arXiv:nucl-ex/0702028v1 13 Feb 2007

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

International Journal of Modern Physics E © World Scientific Publishing Company

HEAVY ION PHYSICS AT RHIC^∗

M. J. TANNENBAUM Physics Department, 510c, Brookhaven National Laboratory, Upton, NY 11973-5000, USA mjt@bnl.gov

Received (received date) Revised (revised date)

The status of the physics of heavy ion collisions is reviewed based on measurements over the past 6 years from the Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory. The dense nuclear matter produced in Au+Au collisions with nucleon-nucleon c.m. energy √ s_{NN} = 200 GeV at RHIC corresponds roughly to the density and temperature of the universe a few microseconds after the ‘big-bang’ and has been described as “a perfect liquid” of quarks and gluons, rather than the gas of free quarks and gluons, “the quark-gluon plasma” as originally envisaged. The measurements and arguments leading to this description will be presented.

1. Introduction

High energy nucleus-nucleus collisions provide the means of creating nuclear matter in conditions of extreme temperature and density 1^,2^,3. 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 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, 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. This state of nuclear matter was originally given the name Quark Gluon Plasma(QGP) 4, a plasma being an ionized gas. However the results at RHIC to be presented here indicated that instead of behaving like a gas of free quarks and gluons, the matter created in heavy ion collisions at nucleon-nucleon c.m. energy √ s_{NN} = 200 GeV appears to be more like a liquid 2. This matter interacts much more strongly than originally expected, as elaborated in recent peer reviewed articles by the 4 RHIC experiments 5^,6^,7^,8, which inspired the theorists 9 to give it the new name “sQGP” (strongly interacting QGP).

∗Research supported by U. S. Department of Energy, DE-AC02-98CH10886. 1

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

2 M. J. TANNENBAUM

Two energy regimes are discussed for the QGP 10. At lower energies, √ s_{NN} ≃ 5 − 10 GeV, typical of the AGS and CERN fixed target programs 2, 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, √ s_{NN} >∼100 − 200 GeV, nuclei become transparent and the nuclear fragments will be well separated from a central region of particle production at mid-rapidity. This is the region of the baryon-free or gluon plasma, while in the nuclear fragmentation regions a baryon-rich plasma may also be formed 10.

In the terminology of high energy physics, the QGP or sQGP is called a “soft” process, related to the QCD confinement scale

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

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 potential11: V (r) = − 4 3 α_s r + σ r → − 4 3 α_s r e^{−μ r} + σ (1 − e^{−μ r}) μ (2) where μ = μ(T ) = 1/r_D is the Debye screening mass 11. For r < 1/μ a quark feels the full color charge, but for r > 1/μ, the quark is free of the potential, effectively deconfined.

There has been considerable work over the past three decades in making quantitative predictions for the QGP 2. 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 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 17 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 18.

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 QCD Lagrangian on a lattice 19, see Fig. 1b 20. Here, the solid line indicates a first-order phase transition at larger values of μ_B >∼ 360 ± 40 MeV, with critical endpoint indicated by the small square, followed a smooth crossover for μ_B <∼ 360 MeV. Interestingly the μ_B for the critical end point corresponds to √ s_{NN} ≃ 10 GeV at mid-rapidity, between the maximum and minimum nucleon-nucleon c.m. energies of the AGS and CERN fixed target programs, and is considerably below the value of μ_B ≃ 24 MeV for mid-rapidity at RHIC 21 (see later discussion).

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 3

Fig. 1. a)(left) Proposed phase diagram for nuclear matter 17: Temperature, T , vs Baryon Chemical Potential, μ. b) (right) Lattice calculation with “2+1 staggered quarks of physical masses” 20.

A nice feature 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, and, recently, AdS/CFT string theory 12^,13. 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, viscosity ...) 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 14^,15^,16.

2. J/Ψ suppression—the original “gold-plated” QGP signature

Since 1986, the ‘gold-plated’ signature of deconfinement was thought to be J/Ψ suppression. Matsui and Satz 22 proposed 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. 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 with production cross section proportional to A (BA) for p+A (B+A) minimum bias collisions, and thus would be enhanced relative to the total interaction cross section, which increases only as A^{2/3}. However, there were problems from the very beginning because unlike

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

4 M. J. TANNENBAUM

Drell-Yan which exhibits an A^{1.00} dependence in p+A collisions, the J/Ψ is suppressed 23 by A^{0.92}. The suppression continues as (BA)^{0.92} for minimum bias B+A collisions 24 (Fig. 2a) 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. 2b). This is the CERN fixed target heavy ion program’s main claim to fame.

Fig. 2. a) (left) Total cross section for J/Ψ production divided by AB in A+B collisions at 158– 200A GeV 24. b) (right) Cross section for J/Ψ divided by Drell-Yan as a function of centrality measured by E_T for 158A GeV Pb+Pb collisions 25. The solid line represents the expected suppression for cold nuclear matter. The plot may be converted to R_{AA} by dividing by 34.

My summary of the different views of dilepton resonances in the High Energy26 and Relativistic Heavy Ion22 Physics communities since the mid 1980’s is shown in Fig. 3.

3. Observables in Relativistic Heavy Ion Collisions

A schematic drawing of a collision of two relativistic Au nuclei is shown in Fig. 4. In the center of mass system of the nucleus-nucleus collision, the two Lorentzcontracted 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, where n_{ch}, the number of charged particles produced, is directly proportional 8 to the number of participating

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 5

Success in HEP Success in RHI

Fig. 3. “The road to success”: In High Energy Physics (left) a UA1 measurement26 of pairs of muons each with p_T ≥ 3 GeV/c shows two Nobel prize winning dimuon peaks and one which won the Wolf prize. Success for measuring these peaks in RHI physics is shown schematically on the right.

Fig. 4. a) (left) Schematic of collision of two nuclei with radius R and impact parameter b. The curve with the ordinate labeled dσ/dn_{ch} represents the relative probability of charged particle multiplicity n_{ch} which is directly proportional to the number of participating nucleons, N_{part}.

nucleons (N_{part}) as sketched on Fig. 4. Thus, n_{ch} in central Au+Au collisions is roughly A times larger than in a p-p collision, as shown in actual events from the STAR and PHENIX detectors at RHIC in Fig. 5.

