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1 Introduction

This document summarizes the activities of the Equation of State (EoS) working group

within the RHIC II science initiative. The physics topics discussed in the EoS working

group concentrated on the bulk properties of hot and dense QCD matter. The goal was to

review the status of the field after 5 years of RHIC running and to identify the machine,

detector and theoretical developments that are needed for further advance.

The key physics questions addressed are the following:

• Nature of the transition between hadron gas (HG) and Quark-Gluon-Plasma (QGP)

and exploration of the QCD phase diagram.

• Thermodynamics properties of the hot and dense matter: equation of state, character

of the medium, and dissipative effects.

• Thermalization mechanisms in heavy-ion collisions at RHIC.

• Hadronization mechanism.

2 RHIC II and the Detector Upgrade Programs

RHIC II is a proposed luminosity upgrade for the current RHIC accelerator. This upgrade

will allow us to study processes at RHIC with very low cross-sections, and thus not accessible
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at the currently available collision rates. In this section we briefly describe the predicted

capabilities of the RHIC II upgrade and also the proposed detector upgrades to STAR and

PHENIX. As of RHIC Run6, PHOBOS and BRAHMS have already completed their science

goals and are being decommissioned.

2.1 RHIC II

RHIC II will provide a factor of 10 luminosity upgrade compared to that provided by the

present accelerator (the upgrade will actually be a factor 40 increase over the initial RHIC

design). Presently RHIC is limited in luminosity due to intra-beam scattering. It is planned

to overcome the beam growth associated with this scattering via beam cooling with a high

intensity cold electron beam. This electron cooling increases the beam luminosity by:

• Allowing the beam size to be decreased, thus increase the peak luminosity.

• Maintaining the peak luminosity over virtually the whole store.

Light-ions and protons can also be cooled in this manner, however, the improvement in

luminosity drops, see Table 1. Therefore the most dramatic effects will be observed for

heavy-ion beams. Neither the timing between bunches nor the space at the interaction

regions are affected by the upgrade.

Au+Au 100+100 GeV/n w.o. e-Cooling with e-Cooling

Peak Luminosity (1026cm−2s−1) 32 90

Ave. Luminosity (1026cm−2s−1) 8 70

p+p 250+250 GeV

Luminosity (1032cm−2s−1) 2.4 8.0

Table 1: A comparison of beam properties at RHIC and RHIC II. Data from the RHIC

accelerator division [1].

While not actually a part of the RHIC II upgrade an additional improvement planned for

installation/operation in ∼2009 is an Electron Beam Ion Source (EBIS). This linac-based

pre-injector is more efficient than the existing ion source, and can produce beams of all ion

species, including U and polarized 3He, which are not possible with the current setup.
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RHIC II will maintain the ability to collide beams from injection to top energies (100 GeV/n

for ions and 250 GeV for protons) as well as asymmetric systems. However, to maintain

stability in the ring the asymmetric beams need to orbit with approximately equal γs.

2.2 STAR upgrades

The collaboration has several detector upgrades planned to ensure the STAR detector can

take full advantage of the RHIC II era. The upgrades relevant to the EoS group are briefly

described below.

2.2.1 TPC front-end electronics and data acquisition

The data acquisition (DAQ) system is being redesigned with the goal of taking data at 1 kHz.

This is a significant improvement on the 50-100 Hz currently available. This rate increase

will be achieved by replacing the TPC’s current front-end electronics and upgrading the

DAQ itself. All STAR subsystems will have such high speed DAQ capabilities by the time of

the RHIC II era. The data volume resulting from such a rate will be huge and could possibly

exceed our ability to store and/or analyze the information. Therefore triggers that select

only the desired rare events will need to be constructed. However, this increased trigger rate,

along with the RHIC II luminosity increase, will also allow us to record low energy and/or

light ion minimum-bias data in significantly shorter periods of time than currently possible.

2.2.2 Time-of-Flight detector

The Time-of-Flight detector (TOF) uses Multi-Resistive Plate Chamber (MRPC) technology

developed by the CERN ALICE group. A prototype of the TOF is already installed and

has been used to demonstrate the clean PID abilities of the detector in the true RHIC

environment. The average intrinsic timing resolution of these test MRPC modules is < 100

ps. Despite the very limited acceptance of this patch (it is only instrumented for π/30 in

azimuth and −0.5 < η < 0), there are already results [2]. The full installation of the TOF is

planned for fiscal year 2008, it will replace the current Central Trigger Barrel. The detector

will cover the full azimuth and −0.9 < η < 0.9. Its completion will double the particle

identification reach of STAR to 95% of all charged particles within the TOF acceptance. By

combining the TOF measurements and dE/dx from the TPC, including that in the relativistic

3



rise region, full azimuthal hadron particle identification will be possible from 0.1 < pT < 10

GeV/c.

