hep-ph/0507115 [56] Alexopoulos T et al 2002 Phys. Lett. B 528 43–48 [57] e.g. see Tannenbaum M J 1990 Quark-gluon plasma: invited lectures of Winter School, Puri, Orissa, India, December 5-16, 1989 (Research Reports in Physics) eds. Sinha B C, Pal S and Raha S (Berlin: Springer-Verlag) pp. 108–180 [58] Müller B 1995 Rep. Prog. Phys. 58 611–636 [59] Rafelski J, Letessier J and Tounsi A 1996 Acta Phys. Pol. B 27 1037–1140 [60] Arsene I et al., BRAHMS Collaboration 2005 Nucl. Phys. A 757 1–27 [61] Back B B et al., PHOBOS Collaboration 2005 Nucl. Phys. A 757 28–101 [62] Adams J et al., STAR Collaboration 2005 Nucl. Phys. A 757 102–183 [63] Adcox K et al., PHENIX Collaboration 2005 Nucl. Phys. A 757 184–283 [64] Rischke D and Levin G (ed) 2005 Quark-Gluon Plasma. New Discoveries at RHIC: Case for the Strongly Interacting Quark-Gluon Plasma. Contributions from the RBRC Workshop (Brookhaven National Laboratory, Upton, NY, May 14–15, 2004) Nucl. Phys. A 750 1–171

[65] New State of Matter created at CERN, http://info.web.cern.ch/Press/PressReleases/
     Releases2000/PR01.00EQuarkGluonMatter.html

[66] Heinz U and Jacob M 2000 Evidence for a new state of matter: an assessment of the results from the CERN Pb beam programme Preprint nucl-th/0002042 [67] Koba Z, Nielsen H B and Olesen P 1972 Nucl. Phys. B 40 317–334 [68] For equal mass collisions the Laboratory and c.m. systems are simply shifted in rapidity by Y^{cm} = Y^{beam}/2.

[69] W. Thomé et al. 1977 Nucl. Phys. B 129 365 [70] Roland G et al. PHOBOS Collaboration 2005 Preprint nucl-ex/0510042, to appear in Proc. Quark Matter ’05 [71] Bearden I G et al. 2004 Phys. Rev. Lett. 93 102301 [72] See, for example, Tannenbaum, M J 2004 Prog. Part. Nucl. Phys. 53 239–252, and references therein.

[73] Bjorken J D, 1983 Phys. Rev. D 27 140–151

Recent results in relativistic heavy ion collisions 57

[74] At RHIC, centrality is usually measured by similar distributions recorded in Beam-Beam counters at relatively forward rapidities, typically 3 ≤ |η| ≤ 4.

[75] Barrette J et al. E814/E877 Collaboration 1993 Phys. Rev. Lett. 70 2996–2999 [76] Abbott T et al. E802 Collaboration 2001 Phys. Rev. C 63 064602 [77] Adler S S et al. PHENIX Collaboration 2005 Phys. Rev. C 71 034908 [78] Treatment of the calorimeter absolute energy scales is different in all experiments. Using measurements of E_T distributions for Au+Au at √ s_{NN} =19.6, 130 and 200 GeV, PHENIX [77] estimates that on a consistent absolute energy scale dE_T /dη at 2% ∼ (0-5%) upper centrality increases by a factor of 2 from AGS to SPS √ s_{NN} = 5 − 17 GeV and another factor of 2.6 from √ s_{NN} = 17 − 200 GeV.

[79] Glauber R J 1955 Phys. Rev. 100 242–248 [80] Busza W et al. 1975 Phys. Rev. Lett. 34 836–839; Halliwell C et al. 1977 Phys. Rev. Lett. 39 1499-1502; Elias J E et al. 1980 Phys. Rev. D 22 13–35 [81] Fishbane P M and Trefil J S 1971 Phys. Rev. D 3 238; see also Dar A and Vary J 1972 Phys.