It would appear to be a daunting task to reconstruct all the particles produced in such events. Consequently, it is more common to use single-particle or multi-

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

6 M. J. TANNENBAUM

Fig. 5. a) (left) A p-p collision in the STAR detector viewed along the collision axis; b) (center) Au+Au central collision at √ s_{NN} = 200 GeV in the STAR detector; c) (right) Au+Au central collision at √ s_{NN} = 200 GeV in the PHENIX detector.

particle inclusive variables to analyze these reactions. 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 ) (3) cosh y = E/m_T sinh y = p_L/m_T dy = dp_L/E (4)

where

m_T = √ m^2 + p^2_T and E = √ p^2_L + m^2_T = √ p^2 + m^2 (5)

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

η = − ln tan θ/2 (6)

cosh η = csc θ sinh η = cot θ (7)

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

4. The RHIC facility

The Relativistic Heavy Ion Collider (RHIC) 27 at Brookhaven National Laboratory consists of two independent superconducting acceleration/storage rings of 3.8km circumference which cross at six interaction regions where experiments can be performed (see Fig. 6). At present, RHIC can collide any nucleus from proton to Au with any other nucleus, preferably at equal velocity β = v/c (γ = 1/ √ 1 − β^2), with an achieved luminosity of 4 × 10^{26} cm^{−2} sec^{−1} for Au+Au collisions at a beam energy of 100 GeV/nucleon which corresponds to a nucleon-nucleon collision c.m. energy √ s_{NN} = 200 GeV. For p-p collisions, the beams are always polarized,

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 7

Fig. 6. Schematic of RHIC accelerator with emphasis on equipment for polarized proton acceleration and storage. For Heavy Ions, injection to the booster is via transfer line from the Tandem Van de Graaf.

with a design polarization of 70% per beam, with 65% achieved at present with a maximum luminosity of 2 × 10^{31} cm^{−2} sec^{−1} at √ s = 200 GeV. The maximum c.m. energy for p-p collisions is √ s = 500 GeV, with a luminosity of > 10^{32} cm^{−2} sec^{−1}. In general, the luminosity in AB collisions is proportional to γ^2/(AB) from the injection energy of ∼ 24 Z/A GeV to the maximum energy of 250 Z/A GeV and is proportional to γ^3 − γ^4 for proposed deceleration below the injection energy to allow Au+Au collisions with √ s_{NN} as low as >∼ 5 GeV to access the region of the possible critical point (Fig. 1b). In the future, electron cooling will increase the luminosity by a factor ≥ 20 and a new Electron Beam Ion Source (EBIS) to replace the Tandem Van de Graaf and transfer line will allow nuclei up to Uranium 27. A summary of the different species, energies and data collected in the first six years of RHIC operation is given in Table 1.

4.1. The Experiments

There are two major experiments at the RHIC heavy ion program, STAR 7 and PHENIX 8, and two smaller experiments. The two small experiments, which have

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

8 M. J. TANNENBAUM

Table 1. Summary of RHIC runs: Date, conditions, Integrated Luminosity, number of scanned interactions (N_{tot} int.), equivalent p-p Luminosity for Hard-Scattering, Data Archived.

Run Year Species √ s_{NN} ∫ Ldt N_{tot} p-p Equiv. Data GeV int. AB × ∫ Ldt Size 01 2000 Au+Au 130 1 μb^{−1} 10M 0.04 pb^{−1} 3 TB 02 2001–2 Au+Au 200 24 μb^{−1} 170M 1.0 pb^{−1} 10 TB p+p 200 0.15 pb^{−1} 3.7G 0.15 pb^{−1} 20 TB 03 2002–3 d+Au 200 2.74 nb^{−1} 5.5G 1.1 pb^{−1} 46 TB p+p 200 0.35 pb^{−1} 6.6G 0.35 pb^{−1} 35 TB 04 2003–4 Au+Au 200 241 μb^{−1} 1.5G 10.0 pb^{−1} 270 TB Au+Au 62 9 μb^{−1} 58M 0.36 pb^{−1} 10 TB 05 2004–5 Cu+Cu 200 3 nb^{−1} 8.6G 11.9 pb^{−1} 173 TB Cu+Cu 62 0.19 nb^{−1} 0.6G 0.8 pb^{−1} 48 TB Cu+Cu 22.5 2.7 μb^{−1} 9M 0.01 pb^{−1} 1 TB p+p 200 3.8 pb^{−1} 85B 3.8 pb^{−1} 270 TB 06 2006 p+p 200 10.7 pb^{−1} 230B 10.7 pb^{−1} 310 TB p+p 62 0.1 pb^{−1} 28B 0.1 pb^{−1} 25 TB

now completed their programs, are PHOBOS 6, which emphasizes charged particle detection over the full phase space using Si detectors, and BRAHMS 5, with two small-aperture, high precision moveable spectrometers, one at mid-rapidity and one capable of moving as far forward as 2^∘ (|η| > 4).

STAR, which emphasizes hadron physics, is most like a conventional hadroncollider detector, a TPC covering the full azimuth over ±1 unit of pseudorapidity, for the purpose of charged particle tracking in a magnetic field of 0.5 Tesla. The TPC is surrounded by a system of Time of Flight counters, for particle identification, and a moderate resolution (15%/ √ E) electromagnetic calorimeter, for measuring π^0 production and charged-neutral energy correlations. The detector is completed by a Silicon Drift Vertex Tracker, for measurements of Hyperons, and possible TPC’s external to the magnet, for tracking at small angles 2.0 ≤ |η| ≤ 4.5.

PHENIX, a very high granularity, high resolution detector for leptons and photons emerging from the Quark Gluon Plasma (QGP), emphasizes the ability to run at the highest luminosities with very selective triggers to find rare events, particularly J/Ψ, open charm and direct photon production. PHENIX has a highly instrumented electron, photon and charged hadron spectrometer, in the central region |η| ≤ 0.35, with full azimuth di-muon measurement in two endcaps, 1.15 ≤ |η| ≤ 2.35. The electron/photon central spectrometer emphasizes electron identification at the trigger level, with RICH, TRD and EM calorimetry. The EM calorimeter, with energy resolution σ_E /E = 7%/ √ E(GeV), also serves as an excellent photon and π^0 trigger because of its 5 by 5 cm segmentation at 5.1 m. The central spectrometer consists of two arms, each subtending 90^∘ in azimuth (Φ)

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 9

Fig. 7. a (left) Schematic of π^±, e^± and γ in PHENIX, with ElectroMagnetic Calorimter (EMCal) and Ring Imaging Cherenkov Counter (RICH). b) (right) Energy/momentum for all charged particles detected in the EMcal with and without a RICH signal.

and ±0.35 units in pseudorapidity (η). The total coverage is 1/2 of the azimuth— however, the two arms are not back-to-back: the gap between the edges of the two 90^∘ arms is 67.5^∘ on one side and hence 112.5^∘ on the other. The charged particle momentum resolution is 1% at 5 GeV/c, and charged hadron identification is provided by TOF(100ps) for 1/3 of the azimuth of one arm.