2.2.3 Tracking upgrades

The current design for the STAR inner vertex tracking detector consists of two tracking

layers composed of monolithic CMOS pixel detectors with 30 µm square pixels. It is chiefly

designed to allow the efficient topological reconstruction of open charm decays. As such

the so-called Heavy Flavor Tracker (HFT), is designed to have a ”point-back” resolution

to the primary vertex of 50 µm or better. The layers of the HFT will be positioned at

average radii of 1.5 cm and 5 cm surrounding the interaction vertex. It has ∼ 100 Million

pixels and extends to z = ± 10 cm,(i.e. −1 < η < 1). The silicon chips will be thinned

to 50 µm and mounted on a low mass carbon fiber structure. This minimizes the multiple

coulomb scattering generated by the device allowing the identification of secondary vertices

that are displaced by only a few 10’s of microns from the primary vertex. To further reduce

the material between the primary vertex and the tracking detectors the beam pipe will be

replaced by one which is thin and has a smaller radius (14 mm radius, 0.5 mm thick).

In the RHIC II era the current three layers of silicon drift detector (SVT), at radii of ∼5,

10, and 15 cm, will need to be replaced as their readout is slow and thus incompatible with

the DAQ upgrade. It is therefore proposed to replace the SVT several new layers of double

sided silicon strip detectors. These will augment the one layer already installed at a radius

of 25 cm, and will predominantly act as a tracking interface between the HFT and the TPC.

However, the combination of inner silicon devices and the HFT could be used to improve

the range of STAR’s low pT capabilities.

In addition to the direct measurement of open charm hadrons the HFT plus TOF can be used

to discriminate primordial electrons from background electrons. The low mass of the HFT

reduces the number of photon conversions allowing the intermediate mass dileptons range to

become accessible. The HFT plus TOF combination can therefore be used to identify short-

lived vector mesons, such as the φ and ω, via their electromagnetic decays. It is estimated

that this combination of detectors will increase STAR’s sensitivity to electromagnetic vector

meson decays by a factor of 20-40.

Tracking upgrades are also envisioned in the forward rapidity region using silicon disks and a

triple GEM technology based chamber. The exact designs for these detectors are still being
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completed but it is planned to provide precision tracking in the 1 < η < 2 range.

2.3 PHENIX upgrades

The PHENIX detector was designed to detect rare events in heavy ion and p+p collisions.

It combines a large bandwidth DAQ and trigger system with a highly granular detector

optimized to measure photons, electrons/positrons, muons and high pT hadrons. The goal of

the PHENIX upgrade program is to provide the tools necessary to obtain key measurements

that are presently beyond the capabilities of the PHENIX detector and combined with the

upgraded luminosity will not only enable PHENIX to remain competitive well beyond the

turn-on of LHC but will also advance our understanding of QCD by addressing the following

subjects:

• The study of QCD matter at high temperatures with heavy ion, p-nucleus, and p+p

collisions. These studies include high pT phenomena using identified hadrons in the

pT range 3 – 10 GeV/c and γ−jet correlations, thermal radiation and effects of chi-

ral symmetry restoration in the electron-pair continuum, in particular at low masses

(< 1GeV/c2), production of mesons with open charm and beauty and quarkonia spec-

troscopy including excited states.

• Extended exploration of the spin structure of the nucleon by measurements of the

gluon spin structure (using heavy flavor and γ-jet correlations), quark spin structure

(via W-production) and transversity.

• Exploration of the nucleon structure in nuclei.

The PHENIX upgrades that are relevant to the physics of the QCD EoS are briefly sum-

marized below. The program provides for high momentum particle identification, accurate

vertex tracking, and forward capabilities.

2.3.1 Si Vertex tracking

The vertex tracking is based on highly segmented silicon strip or pixel detectors at mid

rapidity and silicon pixel detectors in the forward rapidity region. The central detectors

(silicon barrel) cover pseudo-rapidity −1.2 < η < 1.2 and almost 2π in azimuth and provide
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a single-track resolution of 50 µm at the vertex. The forward silicon detectors are designed

to provide coverage in the angular acceptance of the forward muon arms. The acceptance

covers 1.2 < |η| < 2.7 and the almost full azimuth angle with a resolution of 150 µm.

With the present PHENIX detector, heavy-quark production has been measured indirectly

through the observation of single electrons. These measurements are inherently limited

in accuracy by systematic uncertainties resulting from the large electron background from

Dalitz decays and photon conversions. In particular, the statistical nature of the analysis

does not allow for a model-independent separation of the charm and beauty contributions.