Rev. D 6 2412 [82] Gazdzicki M et al. NA49 Collaboration 2004 J. Phys. G: Nucl. Phys. 30 S701–S708 [83] Frankel S 1993 Phys. Rev. C 48 R2170–R2173; Frankel S and Frati W 1988 Nucl. Phys. B 308 699–723 [84] Białas A, Błeszynski A B and Czyż W 1976 Nucl. Phys. B 111 461 [85] Angelis A L S et al. BCMOR Collaboration 1986 Phys. Lett. B 168 158; 1984 Phys. Lett. B 141 140 [86] Ochiai T 1987 Z. Phys. C 35 209; 1988 Phys. Lett. B 206 535, and references therein [87] Back B B et al. PHOBOS Collaboration 2005 Phys. Rev. C 72 031901(R) [88] However, since the constituent quark degrees of freedom in the Additive Quark Model seem to come in to play [85, 86, 89, 90] for √ s_{NN} ≥ 31 GeV, this issue merits further investigation.

[89] Eremin S and Voloshin S 2003 Phys. Rev. C 67 064905 [90] De B and Bhattacharyya S 2005 Phys. Rev. C 71 024903 [91] Hut P 1984 Nucl. Phys. A 418 310c–311c [92] Jaffe R L, Busza W, Wilczek F and Sandweiss J 2000 Rev. Mod. Phys. 72 1125–1140 [93] Van Hove L 1982 Phys. Lett. B 118 138; 1983 Z. Phys. C 21 93 [94] Rajagopal K and Wilczek F 1993 Nucl. Phys. B 399 395–425 [95] Stephanov M, Rajagopal K and Shuryak E 1999 Phys. Rev. D 60 114028 [96] e.g. see discussion in Adcox K et al. PHENIX Collaboration 2002 Phys. Rev. Lett. 89 082301 [97] Gazdzicki M and Mrowczynski S 1992 Z. Phys. C 54 127–132 [98] Shuryak E V 1998 Phys. Lett. B 423 9–14 [99] Heiselberg H 2001 Phys. Repts. 351 161–194 [100] e.g. see Proc. Correlations and Fluctuations in Relativistic Nuclear Collisions, eds. Roland G M and Trainor T A 2005 J. Phys. Conf. Series 27 1–234. Also see Phase Transitions in Strongly Interacting Matter, Proc. EPS (NPDC18) eds. Adamova D, Kugler A and Tlusty P 2005 Nucl. Phys. A 749 3c–371c [101] Goldhaber G, Goldhaber S, Lee W and Pais A 1960 Phys. Rev. 120 300 [102] Weiner R M 2000 Phys. Repts. 327 249–346 [103] Lisa M A, Pratt S, Soltz R and Wiedemann U 2005 Ann. Rev. Nucl. Part. Sci. 55 357–402 [104] Danielewicz P, Lacey R and Lynch W G 2002 Science 298 1592–1596 [105] Bhalerao R S, Blaizot J-P, Borghini N and Ollitrault J-Y 2005 Phys. Lett. B 627 49–54 [106] Hwa R and Kajantie K 1985 Phys. Rev. D 32 1109; Kajantie K, Kapusta J, McLerran L and Mekjian A 1986 Phys. Rev. D 34 2746 [107] Shuryak E V 1978 Phys. Lett. B 78 150–153 [108] Cooper F and Frye G 1974 Phys. Rev. D 10 186–189 [109] Turbide S, Rapp R and Gale C 2004 Phys. Rev. C 69 014903 [110] Arnold P, Moore G D and Yaffe L G 2001 JHEP 12 009