Rather than show a diagram of PHENIX, which is a very non-conventional collider detector 28, the principles of the design of PHENIX will be illustrated (see Fig. 7). In order to detect electrons in hadron collisions, where the typical ratio of e^±/π^± is known to be of order of 10^{−4} for prompt electrons (from charm) at 23.5 ≤ √ s ≤ 62.4 GeV 29 (ISR energies), one must plan on a charged pion rejection of > 10^5. PHENIX decided to use a Ring Imaging Cerenkov counter (RICH) in combination with an Electromagnetic Calorimeter (EMCal) to achieve this rejection. There is also the issue of the huge background of e^± from internal and external conversion of the photons from π^0 → γ +γ decay or from direct photon production, which must be measured and understood to high precision. The axial magnetic field in PHENIX is designed with the possibility of zero magnetic field on the axis—so that the lower energy member of an asymmetric e^+e^− conversion pair does not curl up and get lost—and with a minimum of material in the aperture (0.4% of a radiation length) to avoid external conversions. The EMCal is crucial for electron identification and hadron rejection. The EMCal measures the energy of γ and e^± and reconstructs π^0 from 2 photons. The high granularity of the individual EMCal towers is (δη × δϕ) ∼ (0.01 × 0.01), which allows the two photons from a π^0 to be resolved from a single photon cluster for values of p_T up to >∼ 30 GeV/c. It measures a decent time of flight (TOF), 0.3 nanoseconds over 5 meters, allowing

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

10 M. J. TANNENBAUM

photon and charged particle identification. The high precision TOF over part of the aperture allows improved charged hadron identification. Electrons are identified by a count in the RICH and matching Energy and momentum (E/p), where the momentum is measured by track chambers in a magnetic field. Charged hadrons deposit only minimum ionization in the EMCal (∼ 0.3 GeV), or higher if they interact, and don’t count in the RICH (π^± threshold 4.7 GeV/c). Thus, requiring a RICH signal rejects all charged hadrons with p < 4.7 GeV/c, leaving only e^± as indicated by the E/p = 1 peak in Fig. 7-right. π^± can be identified above 4.7 GeV/c by a RICH signal together with an EMCal hit with minimum ionization or greater. It is amusing to realize that once you decide to measure electrons, you must make an excellent π^0 measurement to understand the background, and this implies a detector which can measure and identify almost all particles, as exemplified by the PHENIX central spectrometer.

5. Inclusive and semi-inclusive particle production

A single particle “inclusive” reaction involves the measurement of just one particle coming out of a reaction,

a + b → c + anything .

The terminology 30 comes from the fact that all final states with the particle c are summed over, or included. A “semi-inclusive” reaction31 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) , (10)

where y is the rapidity, p_T is the transverse momentum, and ϕ is the azimuth of the particle (see Fig. 8). The average transverse momentum, ⟨p_T ⟩, or the mean 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) , (11) 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

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 11

Fig. 8. a) (left) Semi-inclusive invariant p_T spectra for π^±, K^±, p^± in Au+Au collisions at √ s_{NN} = 200 GeV 8^,32. b) (right) ⟨p_T ⟩ of positive particles as a function of centrality (N_{part}) from the same data.

(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.

5.1. The rapidity density and the rapidity plateau.

At RHIC, the reference frame of the detectors is designed to be the nucleon-nucleon c.m. frame in which the two nuclei approach each other with the same γ. The nucleon-nucleon c.m. energy is denoted √ s_{NN} , and the total c.m. energy is √ s = A· √ s_{NN} for symmetric A+A collisions. The colliding nucleons approach each other with energy √ s_{NN} /2 and equal and opposite momenta. The rapidity of the nucleonnucleon center of mass (mid-rapidity) is y^{cm} = y_{NN} = 0, and the projectile and target nucleons are at equal and opposite rapidities:

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

where m_N =931 MeV is the mass of nucleon bound in a nucleus.^a The shape and evolution with √ s of the charged particle density in rapidity, dn/dy, in p-p, p+A and A+A collisions all follow a similar trend (Fig 9a) 33 and provide a graphic description of high energy collisions. Regions of nuclear fragmentation take up the first 1-2 units around the projectile and target rapidity and if the center-of-mass energy is sufficiently high, a central plateau is exhibited. The distributions increase in width with increasing √ s_{NN} but by a smaller amount than

aThe Laboratory reference frame used in fixed target experiments is shifted by y^{beam}/2 from the c.m. system such that y^{target}_L = 0, y^{proj}_L = y^{beam}, y^{cm}_L = y^{beam}/2.

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

12 M. J. TANNENBAUM

Fig. 9. a) (top right) dn/dη for A+A and d+Au collisions at RHIC as a function of √ s_{NN} 33. b) (bottom left) dn/dy|_p − dn/dy|_{p̄} at AGS, SPS and RHIC, y^{proj} = 1.6, 2.9, 5.4 34.

the increase in y^{beam} and show a small decrease in width with increasing centrality. dn/dη increases with increasing centrality, √ s_{NN} 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.

Subtleties of the distributions in A+A collisions become apparent when identified particles are used 34. In Fig. 9b, the difference of dn/dy for protons and anti-protons, i.e net-protons is shown as a function of c.m. energy, √ s_{NN} = 5 (AGS, Au+Au), 17 (SPS, Pb+Pb), 200 (RHIC, Au+Au) GeV, y^{proj} =1.6, 2.9, 5.4. As √ s_{NN} 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.

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 13

Fig. 10. a) (left) PHENIX 37 E_T distribution in Au+Au collisions at √ s_{NN} = 200 GeV showing centrality selections of 0-5%, 5-10%, 10-15%, 15-20%. b) (right) Event-by-event average E_T /cluster in the EMCal for 20-30% centrality 38 (data points), random baseline (dotted line).

5.2. Centrality Measurement, Fluctuations, 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 35: 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 36^,8, 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 (13)

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.

Besides the Bjorken energy density, the importance of E_T distributions in RHI collisions (see Fig. 10a) 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. However, in PHENIX, centrality is determined far from mid-rapidity to avoid possibly biasing any of other the mid-rapidity measurements. The centrality is determined by the upper percentiles of the charged multiplicity distribution in Beam Beam Counters (BBC) which cover the region 3.0 < |η| < 3.9 in coincidence with Zero Degree Calorimeters located at |η| > 6. The shift of the E_T distributions to higher values with increasing centrality (smaller upper-percentiles) is nicely illustrated in Fig. 10a. For 0-5% centrality the Bjorken energy density is 5.5 GeV/fm^3, well above the value of 1 GeV/fm^3 nominally envisioned for QGP formation.