The tracking provided by the VTX detector will allow for suppressing the background in

the electron measurements by several orders of magnitude and thereby obtaining a clean

measurement of of heavy flavor production in the single electron channel. Additionally,

because the lifetime of mesons with beauty is significantly larger than that of mesons with

charm, the VTX information will allow to disentangle charm from beauty production over

a broad pT range. In the hadron channel, the vertex cuts will reduce the combinatorial

background of K and π to an extent that a direct measurement of D mesons through this

decay channel will become possible. In addition, the VTX detector will substantially extend

the pT coverage for charged particles and combine with the high-pT PID detector will allow

for flavor-tagged jet measurements and correlations.

2.3.2 PHENIX Nose Cone Calorimeter (NCC)

The PHENIX Nose Cone Calorimeter will instrument the pole pieces of the PHENIX axial

field magnet with a compact, dense sampling calorimeter using tungsten plates interleaved

with silicon readout. These will provide forward photon and jet coverage for the PHENIX

heavy ion and spin measurements. Coupled with the forward Si-VTX tracker, the NCC will

allow for π0 identification and flow measurements in the forward rapidity region (0.9 < |η| <

3.0).

2.3.3 PHENIX high-pT detector

The baseline PHENIX detector is equipped with a scintillator based TOF wall which covers

∆φ = 45o in the central rapidity region −0.35 < η < 0.35 in the PHENIX East arm. The

timing resolution of σ ≈ 100 ps allows for π/K and K/p separation up to pT = 2.5 and

4.5 GeV/c, respectively. Measurements using this device have lead to the discovery of the
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enhanced baryon production at intermediate 2 < pT < 4 GeV/c in central Au + Au colli-

sions. In this range, the hadron production was shown to be sensitive to the hadronization

mechanism in the hot and dense medium ( see discussion in section 6). Hadron identification

out to high-pT is needed for the detailed study of the hadronization and, in particular the

interplay between recombination and fragmentation of quarks. The PHENIX detector is

upgraded with a high-pT detector which includes and Aerogel Čerenkov detector and a TOF

detector based on MRPC technology. The Aerogel detector has already been installed in the

PHENIX West arm for Run4, while the TOF detector will become fully operational in Run7.

This system will allow for track-by-track identification of π, K, p out to pT ≈ 9 GeV/c. The

coverage is limited: −0.35 < η < 0.35 and ∆φ = 22o, but nevertheless it will make possible

the measurements of identified particle yields, ratios, correlations and flow in the transverse

momentum range which is important for the study of the hadronization mechanism.

3 Exploration of the QCD EoS and the Phase Diagram

of Nuclear Matter in a Fundamental Theory

3.1 Lattice QCD equation of state

Lattice gauge simulations of QCD [3, 4] (LQCD), provide a unique opportunity to study

the equation of state (EoS) and the phase diagram of strongly interacting QCD matter

within a fundamental theory. In principle, both the non-perturbative hadronic matter and

the non-perturbative QGP phases of QCD can be investigated. The lattice results show

that non-perturbative effects dominate the EoS in the temperature regime attainable by

the experiments at RHIC. Strong deviations from ideal gas are observed for temperatures

T < 2 Tc [5, 6] and have been attributed to remnants of confinement. At temperatures

T ∼ 2 − 4 Tc the lattice results remain about 15 ± 5% below the ideal gas limit indicating

that non-perturbative effects are important even at high temperatures.

Within the first few years of experimental exploration the RHIC experiments have gathered

evidence that the intuitive picture of the high temperature phase as a gas of weakly inter-

acting quarks and gluons, which is based on leading order perturbation theory, is incorrect.

The matter produced at RHIC can be characterized as a strongly interacting medium whose

energy density and temperature clearly exceed the critical values predicted from LQCD for

the transition from ordinary hadronic states to a strongly interacting Quark-Gluon Plasma
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(sQGP) [7]. The deviations from the ideal gas EoS observed on the lattice and the impli-

cations of the existence of bound states above Tc have still to be explored and connected to

the experimental observables through dynamical models, as discussed in Section 4. Other

LQCD results that can be tested experimentally are the nature of the transition between

hadron gas and QGP and the existence and location of a critical point in the QCD phase

diagram.

3.2 The LQCD phase diagram and the search for the critical point

LQCD provides a non-perturbative approach to the description of the physical mechanisms

at the origin of color confinement and chiral symmetry restoration. This is done via the

computation of thermodynamic averages of different quantities related to hadron masses

and widths, as well as quantities related to the bulk properties of the medium and the

phase transition. A question of great importance in that context is that of the order of the

deconfinement phase transition or if it is a smooth cross-over. This is crucial information

since many striking QGP signatures depend heavily on the assumption of a first order phase

transition and the existence of a (long-lived) mixed phase of QCD matter.