Recent results in relativistic heavy ion collisions 58

[111] Reygers, K et al. PHENIX Collaboration 2005 Eur. Phys. J. C 43 393–398 [112] Pisarski R D and Wilczek F 1984 Phys. Rev. D 29 338(R)–341(R) [113] Rafelski J and Müller B 1982 Phys. Rev. Lett. 48 1066–1069 [114] Koch P, Müller B and Rafelski J 1986 Phys. Repts. 142 167–262 [115] Letessier J and Rafelski J 2000 Int. J. Mod. Phys. E 9 107–147 [116] Rajagopal K and Wilczek F 1993 Nucl. Phys. B 404 577–589 [117] Aggarwal M M et al. WA98 Collaboration 2001 Phys. Rev. C 64 011901(R); Aggarwal M M et al. WA98 Collaboration 2003 Phys. Rev. C 67 044901 [118] Pisarski R D 1982 Phys. Lett. B 110 155–158 [119] Lissauer D and Shuryak E V 1991 Phys. Lett. B 253 15–18 [120] Matsui T and Satz H 1986 Phys. Lett. B 178 416 [121] Blaizot J P and Ollitrault J Y 1987 Phys. Lett. B 199 499-503 [122] Kaczmarek O, Karsch F, Petreczky P and Zantow F 2004 Nuc. Phys. Proc. Suppl. 129 560–562 Preprint hep-lat/0309121 [123] Wong C-Y 2005 Phys. Rev. C 72 034906 [124] Alberico W M et al. 2005 Phys. Rev. D 72 114011 [125] Satz H 2005 Colour Deconfinement and Quarkonium Binding Preprint hep-ph/0512217 [126] Abreu M C et al NA50 Collaboration 1999 Phys. Lett. B 450 456–466. See also, Prino F et al NA50 Collaboration 2001 J/Ψ suppression in Pb-Pb collisions at CERN SPS Preprint hep-ex/0101052 [127] Satz H 1999 Nucl. Phys. A 661 104c–118c [128] Nardi M 2005 Eur. Phys. J. C 43 85–90 [129] Gyulassy M and Plümer 1990 Phys. Lett. B 243 432–438 [130] Wang X-N and Gyulassy M 1992 Phys. Rev. Lett. 68 1480 [131] Wang X-N, Gyulassy M and Plümer 1995 Phys. Rev. D 51 3436 [132] Baier R, Dokshitzer Y L, Peigné S and Schiff D 1995 Phys. Lett. B 345 277-286 [133] Zakharov B G 1996 JETP Lett. 63 952–957 [134] Baier R, Dokshitzer Y L, Mueller A H, Peigné S and Schiff D 1997 Nucl. Phys. B 483 291–320 [135] Baier R, Schiff D and Zakharov B G 2000 Ann. Rev. Nucl. Part. Sci. 50 37–69 [136] Baier R 2003 Nucl. Phys. A 715 209–218 [137] Gyulassy M, Levai P and Vitev I 2000 Phys. Rev. Lett. 85 5535 [138] Wang X-N 2004 Phys. Lett. B 595 165–170 [139] Salgado C A and Wiedemann U A 2003 Phys. Rev. D 68 014008 [140] Zakharov B G 2004 JETP Lett. 80 617–622 [141] Van Hove L 1987 Nucl. Phys. A 461 3c [142] Nagamiya S 1988 Nucl. Phys. A 488 3c–30c [143] Cocconi G 1958 Phys. Rev. 111 1699 [144] Nishimura J cited in Ref. [143] [145] Cocconi G, Koester L J and Perkins D H 1961 Report No. UCRL-10022 (Lawrence Radiation Laboratory, Berkeley CA) (unpublished), p. 167, as cited by Refs. [146, 147] [146] Orear J 1964 Phys. Rev. Lett. 12 112 [147] Berman S M, Bjorken J D and Kogut J B 1971 Phys. Rev. D 4 3388 [148] Hagedorn R 1995 Hot Hadronic Matter: Theory and Experiment Eds. Letessier J Gutbrod H H Rafelski J (Plenum Press, New York) pp 13-46.