Fluctuations can also be studied. For instance, is the shape of the upper edge of the centrality selected E_T distributions in Fig. 10a random, or is it evidence of nonrandom fluctuations? The event-by-event distribution M_{eT} of the average E_T per

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

14 M. J. TANNENBAUM

cluster, which is closely related to E_T and also to M_{pT} , the event-by-event average p_T of charged particles, is shown in Fig. 10b 38. The non-random fluctuation is measured by comparison to a random baseline from mixed events. M_{pT} is defined:

M_{pT} = p_T = 1 n n∑ i=1 p_{Ti} = 1 n E_{T c} , (14)

where E_{T c} is the analog of E_T for charged particles. PHENIX 39 has shown that the non-random M_{pT} fluctuations are of the order of 1%. This places severely small limits on the critical fluctuations expected for a first order phase transition but is consistent with the lattice QCD prediction of a smooth crossover at RHIC energies (Fig. 1b).

5.3. Particle abundances, thermal/chemical equilibrium

As shown in Fig. 8b, the ⟨p_T ⟩ of π^±, K^±, p, p̄, at RHIC, increases smoothly from peripheral to central Au+Au collisions, and as in pp collisions increases with increasing mass as would be expected for a thermal distribution (Eq. 15):

d^2σ dp_Lp_T dp_T = d^2σ dp_Lm_T dm_T = 1 e^{E/T} ± 1 ∼ e^{−E/T} . (15) Since 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 . Thus, the inverse-slope of the m_T distribution at mid-rapidity should represent the temperature. However, the m_T -scaling property of thermal distributions is not exactly exhibited by the data (see Fig. 11a). The inverse slopes increase linearly with rest mass, by a larger amount with increasing centrality, which is evidence for collective motion (‘radial flow’) and is seen in RHI collisions at AGS 41, SPS 42 and RHIC 5^,6^,7^,8 energies. Particles (or partons) which travel with a transverse flow velocity β_T acquire kinetic energy in addition to the thermal energy so that the inverse slope should increase linearly with the rest mass, T → T_0 + γ_T m_0, as illustrated by the lines on Fig. 11a. The effect is primarily at low p_T where the slope flattens with increasing centrality as illustrated in Fig. 11b.

The semi-inclusive ratios of different particle abundances also vary smoothly as a function of centrality in Au+Au collisions at RHIC (see Fig. 12a) 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. 12b) show a dramatic increase as a function of centrality at RHIC 40 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. 13a) 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} , (16)

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 15

Fig. 11. a) (left) Inverse slope of the m_T distribution 32 (colloquially called T ) for π^±, K^±, p, p̄ in Au+Au collisions for three centralities at √ s_{NN} = 200 GeV. 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 40

Fig. 12. a) (left) K^±/π^± and p^±/π^± ratios as a function of centrality (N_{part}) in √ s_{NN} Au+Au collisions 8. b) (right) p/π and p̄/π ratio as a function of p_T from the same data 8^,40. Open (filled) points are for π^± (π^0), respectively.

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 44 and in p-p 45 and e^+e^− collisions 46 are also well described by the same thermal model to such an extent that the chemical freezeout temperature T_{ch} as a function of μ_B (from Eq. 16) could be derived, which looks suspiciously like a phase diagram (Fig. 13b). Of course, as the thermal equilibrium properties of the QGP are the subject of interest, it is important to understand how

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

16 M. J. TANNENBAUM

Fig. 13. 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 43. BRAHMS(circles) and PHOBOS (crosses) data are shown as well as the PHENIX (triangles) and STAR (stars) data indicated. b) (right) T_{ch} versus μ_B for thermal model fits as a function of √ s_{NN} 21, where the line represents a parameterization of the freeze-out curve, the temperature where chemical equilibrium is achieved so that the particle abundances are fixed.

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 article.

6. 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_{NN} = 200 GeV 47. Collective flow, or simply flow, is a collective effect which can not be obtained from a superposition of independent N-N collisions.

Immediately after an A+A collision, the overlap region defined by the nuclear geometry is almond shaped (see Fig 14) 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. 10 by an expansion in harmonics 49 of the azimuthal angle of the particle with respect to the reaction plane, ϕ − Φ_R 50, where the angle of the reaction plane Φ_R is defined to be along

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 17

Fig. 14. 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 48. b) (right) View of the collision down the z axis: (top) spatial distribution (bottom) momentum distribution after elliptic flow (v_2) develops

the impact parameter vector, the x axis in Fig. 14: Ed^3N dp^3 = d^3N p_T dp_T dydϕ (17)

= 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. 14a) 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 51 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 52.

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. 14b) and collective flow de-

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

18 M. J. TANNENBAUM

velops 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 49.

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 50. 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 54^,55^,50. The mean number of scatterings is proportional to the particle density, ρ = (1/πR_xR_y) dn/dy (similar to Eq. 13) 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 , (18)

where R_x = √ ⟨x^2⟩, R_y = √ ⟨y^2⟩.

Fig. 15. a) (left) v_2 as function of centrality (measured as a fraction of the total number of charged particles n_{ch}/n_{max}) 56. 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 57.

Since the eccentricity ε is much larger for peripheral than for central collisions, the dependence of v_2 on centrality should exhibit a characteristic shape (see Fig. 15a) 56. This was one of the first publications from RHIC and showed that v_2 was surprisingly large and near the hydro-limits. 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 8^,58.

Another surprise 59 (Fig. 15b) 57 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 .

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 19

This was one of the principal arguments for the “perfect fluid” because any modest value of viscosity 60 would cause the v_2 to decrease towards zero near p_T ∼ 1.7 GeV/c (see Fig. 17a, below).

Fig. 16. a) (left) v_2/n vs p_T /n for identified particles, where n is the number of constituent quarks, together with a polynomial fit 57. Bottom panel shows deviations from the fit. b) (right) v_2/n vs transverse kinetic energy per constituent quark KE_T /n 62.

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_{NN} ? One interesting proposal in this regard is that the constituent quarks flow 61, 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 transverse momentum and would be universal. Interestingly, the RHIC data 57 (Fig. 16a) 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. However, in relativistic hydrodynamics, at mid-rapidity, the transverse kinetic energy, m_T − m_0 = (γ_T − 1)m_0 ≡ KE_T , rather than p_T is the relevant variable, and in fact v_2/n_q as a function of KE_T /n_q seems to exhibit nearly perfect scaling 62 (Fig. 16b).