Calculations at vanishing baryon chemical potential suggest that for physical values of the

quark masses (two light (u, d)-quarks and a heavier s−quark) the deconfinement transition

is a rapid cross-over rather than a first order phase transition with singularities in the bulk

thermodynamic observables [8]. The critical temperature at µB = 0 for the rapid cross over

in the (2+1) flavor case was recently predicted to be Tc = 172 ± 11 MeV [9].

However, many QCD motivated calculations for low temperatures and high baryon densities

exhibit a strong first order phase transition (with a phase coexistence region) [10, 11]. These

two limiting cases suggest that there exists a critical point (second order phase transition)

[12] at the end point of a line of first order phase transitions. Recently, the exploration

of the phase diagram for large temperatures and small, but non-vanishing, values of the

baryon chemical potential became possible through the application of novel techniques, such

as Ferrenberg-Swendsen re-weighting [13], Taylor series expansions [14, 15] or simulations

with an imaginary chemical potential [16, 17]. Although these techniques have allowed for

considerable improvements, the location of the critical point in the T – µB plane still has

large theoretical uncertainties, due to the sensitivity to the quark masses and the lattice sizes

used in the calculations. The predicted value of µendpoint
B /Tc varies between µendpoint

B /Tc '
1 – 3 [19, 20, 21], i.e. µendpoint

B =170 – 420 MeV, assuming Tc stays constant at Tc =
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170 MeV. Lacking better theoretical guidance, the discovery of the critical point can only

be possible by a systematic experimental exploration of the QCD phase diagram. The

proposed signatures are commonly based on the fact that at the critical point is a genuine

thermodynamic singularity at which the quark number susceptibilities diverge and the order

parameter fluctuates on long wavelengths. The simplest proposed observables are the event-

by-event fluctuations of the mean transverse momentum 〈pT 〉 of the charged particles in

an event, and of the total charged multiplicity in an event [23]. One expects that as the

control parameter is varied, the signatures would strengthen and then weaken again as the

critical point is approached and then passed. The baryon chemical potential can be varied

experimentally by dialing of the center of mass energy,
√

sNN , of the collisions. This could

thus serve as the control parameter in the search for the critical point in the QCD phase

diagram.
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Figure 1: µb vs
√

sNN from statistical model

fits to mid-rapidity data from the AGS, SPS,

and RHIC. The fit data and the parametriza-

tion are taken from [34].
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Figure 2: µb vs Tch calculated from statistical

model fits to mid-rapidity data from the AGS,

SPS, and RHIC. The figure is taken from [35].

Considerable amount of experimental data spanning
√

sNN = 2.7 − 200 GeV already exists

from measurements at the AGS, SPS and RHIC. Analysis of particle abundances using

statistical thermal models allows for the determination of the baryon chemical potential and

the temperature at chemical freeze-out (Tch), assuming the system is in thermal equilibrium.

It has been noted that for
√

sNN ≥ 8.9 GeV (SPS fixed target energy of 40 AGeV) and
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above, the calculated Tch reaches the critical temperature predicted by LQCD. This possibly

implies that the hadron yields are frozen in at the phase boundary. However, the order

of the transition and the evolution with µB are still open questions. Various experimental

studies searching for event-by-event fluctuations in apparent temperature, mean transverse

momentum [24, 25, 26, 27, 28], multiplicity [29], net charge [30, 31, 32], and momentum

correlations [33] have been performed. In all cases, the excitation functions show little or

no change between the SPS and RHIC energy and no indication of exceedingly large signals

as expected in the vicinity of the critical point. Following the parameterization of µB at

mid-rapidity as a function of
√

sNN [34], we estimate that the range of µB = 70 − 240 MeV

remains unexplored (see Fig. 1). An energy scan between 20 GeV <
√

sNN < 62 GeV

should complete the exploration of the phase diagram at mid-rapidity and possibly locate

the critical point. At least three data sets (steps of 50 MeV in µB) with statistics comparable

to the RHIC Run4 are needed to allow for detailed correlation and fluctuation measurements

at each
√

sNN . An energy scan including even lower energies (5 GeV <
√

sNN < 62 GeV)

which smoothly overlap the regions of the AGS and SPS data and fill the gap between SPS

and RHIC are also under consideration. The technical challenge for running RHIC at such

low energies comes from the requirement to operate the RHIC magnets at very low currents,

which in turn translates into instabilities in the magnetic field. Initial machine studies aiming

to overcome these limitations have already begun and have shown promising results [36]. If

successful, RHIC will be the only facility in the world that can provide a comprehensive

data set spanning 5 GeV <
√

sNN < 200 GeV ( µB = 30 − 536 MeV ) and thus aim for

a systematic search for the critical point. Obtaining the data at the same facility with the

same detectors also provides a superb control of the experimental systematic errors. In order

to be completed in a reasonable time, these studies require RHIC II luminosities.