[149] Erwin J et al. 1971 Phys. Rev. Lett. 27 1534 [150] Hagedorn R 1970 Nucl. Phys. B 24 93–139 [151] Barshay S and Chao Y 1972 Phys. Lett. B 38 229 [152] Anisovich V V and Kobrinsky N N 1974 Phys. Lett. B 52 217, and references therein. [153] Mueller A H 1970 Phys. Rev. D 2 2963 [154] Anisovich V V and Schekhter V M 1973 Nucl. Phys. B 55 455 [155] Camerini U, Lock W O and Perkins D H 1952 Progress in Cosmic Ray Physics Volume I, ed.

Recent results in relativistic heavy ion collisions 59

Wilson J G (North-Holland, Amsterdam), pp 1-34 [156] Fowler W B et al. 1954 Phys. Rev. 95 1026 [157] See an interesting discussion on this issue in Ref. [148] [158] Fermi E 1951 Phys. Rev. 81 683 [159] Belenki S S and Landau L D 1956 Suppl Nuovo Cimento 3 15 [ 1955 Usp. Fiz. Nauk 56 309] [160] Carruthers P and Duong-van M 1973 Phys. Rev. D 8 859–874 [161] Ollitrault J-Y 1992 Phys. Rev. D 46 229–245 [162] Giacomelli G 1979 Phys. Repts. 55 1–132 [163] Bearden I G et al. BRAHMS Collaboration 2005 Phys. Rev. Lett. 94 162301 [164] Csörgő T and Lörstad B 1996 Phys. Rev. C 54 1390–1403; Csanád M, Csörgő T, Lörstad B and Ster A 2004 J. Phys. G: Nucl. Phys. 30 S1079–S1082 [165] Owens J F 1987 Rev. Mod. Phys. 59 465–503 [166] Cutler R and Sivers D W 1978 Phys. Rev. D 17 196 [167] Cutler R and Sivers D W 1977 Phys. Rev. D 16 679 [168] Combridge B L, Kripfganz J and Ranft J 1977 Phys. Lett. B 70 234 [169] Abe F et al. 1988 Phys. Rev. Lett. 61 1819 [170] e.g. see Tannenbaum M J 2005 From the ISR to RHIC—measurements of hard-scattering and jets using inclusive single particle production and 2-particle correlations J. Phys. Conf. Series 27 1–10 Preprint nucl-ex/0507020 [171] Bearden I G et al. NA44 Collaboration 1997 Phys. Rev. Lett. 78 2080–2083 [172] Adler S S et al. PHENIX Collaboration 2003 Phys. Rev. Lett. 91 172301 [173] Akiba Y et al. E802 Collaboration 1996 Nucl. Phys. A 610 139c–152c [174] Xu N and Kaneta M 2002 Nucl. Phys. A 698 306c–313c [175] Cleymans J and Redlich K 1998 Phys. Rev. Lett. 81 5284–5286 [176] Braun-Munzinger P and Stachel J 1996 Nucl. Phys. A 606 320–328 [177] Becattini F and Heinz U 1997 Z. Phys. C 76 269–289 [178] Becattini F 1996 Z. Phys. C 69 485–492 [179] For a contemporary review see Braun-Munzinger P, Redlich K and Stachel J 2003 Quark Gluon Plasma 3 Eds Hwa R and Wang X-N (World Scientific, Singapore) pp 491-599 Preprint nuclth/0304013, and references therein.