Another striking hint as to what is flowing at RHIC is given in Fig. 17b where charm particles detected by their large semi-leptonic decay 29^,66 exhibit the same v_2 as other particles 67^,64. For the charm particles, the v_2 of the decay electrons follows the v_2 of the D(cd̄, cū) mesons 68^,65, 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

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

20 M. J. TANNENBAUM

Fig. 17. a) (left) v_2 as a function of p_T in a hydro calculation 60 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) (right) v_2 of non-photonic e^+ + e^− from semi-leptonic heavy flavor decay 64. The solid curve is if both charm and light quarks flow, while the dashed curve is if only the light quark flows 65.

lower p_T if the c quark itself does not flow. The data (Fig. 17b) favor the flow of the c quark, but clearly lots more work remains to be done to improve both the measurement and the theory. However since the ϕ(ss̄) meson also flows at RHIC 69 and follows the constituent quark scaling rule, this clearly indicates that the flow at RHIC is partonic because the hadronic interaction cross section of the ϕ meson is much smaller than for other hadrons 70^,71^,72.

7. Jet Quenching

A new tool for probing the color response function of the medium was developed in the early 1990’s 73 and given a firm basis in QCD 74 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 outgoing high p_T partons with their color charge fully exposed as they travel through the medium before they fragment to jets of particles. If the medium 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 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 should be absent in p+A or d+A collisions due to the lack of a medium produced.

One of the major, arguably the major discovery at RHIC, was the observation of jet quenching 75^,76 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

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 21

which are the result of hard-scattering of the constituents of the nucleon (currentquarks and gluons) as described by QCD. The suppression of high p_T particles was observed by all four RHIC experiments 8^,5^,6^,7 and is well calibrated by using measurements in p-p, d+Au and Au+Au collisions at √ s_{NN} = 200 GeV. The p_T spectra of π^0 from p-p collisions at √ s = 200 GeV 81 and Au+Au central collisions at √ s_{NN} = 200 GeV 83^,84 are shown in Fig. 18. Note that the p-p measurements

Fig. 18. a)(left) Invariant cross section 81 of π^0 at mid-rapidity from p-p collisions at √ s_{NN} = 200 GeV together with NLO pQCD predictions from Vogelsang 82 with two different fragmentation functions. b) (right) p-p data from a) multiplied by ⟨T_{AA}⟩ for Au+Au central collisions (1-10%) plotted on a log-log scale together with the measured 84 semi-inclusive π^0 invariant yield in Au+Au central (0-10%) collisions at √ s_{NN} = 200 GeV.

for p_T ≥ 3 GeV/c are in excellent agreement with a pQCD calculation 82 and that the p_T spectra in both p-p and central Au+Au follow a pure power law for p_T > 3 GeV/c.

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 85, 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} ⟩_f , the overlap integral of the nuclear thickness functions 86 averaged over the centrality class f. Since ⟨T_{AB} ⟩_f = ⟨N_{coll}⟩_f /σ_{NN} , where ⟨N_{coll}⟩_f is the average number of binary nucleon-nucleon inelastic collisions with cross section σ_{NN} for the centrality class f, point-like scaling is often called binary-collision (or N_{coll})-scaling. However, the scaling has nothing to do with the inelastic hadronic collision probability, it is proportional only to the geometrical factor ⟨T_{AB}⟩_f .

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. 18b, where the Au+Au central (0-10%) collision data are suppressed relative to the scaled p-p data by a

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

22 M. J. TANNENBAUM

factor of ∼ 4 − 5 for p_T ≥ 3 GeV/c. While the suppression of π^0 at a given p_T in Au+Au compared to the scaled p-p spectrum may be imagined as a loss of these particles due to, for instance, the stopping or absorption of a certain fraction of the parent partons in an opaque medium, it is evident from Fig. 18b that an equally valid representation can be given by a downshift of the scaled p-p spectrum due to, for instance, the energy loss of the parent partons in the medium.

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_{NN} = dN^P_{AB} ⟨N_{coll}⟩_f × dN^P_{NN} (19)

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

Fig. 19. a) (left) Nuclear modification factor R_{AA}(p_T ) for π^0 in central and peripheral Au+Au at √ s_{NN} = 200 GeV 83. 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. 8^,87.

Fig. 19a shows that there is no suppression of π^0 in Au+Au peripheral collisions. However, the suppression in Au+Au central collisions, although quite impressive 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_{NN} have given results which are larger than point-like scaling (Fig. 19b), a situation called the ‘Cronin Effect’ 88 and thought to be due to the multiple scattering of the incident partons in the nuclear matter before the hard-collision 89^,90. The suppression observed at RHIC is a totally new effect.

Naturally, the first question asked about the RHIC suppression was whether

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 23

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 answered by all 4 RHIC experiments by the observation of no suppression in d+Au collisions 5^,6^,7^,8, a clearer answer came from later measurements 91 of QCD hard-photon production (gq → γq) 92, Fig. 20a, and the total yield of charm particles (gg → cc̄) deduced from measurements 63^,64 of non-photonic e^± (Fig. 21) in p-p and Au+Au collisions. Both these reactions are sensitive to the same initial

Fig. 20. a) (left) Nuclear modification factor, R_{AA} for direct photons, π^0 and η in Au+Au central collisions at √ s_{NN} = 200 GeV 94. b) R_{AA} for identified π^0 and-non identified charged hadrons (h^+ + h^−)/2 for central (0-10%) Au+Au collisions at √ s_{NN} = 200 GeV 95.

state partons as π^0 production, but the photons, which are themselves elementary constituents which 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. This conclusion is reinforced by the equal suppression of η-mesons and π^0 which are both fragments of jets. The curve on Fig. 20a shows a theoretical prediction 97^,95 from a model of parton energy loss. The model assumes an inital parton density dN/dy = 1200, which corresponds to an energy density of approximately 15 GeV/fm^3. The theory curve appears to show a reduction in suppression with increasing p_T while the data appear to be flat to within the errors which clearly could still be improved.

A major surprise was revealed by the measurement of the p_T dependence of non-photonic e^± from charm particles, which exhibits a suppression comparable to π^0 (Fig. 21b), indicating a surprisingly strong interaction with the medium 64. This is is a very recent exciting result which is causing a detailed reevaluation of the theoretical models because the heavy c quark (and the heavier b quark) were

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

24 M. J. TANNENBAUM

Fig. 21. a) (left) Invariant cross section 63 for prompt (non-photonic) electrons in p-p collisions at √ s = 200 GeV compared to a theoretical calculation (see Ref. 63) which shows contributions from both c and b quarks, which depend on p_T . b) (right) R_{AA} as a function of centrality (N_{part}) for the total yield of e^± from charm (p_T > 0.3) GeV/c, compared to the suppression of the e^± yield at large p_T > 3.0 GeV/c which is comparable to that of π^0 with (p_T > 4 GeV/c) 64.

predicted to lose much less energy to the medium than light quarks and gluons 96.