If the critical point is located at higher baryon chemical potential (µB ≥ 500 MeV) , it may be

accessible at the future GSI facility. However, statistical model calculations using SPS, AGS,

and SIS data, represented in Figure 2 [35], indicate that at the collision energies required to

produce such high baryo-chemical potentials it is questionable if the QGP phase is reached.

At RHIC a system with initial temperature higher than Tc and baryon density comparable

to low energy SPS can be created at forward rapidities. Thermal model analysis of the

particle ratios measured by the BRAHMS experiment [37] show that at y = 3, µB is about

100 MeV larger than at mid-rapidity. Thus, measurements away from the central rapidity

region will expand the experimentally accessible region of the phase diagram. Fluctuation

and correlation measurements at forward rapidities will be possible after the PHENIX Nose-

Cone Calorimeter (NCC) and forward Si-tracker upgrades and the STAR forward meson
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spectrometer and forward tracker upgrades. However, the full particle identification (PID)

capabilities that are necessary for the characterization of the chemical properties of the

system will be lost, since the BRAHMS experiment is phased out and comparable PID

coverage is currently not provided for in the planned future PHENIX and STAR upgrades.

4 Dynamical evolution of the QCD medium

4.1 Theoretical tools and comparison to data

The main disadvantage of lattice simulations is the practical restriction to finite, periodic

systems in global equilibrium, a scenario far removed from the highly inhomogeneous off-

equilibrium situation found in complex heavy-ion reactions.

In order to connect the theoretical thermodynamic properties of a QGP with experimental

data on finite nuclear collisions, the dynamical effects of the collisional environment need

to be estimated. Transport theory is the basic tool to address this task. Non-equilibrium

effects are certain to arise from the rapid time-dependence of the system (even the use of the

term “state” seems questionable), finite size effects, inhomogeneity, N -body phase space,

particle/resonance production, and freeze-out and collective dynamics. Microscopic and

macroscopic (hydrodynamical) transport models attempt to describe the full time-evolution

from an assumed initial state of the heavy ion reaction (i.e. the two colliding nuclei or a

thermalized QGP) up to the freeze-out of all initial and produced particles after the reaction.

Hydrodynamical models neglect most of the non-equilibrium effects by making the assump-

tion that the initial condition can be assumed to be in local thermal equilibrium and that

local equilibrium is maintained during evolution. Even more simple fireball or blast-wave

models simply parameterize final spectra and abundances via freeze-out parameters, e.g.

T, µB, ~vf .

Nevertheless, Relativistic Fluid Dynamics (RFD, see e.g. [38, 39, 40]) is ideally suited for the

QGP and hydrodynamic expansion phase, but breaks down in the later, dilute, stages of the

reaction when the mean free paths of the hadrons become large. The biggest advantage of

RFD is that it directly incorporates an equation of state as input and thus is so far the only

dynamical model in which a phase transition can explicitly be incorporated. In the ideal

fluid approximation (i.e. neglecting off-equilibrium effects), the EoS is the only input to
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the equations of motion and relates directly to properties of the matter under consideration.

The observables that are sensitive to the dynamical evolution of the system are the identified

single particle spectra and elliptic flow. A wealth of experimental data on identified particle

spectra and flow measured as a function of centrality, transverse momentum, beam energy

and colliding species already exist from Run1 - Run5 at RHIC. The hydrodynamics descrip-

tion has been very successful [41, 42, 43] in describing the collective behavior of the system.

In particular, RFD has been able to reproduce the characteristic mass dependence in the

pT dependence of elliptic flow at low-pT (pT < 1.5 GeV/c). The mass scaling is sensitive

to the EoS used in the calculations. It has been shown that the agreement with the data

requires a QGP EoS [44, 45]. However, these calculations use an EoS with a strong first

order phase transition and ideal parton gas to describe the plasma phase which is inconsis-

tent with the lattice results. It has been noted that the details of phase transition do not

lead to significant dynamical effects [41] as long as the total increase of the entropy density

across the transition, as observed in the lattice data is well reproduced by the model. If

this is the case, then the experimental sensitivity to the details of the EoS evolution may be

questioned. On the other hand the v2 experimental results can clearly discriminate between

hydrodynamics calculations with latent heat varying between δεlat = 0.4, 0.8, 1.6 GeV/fm3,

which indicates that the strength of the phase transition is important for agreement with

the data. The latent heat and the order of the phase transition also influence the space-time

dynamics observable through the HBT radii of the particle emission source. Viscous correc-

tions were shown to improve the agreement with the data [46], but there are also indications

that a cross-over phase transition or non-Bjorken initial conditions may help to resolve the

“HBT-puzzle” [47, 48].