[180] Abbott T et al. E802 Collaboration, 1992 Phys. Rev. D 45 3906–3920 [181] Ahle L et al. E802 Collaboration 1999 Phys. Rev. C 60 044904; 1999 Phys. Rev. C 59 2173–2188; 1998 Phys. Rev. C 58 3523–3538 [182] Odyniec G J 1998 Nucl. Phys. A 638 135c–146c [183] Siklér F et al. NA49 Collaboration 1999 Nucl. Phys. A 661 45c–54c [184] Antinori F et al. WA97 Collaboration 1999 Nucl. Phys. A 661 130c–139c [185] Dainese A et al. NA57 Collaboration 2005 Results from NA57 Preprint nucl-ex/0510001, to appear in Proc. QM’05 [186] Heinz U 1999 Nucl. Phys. A 661 140c–149c [187] There is also a very interesting quote in Ref. [186] describing the data in Fig. 16b, “this pattern contradicts expectations from final state hadronic rescattering: since hadrons with more strange quarks are heavier and strangeness must be created in pairs.” This is essentially the same argument used by the authors of Ref. [180] in explaining why “a naive picture of successive collisions” could not explain the strangeness enhancement in p+Au collisions (Fig. 15a) at lower √ s_{NN} . [188] For a more nuanced view, see Rafelski J and Letessier J 2004 J. Phys. G: Nucl. Phys. 20 S1–S28 [189] Senger P 2004 Prog. Part. Nucl. Phys. 53 1–23 [190] Oeschler H 2004 Prog. Part. Nucl. Phys. 53 137–148 [191] Becattini F et al. 2006 Phys. Lett. B 632 233–237 [192] Becattini F et al. 2001 Phys. Rev. C 64 024901

Recent results in relativistic heavy ion collisions 60

[193] Braun-Munzinger P, Cleymans J, Oeschler H and Redlich K 2002 Nucl. Phys. A 697 902–912 [194] Lacey R 2005 The role of elliptic flow correlations in the discovery of the sQGP at RHIC Preprint nucl-ex/0510029, to appear in Proc. QM’05 [195] Kaneta M et al. PHENIX Collaboration 2004 J. Phys. G: Nucl. Phys. 30 S1217–S1220 [196] Ollitrault J-Y 1992 Phys. Rev. D 46 229–245; 1998 Nucl. Phys. A 638 195c–206c [197] Heiselberg H and Levy A-M 1999 Phys. Rev. C 59 2716–2727 [198] For more on this interesting subject, see Refs. [104, 1]. [199] Voloshin S A and Poskanzer A M 2000 Phys. Lett. B 474 27–32 [200] Sorge H 1999 Phys. Rev. Lett. 82 2048–2051 [201] Kolb P F, Sollfrank J and Heinz U 1999 Phys. Lett. B 459 667–673 [202] Ruuskanen P V 1998 Z. Phys. C 38 219–228 [203] Kolb P F and Heinz U 2003 Thermodynamic description of ultrarelativistic heavy ion collisions Quark Gluon Plasma 3 Eds Hwa R and Wang X-N (World Scientific, Singapore) Preprint nucl-th/0305084 [204] Bhalerao R S, Blaizot J-P, Borghini N and Ollitrault J-Y 2005 Phys. Lett. B 627 49–54 [205] Alt C et al. NA49 Collaboration 2003 Phys. Rev. C 68 034903 [206] Kolb P F, Huovinen P, Heinz U and Heiselberg H 2001 Phys. Lett. B 500 232–240 [207] Ackermann K H et al. STAR Collaboration 2001 Phys. Rev. Lett. 86 402–407 [208] Adams J et al. STAR Collaboration 2005 Phys. Rev. C 72 014904 [209] Adler C et al. STAR Collaboration 2003 Phys. Rev. Lett. 90 032301 [210] Teaney D 2003 Phys. Rev. C 68 034913 [211] Voloshin S A 2003 Nucl. Phys. A 715 379c–388c [212] Pal D et al. PHENIX Collaboration 2005 Nuclear modification and elliptic flow measurements for ϕ mesons at √ s_{NN} = 200 GeV d+Au and Au+Au collisions by PHENIX Preprint nuclex/0510020, to appear in Proc. QM’05 [213] Butsyk S A et al. PHENIX Collaboration 2005 PHENIX Results on Open Heavy Flavor Production and Flow in Au+Au Collisions at √ s_{NN} = 200 GeV Preprint nucl-ex/0510010, to appear in Proc. QM’05 [214] Greco V, Ko C M and Rapp R 2004 Phys. Lett. B 595 202–208 [215] Büsser F W et al. CCRS Collaboration 1976 Nucl. Phys. B 113 189–245 [216] Hinchliffe I and Llewellyn-Smith C H 1976 Nucl. Phys. B 114 45–60 [217] Bourquin M and Gaillard J-M 1976 Nucl. Phys. B 114 334-364 [218] Tannenbaum M J 1996 Heavy Ion Physics 4 139–148 [219] Adcox K et al. PHENIX Collaboration 2002 Phys. Rev. Lett. 88 192303 [220] Adler S S et al. PHENIX Collaboration 2005 Phys. Rev. C 72 024901 [221] Lipkin H J 1966 Phys. Rev. Lett. 16 1015–1019 [222] Joos H 1967 Phys. Lett. B 24 103–105.