Another important result, as indicated in Fig. 20b by the difference of R_{AA} of unidentified charged hadrons (h^+ + h^−) and π^0 in the range 1.5 < p_T < 5 GeV/c, is that protons and anti-protons are not suppressed at all in this p_T range, but follow point-like scaling unlike the π^± which are suppressed, which results in an anomalously large p^±/π^± ratio (Fig. 12b). The p^±/π^± ratio returns to the normal value consistent with jet-fragmentation for p_T >∼ 5 GeV/c. (The N_{coll} scaling of the p_T spectra can be seen in Fig. 11b). This observation, called the ‘baryon anomaly’, remains unexplained.

7.1. Jet properties from two-particle correlations

The study of jet properties via two-particle correlations, pioneered at the CERN- ISR 98, is used at RHIC rather than reconstructing jets from all particles within a cone of size Δr = √ (Δη)^2 + (Δϕ)^2). This is because the large multiplicity in A+A collisions (recall Fig. 5b,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. 22a, the conditional probability of finding an associated charged particle with 2 ≤ p_{Ta} ≤ 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

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 25

Fig. 22. a)(left) Associated charged tracks with 2 ≤ p_{Ta} ≤ 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 99; b) (right) Associated charged tracks with 1 ≤ p_{Ta} ≤ 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 100. Note that only the jet correlation, after background subtraction, is shown.

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 99. 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 absorption as the cause of jet quenching 101. 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_T > 10, can not be resolved before 14fm (= γ_T β_T /m_0), due to the uncertainty principle, they are formed by fragmentation 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 transverse momentum of the associated charged particles is lowered to the range 1 ≤ p_{Ta} ≤ 2.5 GeV/c for trigger charged particles

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

26 M. J. TANNENBAUM

with p_{Tt} in the range 2.5 ≤ p_{Tt} ≤ 4.0 GeV/c (Fig.22b)100^,102. In the most peripheral collisions, the shape of the trigger and away jets looks the same as in p-p collisions (Fig. 22a). However with increasing centrality, the away jet becomes much wider (Fig. 22b) and possibly develops a dip at Δϕ = π. Since the outgoing partons travel much faster than the speed of sound in the medium, it has been proposed that a sonic-boom or mach-cone might develop, as suggested by the dip 103. 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. The next step in these studies is to measure jet suppression and correlations as a function of the angle (Δϕ) to the reaction plane and centrality in an attempt to separate the effects of the density of the medium and the path length traversed. For a given centrality, variation of Δϕ gives a variation of the path-length traversed for fixed initial conditions, while varying the centrality allows the initial conditions to vary. Although similar in spirit to a v_2 measurement, this is different in detail since measurement of R_{AA}(Δϕ) is an absolute measurement, while v_2 is a relative measurement, and a first look has already yielded interesting results 84.

7.2. The smoking gun?

The jet suppression observed at RHIC is unique in that it had never been seen in either p+A collisions or in A+A collisions at lower √ s_{NN} 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_{NN} • It is not the ‘ordinary physics’ of A+A collisons since it only occurs for √ s_{NN} ≥ 30 GeV • In all discussions of the effect, the operative ‘charge’ is color and the operative degrees of freedom are quarks and gluons.

8. J/Ψ Suppression

Although J/Ψ suppression was considered to be the ‘gold-plated’ signature of the QGP and served as the inspiration for much theoretical and experimental work, the interpretation of the J/Ψ suppression observed at the CERN/SPS 24^,25 in terms of a QGP was controversial, and the effect at the SPS could be explained by hadronic 104^,105 and even thermal models 106. 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 ‘nightmare scenario’ developed when

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 27

Fig. 23. J/Ψ suppression relative to p-p collisions (R_{AA}) as a function of centrality (N_{part}). a) (left) Measurements at RHIC 109^,110 and at the CERN/SPS 25. b) (right) Comparison of RHIC data 110 from a) to predictions of a model 112 with (regen.) and without (direct) recombination.

it was realized that if a QGP were indeed produced, the thermal c, c̄ quarks would recombine 107^,108 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 nightmare is that nobody would believe this explanation. Incredibly, this is exactly what happened (see Fig. 23), the J/Ψ suppression, expressed as R_{AA} turned out to be the same at RHIC 109 as in the famous SPS measurement 25.

This effect is illustrated quantitatively in Fig. 23b. Models 111^,104^,105^,112 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, with one notable exception 113 which predicts a larger R_{AA} for J/Ψ at RHIC than at the SPS. In fact, a J/Ψ enhancement would have been the smoking gun for the QGP. It will be interesting to see whether this occurs at the LHC.

Does the agreement of the CERN/SPS 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 (s, s̄)-meson? Recent increases in the predicted dissociation temperatures 114, give a possible way out 115. Satz has proposed that the χ_c and the Ψ^′ were suppressed both at the

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

28 M. J. TANNENBAUM

SPS 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 112, 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 116.

One thing is perfectly clear from this discussion: the claim 117 of the QGP discovery from J/Ψ suppression at the CERN/SPS was, at best, premature.

9. Conclusions

The medium produced at RHIC is not the expected gaseous Quark Gluon Plasma. It is a strongly interacting liquid of bare color charges, perhaps a perfect fluid. The medium flows and strongly absorbs ‘colored’ objects, including embedded light and heavy quark probes from hard-scattering, quite unlike anything observed at lower c.m. energies. However the reaction of the medium to the J/Ψ seems to be the same, in fact nearly identical, to the effect observed at lower √ s_{NN} . There are also many other mysteries to be explained such as the baryon anomaly and the wide and apparently split jet-correlations, possibly indicative of a Mach-cone-like reaction of the medium. Nevertheless, it is clear that we have moved from period of discovery to a period of characterizing the properties of the medium which to quote my colleague Ed O’Brien, “might exceed the proton in its importance to the understanding of non-perturbative QCD”.

References 1. 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).

2. See Ref. 3 for a full list of references.

3. M. J. Tannenbaum, Rep. Prog. Phys. 69 (2006) 2005–2059. 4. E. V. Shuryak, Phys. Repts. 61 (1980) 71–158.

5. I. Arsene et al., BRAHMS Collaboration Nucl. Phys. A757 (2005) 1–27. 6. B. B. Back et al., PHOBOS Collaboration Nucl. Phys. A757 (2005) 28–101. 7. J. Adams et al., STAR Collaboration Nucl. Phys. A757 (2005) 102–183. 8. K. Adcox et al., PHENIX Collaboration Nucl. Phys. A757 (2005) 184–283. 9. 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) eds. D. Rischke and G. Levin, Nucl. Phys. A750 (2005) 1–171.