Attempts to incorporate a parameterized lattice results into hydrodynamics calculations

have just begun [49, 50, 51]. Such studies are crucial for establishing the evolution of the

EoS in relativistic heavy ion collisions. However, a complete and consistent account for all

experimental data can not be achieved without a proper description of the properties of the

medium (e.g. viscosity) at all stages of the collisions and relaxing the assumption of boost

invariance.

Presently, most hydrodynamics calculations are 2+1 dimensional and thus limited to a slice

around mid-rapidity [41, 42]. The shape of the spectra as well as the transverse momentum

dependence of the elliptic flow for minimum bias data are reproduced nicely, but more spe-

cific centrality bins pose a problem for the elliptic flow calculations. In order to reproduce

simultaneously the shape of the particle spectra (which freeze-out at Tkinetic = 110 MeV) and
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the measured hadron abundances (determined at the chemical freeze-out Tch = 170 MeV) ,

the ideal hydrodynamics calculations implement into the EoS temperature dependent indi-

vidual non-equilibrium chemical potentials. Alternatively, the ideal hydrodynamics has to

be coupled with a “hadronic afterburner” (see discussion in section 5.1).

Recently, fully three-dimensional calculations have become available as well [43, 88] and a

first successful comparisons to spectra, multiplicity distributions and elliptic flow data [52]

measured at forward rapidities have been made.

Exploring the choice of initial conditions, implementing a lattice-base EoS and viscosity

throughout the system evolution within a 3D hydrodynamics model coupled with hadronic

cascade remains a theoretical challenge for future and should be made one of the top pri-

orities of the RHIC theory effort. In the next section we concentrate on measurements

that will provide additional experimental constraints to the theory and require the RHIC II

capabilities.

4.2 Experimental approaches to the QCD EoS in the RHIC II

phase
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Figure 3: Peak energy density (left axis) and entropy density (right axis) vs the number of

participants for various Au+Au impact parameters and U+U full-overlap collisions both at
√

sNN = 200 GeV. Figure taken from [53].

Full-overlap U+U collisions provide significantly larger initial energy densities at comparable

spatial deformation, and significantly larger deformation and volume at comparable energy
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density, than semi-central Au+Au collisions. It has been shown quantitatively that this

provides a long lever arm for studying the hydrodynamic behavior of elliptic flow in much

larger and denser collision systems and the predicted non-linear path-length dependence of

radiative parton energy loss [53, 54]. This is of particular importance for the study of the

QCD equation of state since systematic studies of the elliptic flow at mid-rapidity in Au+Au

and Pb+Pb collisions of varying centrality at the AGS, SPS, and RHIC [56, 57] show that

the ratio of the elliptic flow coefficient over the spatial eccentricity, v2/εx, scales with the

charged multiplicity density per unit transverse area, 1

S
dNch

dy
. Which is in turn proportional

to the initial entropy density s0 of the reaction zone. A similar scaling is seen when studying

v2/εx as a function of rapidity in minimum bias Au+Au collisions at RHIC [58, 59, 60].

Predictions from ideal fluid dynamics [61] agree with the data only at the top RHIC energy,

in almost central Au+Au collisions, and at mid-rapidity, i.e. where the highest initial entropy

densities are created. As one moves to more peripheral collisions, lower collision energies,

or away from mid-rapidity, the measured elliptic flow begins to increasingly fall below the

ideal fluid limit. According to Figure 25 in [57], the data do not seem to approach the

ideal fluid limit gradually, but follow a trend which seems to cross the hydrodynamic curve

near 1

S
dNch

dy
≈ 25/fm2 [62]. This is unexpected since the ideal fluid value for v2/εx is an

upper limit which should not be exceeded [63]. It is therefore very important to check that

at larger values of 1

S
dNch

dy
the data indeed settle down to the hydrodynamic prediction. If

they do not, this would imply a stiffer QGP equation of state than so far assumed since the

hydrodynamic value of v2/εx increases with the speed of sound [64]. With Au+Au collisions

the only possibility to further raise 1

S
dNch

dy
is to increase the collision energy, which will be

possible at the Large Hadron Collider (LHC). It has however been shown that with full-

overlap U+U collisions at top RHIC energies in edge-on-edge geometry, one can increase
1

S
dNch

dy
∼ s0 by ≈ 55%, to values around 40 fm2 [53, 54], Figure 3. This is a larger gain than

between Au+Au collisions at impact parameters b = 0 and b' 10 fm. On the experimental

side, the use of uranium beams requires the Electron Beam Ion Source, which is planned to

begin operation in 2009 [55], thus the proposed measurements could be available from RHIC

on the same timescale as the first data from the LHC.