[223] Kajantie K and Trefil J S 1967 Phys. Lett. B 24 106–107 [224] Batsouli S, Kelly S, Gyulassy M and Nagle J L 2003 Phys. Lett. B 557 26–32 [225] Borghini N and Ollitrault J-Y 2005 Momentum spectra, anisotropic flow, and ideal fluids Preprint nucl-th/0506045 [226] See, for example, a discussion in Ref. [63].

[227] Note that this is not the standard Mueller correlation function used in particle physics and most other correlation analyses: Mueller A H 1971 Phys. Rev. D 4 150-155 [228] Pratt S 1984 Phys. Rev. Lett. 53 1219–1221 [229] Bertsch G F 1989 Nucl. Phys. A 498 173c–180c [230] Hanbury Brown R and Twiss R 1954 Phil. Mag. 45 663–682 [231] e.g. see Gyulassy M, 1982 Phys. Rev. Lett. 48 454-457, several review articles [102, 103, 55] and references therein.

[232] Makhlin A N and Sinyukov Y M 1988 Z. Phys. C 39 69–73 [233] Pratt S 1986 Phys. Rev. D 33 1314-1327

Recent results in relativistic heavy ion collisions 61

[234] Rischke D H and Gyulassy M 1996 Nucl. Phys. A 597 701–726 [235] Adler S S et al. PHENIX Collaboration 2004 Phys. Rev. Lett. 93 152302 [236] Gyulassy M 2002 Lect. Notes. Phys. 583 37–79 Preprint nucl-th/0106072 [237] Appleshaüser H et al. NA49 Collaboration 1999 Phys. Lett. B 459 679–686 [238] Adler S S et al. PHENIX Collaboration 2004 Phys. Rev. Lett. 93 092301 [239] Adams J et al. STAR Collaboration 2005 Phys. Rev. C 71 044906 [240] Korus R et al. 2001 Phys. Rev. C 64 054908 [241] Sako H, Appleshaüser H et al. CERES Collaboration 2004 J. Phys. G: Nucl. Phys. 30 S1371– S1375 [242] Thoma M H 2005 J. Phys. G: Nucl. Phys. 31 L7–L12 and Erratum 2005 J. Phys. G: Nucl.

Phys. 31 539 [243] Adcox K et al. PHENIX Collaboration 2002 Phys. Rev. Lett. 88 022301 [244] Preliminary results were presented by PHENIX at the DNP meeting in 2000 [245] and by both PHENIX [246, 247] and STAR [248] at the QM’01 conference.

[245] Mioduszewski S et al. PHENIX Collaboration 2000 Bull. Am. Phys. 45 46 [246] David G et al. PHENIX Collaboration 2002 Nucl. Phys. A 698 227c–232c [247] Messer F et al. PHENIX Collaboration 2002 Nucl. Phys. A 698 511c–514c [248] Dunlop J C et al. STAR Collaboration 2002 Nucl. Phys. A 698 515c–518c [249] Adler S S et al. PHENIX Collaboration 2003 Phys. Rev. Lett. 91 241803 [250] Adler S S et al. PHENIX Collaboration 2003 Phys. Rev. Lett. 91 072301 [251] May M et al. 1975 Phys. Rev. Lett. 35 407–410. Note that this article measures the ratio of μ−p to μ−A in DIS, but precisely the same factor of A for scaling the point-like cross section applies.