10. R. Anishetty, P. Koehler and L. McLerran, Phys. Rev. D22 (1980) 2793–2804. 11. H. Satz Rep. Prog. Phys. 63 (2000) 1511-1574.

12. G. Policastro, D. T. Son and A. O. Starinets Phys. Rev. Lett. 87 (2001) 081601. 13. H. Nastase “The RHIC fireball as a dual black hole” BROWN-HET-1439 preprint, Jan 2005, hep-th/0501068.

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 29

14. 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 Refs. 15, 16.

15. R. M. Weiner, Int. J. Mod. Phys. E15 (2006) 37–70. 16. T. Alexopoulos, et al., Phys. Lett. B528 (2002) 43–48. 17. K. Rajagopal, Nucl. Phys. A661 (1999) 150c–161c. 18. M. D’Agostino et al., Nucl. Phys. A749 (2005) 55c–64c. 19. M. Creutz, Phys. Rev. D15 (1977) 1128–1136. 20. Z. Fodor and S. D. Katz, JHEP 04 (2004) 050.

21. J. Cleymans, H. Oeschler, K. Redlich and S. Wheaton, J. Phys. G32 (2006) S165– S169.

22. T. Matsui and H. Satz, Phys. Lett. B178 (1986) 416.

23. D. M. Alde, et al., E772 Collaboration, Phys. Rev. Lett. 66 (1991) 2285–2288. See, also, M. J. Leitch, Eur. Phys. J. C43 (2005) 157–160 and references therein.

24. M. C. Abreu, et al., NA50 Collaboration, Phys. Lett. B450 (1999) 456–466. See also, F. Prino, et al., NA50 Collaboration, “J/Ψ suppression in Pb-Pb collisions at CERN SPS”, preprint hep-ex/0101052.

25. B. Alessandro, et al., NA50 Collaboration, Eur. Phys. J. C39 (2005) 335–345. 26. C. Albajar, et al., UA1 Collaboration, Phys. Lett. B186 (1987) 237. 27. The Relativistic Heavy Ion Collider Project: RHIC and its Detectors, Nucl. Instrum.

Methods A499 (2003) 235–880.

28. The detector is so non-conventional that it made the cover of Physics Today, October 2003.

29. F. W. Büsser, et al., CCRS collaboration, Nucl. Phys. B113 (1976) 189. 30. R. P. Feynman, Phys. Rev. Lett. 23 (1969) 1415–1417. 31. Z. Koba, H. B. Nielsen and P. Olesen, Nucl. Phys. B40 (1972) 317–334. 32. S. S. Adler, et al., PHENIX Collaboration, Phys. Rev. C69 (2004) 034909. 33. G. Roland et al., PHOBOS Collaboration Nucl. Phys. A774 (2006) 113-128. 34. I. G. Bearden et al., BRAHMS Collaboration, Phys. Rev. Lett. 93 (2004) 102301. 35. See, for example, M. J. Tannenbaum, Prog. Part. Nucl. Phys.53 (2004) 239–252, and references therein.

36. J. D. Bjorken, Phys. Rev. D27 (1983) 140–151.

37. K. Adcox et al., PHENIX Collaboration, Phys. Rev. Lett. 87 (2001) 052301 38. K. Adcox et al., PHENIX Collaboration, Phys. Rev. C66 (2002) 024901. 39. S. S. Adler et al., PHENIX Collaboration, Phys. Rev. Lett. 93 (2004) 092301. 40. S. S. Adler et al., PHENIX Collaboration, Phys. Rev. Lett. 91 (2003) 172301. 41. Y. Akiba et al., E802 Collaboration Nucl. Phys. A610 (1996) 139c–152c. 42. I. G. Bearden et al., NA44 Collaboration, Phys. Rev. Lett. 78 (1997) 2080–2083. 43. M. Kaneta, N. Xu, preprint nucl-th/0405068.

44. P. Braun-Munzinger and J. Stachel, Nucl. Phys. A606 (1996) 320–328. 45. F. Becattini and U. Heinz, Z. Phys. C76 (1997) 269–289. 46. F. Becattini, Z. Phys. C69 (1996) 485–492. 47. R. A. Lacey, Nucl. Phys. A774 (2006) 199–214.

48. M. Kaneta et al., PHENIX Collaboration, J. Phys. G30 (2004) S1217–S1220. 49. J.-Y. Ollitrault, Phys. Rev. D46 (1992) 229–245; Nucl. Phys. A638 (1998) 195c–206c. 50. H. Heiselberg and A.-M. Levy, Phys. Rev. C59 (1999) 2716–2727. 51. H. H. Gutbrod, A. M. Poskanzer and H.-G. Ritter, RPP52 (1989) 1267-1328. 52. For more on this interesting subject, see Refs. 53, 51.

53. P. Danielewicz, R. Lacey and W. G. Lynch, Science 298 (2002) 1592–1596 54. S. A. Voloshin and A. M. Poskanzer, Phys. Lett. B474 (2000) 27–32. 55. H. Sorge, Phys. Rev. Lett. 82 (1999) 2048–2051.

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

30 M. J. TANNENBAUM

56. K. H. Ackermann et al., STAR Collaboration, Phys. Rev. Lett. 86 (2001) 402–407. 57. J. Adams et al., STAR Collaboration, Phys. Rev. C72 (2005) 014904. 58. P. F. Kolb, J. Sollfrank and U. Heinz, Phys. Lett. B459 (1999) 667–673. 59. C. Adler et al., STAR Collaboration, Phys. Rev. Lett. 90 (2003) 032301. 60. D. Teaney, Phys. Rev. C68 (2003) 034913. 61. S. A. Voloshin, Nucl. Phys. A715 (2003) 379c–388c.

62. A. Taranenko, et al., PHENIX Collaboration, “PHENIX Studies of the Scaling Properties of Elliptic Flow at RHIC energies”, presented at Quark Matter 2006, Shanghai, PRC, November 2006, http://www.sinap.ac.cn/qm2006 .

63. A. Adare, et al., PHENIX Collaboration, Phys. Rev. Lett. 97 (2006) 252002. 64. A. Adare, et al., PHENIX Collaboration, “Energy Loss and Flow of Heavy Quarks in Au+Au Collisions at √ s_{NN} = 200 GeV”, preprint nucl-ex/0611018, submitted to Phys. Rev. Lett. .