Direct photons provide another venue for studying the QGP equation of state: These can

be categorized into high transverse momentum prompt photons originating from hard pQCD

processes during the initial stage of the reaction and thermal photons radiated during the

evolution of the thermalized QGP and hadron gas phases of the medium. The most promi-

nent processes for the creation of direct photons in a QGP are qq̄ → γg (annihilation) and

gq → γq (Compton scattering) [65]. The production rate and the momentum distribution
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of the photons depend on the momentum distributions of quarks, anti-quarks and gluons in

the plasma and have been shown to depend on the QGP equation of state [66, 67, 68, 70].

Among the most clear evidences for QGP formation from QCD calculations on the lattice

are: (i) the sharp rise of g ∝ ε(T )/T 4, or equivalently g ∝ s(T )/T 3, at temperatures around

Tc, and (ii) the flattening of the same EoS curve above Tc. The sharp jump is, of course,

due to the sudden release of a large number of (partonic) degrees of freedom at Tc. The

subsequent plateau is due to the full formation of a QGP with a fixed (constant) number

of degrees of freedom for increasingly higher temperatures. It has been proposed in [71]

to use the inverse slope parameter of the thermal photon spectrum, Teff , as a proxy of

the temperature of the produced hot medium, and study the quantity (dNch/dη)/T 3
eff as a

function of centrality in order to obtain information on the shape of g(T ) ∝ s0/T
3
0 . One has

to note that though transverse flow effects do influence the direct proportionality between

the slope and the temperature of the photon spectrum [70] (specifically at low pT and in the

SPS regime), according to [71] the slope parameter and the real temperature T of the source

are seemingly still correlated at RHIC energies. The approach of d’Enterria and Peressounko

[71] has been tested using a 2D+1 Bjorken hydrodynamical model that reproduces well the

existing hadron and photon spectra measured in Au+Au collisions at
√

sNN = 200 GeV.

These calculations demonstrate that by using the hadron and photon data in such a way,

one can indeed disentangle between an underlying medium with hadron-resonance-gas (with

rapidly rising number of degrees of freedom) or QGP-like (with fixed number of g above Tc)

EoS. On the other hand, the model indicates that at top RHIC energies and for most of

the centralities, the hottest parts of the initial fireball are in the QGP phase, and the aimed

observation of a rise in g around Tc is only barely seen (if at all) for the very most peripheral

reactions. Thus, direct evidence of the QGP-HRG phase change itself via the study of the

centrality dependence of the hadron multiplicities and thermal photon slopes would only be

potentially feasible at RHIC II in Au+Au reactions at lower center-of-mass energies (
√

sNN ≈
20 – 65 GeV). In any case, more quantitative conclusions on the possibility to extract the

exact shape of the underlying EoS and/or the absolute number of degrees of freedom of the

produced medium require more detailed theoretical studies (e.g. with varying lattice-inspired

EoS’s and/or using more numerically involved full 3D+1 hydrodynamical approaches).

An alternative way to extract the QGP equation of state sensitive thermal photon yield from

the data is by means of photon HBT interferometry [72, 73, 74, 75, 76, 77, 78], where the

yield information of the direct photons is encoded in the λ-factor of the three-dimensional

correlation function. The advantage of the HBT analysis is that it allows to determine
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the total direct photon yield independently of integrating the background-subtracted direct

photon spectrum, allowing for an important cross-check regarding this quantity.

It has been suggested in [79] to use a combination of entropy- and energy-density measure-

ments in order to determine the number of degrees of freedom of the system via g ∼ s4
0/ε

3
0.

Again, the initial entropy density can be inferred from the final particle multiplicity or from

an analysis of the composition of the fireball at chemical freeze-out [80]. An independent

experimental proxy of the initial energy density is not easily obtained however. Indeed, due

to longitudinal work any measurement of the final transverse energy density, dET /dη, pro-

vides only a lower limit on the initial ε0. The proposal of the authors of extracting (an upper

limit of) the energy density from jet quenching data (“punch-through” measurements) is not

obvious either, since parton energy loss measurements provide information on the attained

particle density rather than on the energy density of the system. Although more studies are

needed in order to identify experimental observables closely related to ε0, which one can then

use to obtain g ∼ s4
0/ε

3
0, an energy scan between SPS and top RHIC energies (

√
sNN ≈ 20

– 65 GeV) would again be of high interest for the study of the evolution of the EoS of the

underlying medium for different initial thermodynamical conditions.