[252] Vogt R 1999 Heavy Ion Physics 9 399 Preprint nucl-th/9903051 [253] Jeon S, Jalilian-Marian J and Sarcevic I 2003 Phys. Lett. B 562 45–50 . Note that the p-p cross sections were calculated with the fortran routines of Ref. [254] [254] Aurenche P et al. 2000 Eur. Phys. J. C 13 347–355 [255] d’Enterria D 2004 Phys. Lett. B 596 32–43 [256] Antreasyan D et al. 1979 Phys. Rev. D 19 764–778 and references therein. [257] Krzywicki A, Engels J, Petersson B and Sukhatme U 1979 Phys. Lett. B 85 407 [258] Lev M and Petersson B 1983 Z. Phys. C 21 155 [259] Adler S S et al. PHENIX Collaboration 2005 Phys. Rev. Lett. 94 232301 [260] Adler S S et al. PHENIX Collaboration 2005 Phys. Rev. Lett. 94 082301 [261] Arsene I et al. BRAHMS Collaboration 2004 Phys. Rev. Lett. 93 242303 [262] Gyulassy M and McLerran L 2005 Nucl. Phys. A 750 30–63 [263] Kharzeev D, Kovchegov Y V and Tuchin K 2003 Phys. Rev. D 68 094013 [264] Adler S S et al. PHENIX Collaboration 2005 Phys. Rev. C 72 014903 [265] Djordjevic M, Gyulassy M and Wicks S 2005 Phys. Rev. Lett. 94 112301 [266] Shimomura M et al. PHENIX Collaboration 2005 High-p_T π^0, η, identified and inclusive charged hadron spectra from PHENIX Preprint nucl-ex/0510023, to appear in Proc. QM’05 [267] Akiba Y et al. PHENIX Collaboration 2005 Probing the properties of dense partonic matter at RHIC Preprint nucl-ex/0510008, to appear in Proc. QM’05 [268] Greco V, Ko C M and Levai P 2003 Phys. Rev. Lett. 90 202302 [269] Fries R J, Müller B and Nonaka C 2003 Phys. Rev. Lett. 90 202303 [270] Hwa R C 2005 Eur. Phys. J. C 43 233–237 and references therein [271] See, for example, Tannenbaum M J 2005 Eur. Phys. J. C 43 329–332 and references therein. [272] Hardtke D et al STAR Collaboration 2003 Nucl. Phys. A 715 272c–279c; Adler C et al STAR Collaboration 2003 Phys. Rev. Lett. 90 082302 [273] Adler S S et al PHENIX Collaboration 2005 Dense-medium modifications to jet-induced hadron pair distributions in Au+Au collisions at √ s_{NN} = 200 GeV Preprint nucl-ex 0507004 submitted to Phys. Rev. Lett.

Recent results in relativistic heavy ion collisions 62

[274] Cassing W, Gallmeister K and Greiner C 2004 Nucl. Phys. A 735 277–299 [275] The away-jet also reappears for associated charged particles with 0.15 < p_T < 4 GeV/c for trigger charged particles with p_{Tt} > 4 GeV/c: see Adams J et al. 2005 Phys. Rev. Lett. 95 152301 [276] Casalderrey-Solana J, Shuryak E V and Teaney D 2005 J. Phys. Conf. Series 27 22–31 [277] Adler S S et al. PHENIX Collaboration 2005 Phys. Rev. C 71 051902(R) [278] Fries R J, Bass S A and Muller B 2005 Phys. Rev. Lett. 94 122301 [279] Vitev I 2004 J. Phys. G: Nucl. Phys. 30 S791–S800 [280] Wang X-N 2004 Phys. Rev. C 70 031901(R) [281] Wang X-N 2005 Nucl. Phys. A 750 98–120 [282] Dainese A, Loizides C and Paic G 2005 Eur. Phys. J. C 38 461–474 [283] Armesto N, Dainese A, Salgado C A and Wiedemann U A 2005 Phys. Rev. D 71 054027 [284] Vitev I and Gyulassy M 2002 Phys. Rev. Lett. 89 252301 [285] Cole B et al. PHENIX Collaboration 2005 Eur. Phys. J. C 43 271–280; Adler S S et al. PHENIX Collaboration 2006 A detailed study of high-p_T neutral pion suppression and azimuthal anisotropy in Au+Au collisions at √ s_{NN} = 200 GeV, Preprint in preparation for submission to Phys. Rev. C.