65. V. Greco, C. M. Ko and R. Rapp, Phys. Lett. B595 (2004) 202–208. 66. K. Adcox et al., PHENIX Collaboration, Phys. Rev. Lett. 88 (2002) 192303. 67. S. S. Adler et al., PHENIX Collaboration, Phys. Rev. C72 (2005) 024901. 68. S. Batsouli, S. Kelly, M. Gyulassy and J. L. Nagle, Phys. Lett. B557 (2003) 26–32. 69. D. Pal et al., PHENIX Collaboration, Nucl. Phys. A774 (2006) 489–492. 70. H. J. Lipkin, Phys. Rev. Lett. 16 (1966) 1015–1019. 71. H. Joos, Phys. Lett. B24 (1967) 103–105.

72. K. Kajantie and J. S. Trefil, Phys. Lett. B24 (1967) 106–107. 73. M. Gyulassy and M. Plümer, Phys. Lett. B243 (1990) 432–438. 74. R. Baier, D. Schiff and B. G. Zakharov, Ann. Rev. Nucl. Part. Sci. 50 (2000) 37–69. 75. K. Adcox et al., PHENIX Collaboration, Phys. Rev. Lett. 88 (2002) 022301. 76. Preliminary results were presented by PHENIX 77 at the DNP meeting in 2000 and by both PHENIX 78^,79 and STAR 80 at the QM’01 conference.

77. S. Mioduszewski et al., PHENIX Collaboration, Bull. Am. Phys. 45 (2000) 46. 78. G. David et al., PHENIX Collaboration Nucl. Phys. A698 (2002) 227c–232c. 79. F. Messer F et al., PHENIX Collaboration, Nucl. Phys. A698 (2002) 511c–514c. 80. J. C. Dunlop et al., STAR Collaboration, Nucl. Phys. A698 (2002) 515c–518c. 81. S. S. Adler et al., PHENIX Collaboration, Phys. Rev. Lett. 91 (2003) 241803 82. B. Jager, A. Schafer, M. Stratmann, W. Vogelsang, Phys. Rev. D67 (2003) 054005. 83. S. S. Adler et al., PHENIX Collaboration, Phys. Rev. Lett. 91 (2003) 072301. 84. S. S. Adler et al., PHENIX Collaboration, “A Detailed Study of High-p_T Neutral Pion Suppression and Azimuthal Anisotropy in Au+Au Collisions at √ s_{NN} = 200 GeV”, preprint nucl-ex/0611007, submitted to Phys. Rev. C .

85. M. May et al., Phys. Rev. Lett. 35 (1975) 407–410. Note that this article measures the ratio of μ−A to μ−p in DIS, but precisely the same factor of A for scaling the point-like cross section applies.

86. R. Vogt, Heavy Ion Physics 9 (1999) 399, preprint nucl-th/9903051. 87. D. d’Enterria, Phys. Lett. B596 (2004) 32–43 88. D. Antreasyan et al., Phys. Rev. D19 (1979) 764–778 and references therein. 89. A. Krzywicki, J. Engels, B. Petersson and U. Sukhatme, Phys. Lett. B85 (1979) 407. 90. M. Lev and B. Petersson, Z. Phys. C21 (1983) 155.

91. S. S. Adler et al., PHENIX Collaboration, Phys. Rev. Lett. 94 (2005) 232301. 92. H. Fritzsch and P. Minkowski, Phys. Lett. B69 (1977) 316. 93. S. S. Adler et al., PHENIX Collaboration, Phys. Rev. Lett. 94 (2005) 082301. 94. Y. Akiba et al., PHENIX Collaboration, Nucl. Phys. A774 (2006) 403–408. 95. M. Shimomura et al., PHENIX Collaboration, Nucl. Phys. A774 (2006) 457–460. 96. M. Djordjevic, M. Gyulassy and S. Wicks, Phys. Rev. Lett. 94 (2005) 112301

February 13, 2007 1:6 WSPC/INSTRUCTION FILE MJT-Buffalo-ws-ijmpe

HEAVY ION PHYSICS AT RHIC 31

97. I. Vitev and M. Gyulassy, Phys. Rev. Lett. 89 (2002) 252301.

98. See, for example, M. J. Tannenbaum, Eur. Phys. J. C43 (2005) 329–332 and references therein.

99. D. Hardtke et al., STAR Collaboration, Nucl. Phys. A715 (2003) 272c–279c; C. Adler et al., STAR Collaboration, Phys. Rev. Lett. 90 (2003) 082302.

100. S. S. Adler et al., PHENIX Collaboration, Phys. Rev. Lett. 97 (2006) 052301. 101. W. Cassing, K. Gallmeister and C. Greiner, Nucl. Phys. A735 (2004) 277–299. 102. The away-jet also reappears for associated charged particles with 0.15 < p_{Ta} < 4 GeV/c for trigger charged particles with p_{Tt} > 4 GeV/c: see J. Adams et al., Phys. Rev. Lett. 95 (2005) 152301.

103. J. Casalderrey-Solana, E. V. Shuryak and D. Teaney, J. Phys. Conf. Series 27 (2005) 22–31.

104. A. Capella and E. G. Ferreiro Eur. Phys. J. C42 (2005) 419–424 and references therein.

105. E. L. Bratkovskaya, A. P. Kostyuk, w. Cassing and H. Stöcker, Phys. Rev. C69 (2004) 054903.

106. M. Gazdzicki and M. I. Gorenstein, Phys. Rev. Lett. 83 (1999) 4009–4012. 107. P. Braun-Munzinger and J. Stachel, Phys. Lett. B490 (2000) 196–202. 108. R. L. Thews, M. Schroedter and J. Rafelski, Phys. Rev. C63 (2001) 054905. 109. A. Adare, et al., PHENIX Collaboration, “J/Ψ Production vs Centrality, Transverse Momentum, and Rapidity in Au+Au Collisions at √ s_{NN} = 200 GeV”, preprint

nucl-ex/0611020, submitted to Phys. Rev. Lett.

110. T. Gunji, et al., “Centrality dependence of J/Ψ production in Au+Au and Cu+Cu collisions by the PHENIX Experiment at RHIC”, presented at Quark Matter 2006, Shanghai, PRC, November 2006, http://www.sinap.ac.cn/qm2006 .

111. H. Satz, Nucl. Phys. A661 (1999) 104c–118c.

112. L. Grandchamp, R. Rapp and G. E. Brown, Phys. Rev. Lett. 92 (2004) 212301 113. A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel, Phys. Lett. B571 (2003) 36–44.

114. C.-Y. Wong, Phys. Rev. C72 (2005) 034906. 115. H. Satz, J. Phys. G32 (2006) R25–R69.

116. R. L. Thews and M. L. Mangano, Phys. Rev. C73 (2006) 014904. 117. U. Heinz and M. Jacob, “Evidence for a new state of matter: an assessment of the results from the CERN Pb beam programme”, preprint nucl-th/0002042.