[286] Drees A, Feng H and Jia J 2005 Phys. Rev. C 71 034909 [287] Pantuev V 2005 Jet absorption and corona effect at RHIC: extracting collision geometry from experimental data Preprint hep-ph/0506095 [288] Alde D M et al. E772 Collaboration 1991 Phys. Rev. Lett. 66 2285–2288. See, also, Leitch M J 2005 Eur. Phys. J. C 43 157–160 and references therein.

[289] Alessandro B et al. NA50 Collaboration 2005 Eur. Phys. J. C 39 335-345 [290] Vogt R 2005 Baseline Cold Matter Effects on J/Ψ Production in AA collisions Preprint nuclth/0507027 [291] Capella A and Ferreiro E G 2005 Eur. Phys. J. C 42 419–424 and references therein. [292] Bratkovskaya E L, Kostyuk A P, Cassing W and Stöcker H 2004 Phys. Rev. C 69 054903 [293] Gazdzicki M and Gorenstein M I 1999 Phys. Rev. Lett. 83 4009–4012 [294] Braun-Munzinger P and Stachel J 2000 Phys. Lett. B 490 196–202 [295] Thews R L, Schroedter M and Rafelski J 2001 Phys. Rev. C 63 054905 [296] Pereira Da Costa H et al PHENIX Collaboration 2005 PHENIX results on J/Ψ production in Au+Au and Cu+Cu collisions at √ s_{NN} = 200 GeV Preprint nucl-ex/0510051, to appear in Proc. QM’05 [297] Grandchamp L, Rapp R and Brown G E 2004 Phys. Rev. Lett. 92 212301 [298] Andronic A, Braun-Munzinger P, Redlich K and Stachel J 2003 Phys. Lett. B 571 36–44 [299] Thews R L and Mangano M L 2005 Momentum spectra of charmonium produced in a quark-gluon plasma Preprint nucl-th/0505055 [300] Miskowiec D et al CERES Collaboration 2005 Collection of CERES results Preprint nuclex/0511010, to appear in Proc. QM’05 [301] Agakichiev G et al. CERES Collaboration 1998 Phys. Lett. B 422 405–412 [302] Damjanovic S et al. NA60 Collaboration 2005 First measurement of the ρ spectral function in nuclear collisions Preprint nucl-ex/0510044, to appear in Proc. QM’05 [303] Aggarwal M M et al. WA98 Collaboration 2000 Phys. Rev. Lett. 85 3595–3599 [304] Bathe S et al. PHENIX Collaboration 2005 Direct photons in 200 GeV p+p, d+Au and Au+Au from PHENIX Preprint nucl-ex/0511042, to appear in Proc. QM’05 [305] Frankfurt L, Strikman M and Weiss C 2005 Small-x physics: from HERA to LHC and beyond Preprint hep-ph/0507286, to appear in Ann. Rev. Nucl. Part. Sci.

[306] Shuryak E 2005 Nucl. Phys. A 750 64–83 [307] Blaizot J-P, Iancu E and Rebhan A 2003 Quark Gluon Plasma 3 Eds Hwa R and Wang X-N (World Scientific, Singapore) pp 60–122 Preprint hep-th/0303185