5 Properties of the medium

5.1 Viscosity

The agreement of ideal hydrodynamic predictions of differential elliptic flow and radial flow

patterns with Au+Au data at
√

sNN = 200 GeV and
√

sNN = 130 GeV has provided

evidence for the nearly perfect fluid properties of the strongly coupled Quark Gluon Plasma,

sQGP, produced at RHIC. “How perfect is the sQGP fluid ?” is an important question that

can not be answered within a framework that does not allow for dissipative effects. Since

the relativistic Navier-Stokes equation cannot be solved directly, including dissipation in the

sQGP phase presents a challenge to the theory. Estimates based on numerical solutions of

the Navier-Stokes equation coupled with a boost-invariant blast-wave model [81] show that

the viscosity affects both the radial and elliptic flow, as well as the HBT radii. Such studies

provide an upper limit to the shear viscosity in the sQGP Γs ≡ 4

3

η

ε+p
∼ 0.1 [82]. This

estimate provided a surprisingly small finite lower bound for the viscosity over entropy ratio

of η/s, well in tune with the success of ideal hydrodynamic calculations at RHIC.
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Utilizing lattice calculations, a first attempt on determining the shear viscosity has been made

in [83], however with large error-bars. It is unlikely that the viscosity can be determined

reliably from lattice calculations. This is an area where experimental advances coupled with

phenomenological models remains the most viable approach.

It has been recognized that the strong dissipation in the hadron gas stage and the as-

sumptions about hadro-chemical and thermal equilibrium after the sQGP hadronizes have

important implications [84]. The perfect fluidity in the sQGP has been attributed to the

sudden increase of the entropy density of QCD matter at the critical temperature Tc, rather

than anomalous reduction of viscosity. This type of data analysis implements a hybrid model

(“hydro+micro”).

Hybrid models [85, 86, 87, 88] that combine the RFD calculation with a microscopic hadronic

cascade model have the key advantage that the freeze-out occurs naturally as a result of

the microscopic evolution and that flavor degrees of freedom are treated explicitly through

the hadronic cross-sections of the microscopic transport. The microscopic treatment of the

hadronic phase automatically incorporates viscosity for that phase in the calculation. Match-

ing the conditions between the two phases in the calculations is typically done by choosing

a temperature (near Tch) at which hadronization occurs. Disentangling the contributions

to the elliptic and radial flow and thus deducing the viscosity of the medium requires ex-

perimental input. Measurements involving identified particles which have small hadronic

cross-sections (φ, Ω, Ξ) provide suitable probes, since they are mostly sensitive to the sQGP

phase of the collisions. Experimentally, these measurements require large amounts of data,

since the particles under consideration are rarely produced. The present status of v2 mea-

surements for strange particles from the STAR experiment [89] are shown in Figure 4. Data

including v2 of φ mesons measured in minimum bias Au + Au collisions in the PHENIX

experiment [90] are shown in Figure 5. Although both data sets are still preliminary, they

incorporate most of the available statistics from Run4 at RHIC, which is the largest data set

obtained from
√

sNN = 200 GeV Au + Au collisions so far. The results present tantalizing

evidence that Ξ− + Ξ
+
, Ω− + Ω

+
, and φ participate in elliptic flow, which is predominantly

partonic. There are also indications that the strength of the flow signals depend on the

number of quarks in the hadrons. However, the statistical errors in these measurements are

large and prevent any detailed comparison with theory. It is desirable to study the centrality

dependence of v2 and to do this separately for particles and anti-particles, however with the

present statistics this can only be done at the expense of even larger statistical error bars

and less discriminating power against theoretical models. The precision study of the elliptic

17



flow for multi-strange particles requires the RHIC II luminosity. These measurements pro-

vide important constraints to the description of the sQGP phase of the collisions and will

ultimately give a handle with which to disentangle the viscous effects in the partonic and

hadronic stages.
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Figure 4: Azimuthal anisotropy v2 for strange hadrons (left) and multi-strange hadrons

(right) in 200 GeV minimum bias Au+Au collisions. The dashed lines show a common fit

[91] to the K0
S and Λ+Λ data. Hydrodynamic model calculations are shown as shaded areas.

It has been suggested that the simultaneous directed flow measurement of v2 and v3 in

asymmetric collision systems would provide the most efficient way of constraining fully 3D

hydrodynamic calculations and show an increased sensitivity to the viscosity of the medium.

In order to provide the necessary accuracy, RHIC would need to provide statistics for A+B

collisions at a level comparable to current Run 4/5 statistics. Note that this particular

measurement would require the large rapidity coverages of the PHOBOS and BRAHMS

experiments. Since these are currently being phased out, an equivalent capability needs to

be recovered with future STAR and PHENIX upgrades.
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Figure 5: (a) v2 of the φ mesons as a function of pT , and (b) v2/n of the φ as a function

of pT /n, (n being the number of quarks), measured in minimum bias Au + Au collisions at
√

sNN = 200 GeV by the PHENIX experiment. The bands around the data points represent

the systematic errors. Results for other identified hadrons are plotted for comparison.

5.2 Transport coefficients

Theoretically, the determination of transport coefficients, such as shear viscosity, heat capac-

ity and diffusion coefficients are among the major challenges for the near- and medium-term

future. Charge diffusion and electric conductivity has been studied using LQCD in [92].

These calculations benefit from the correlator on the lattice being less noisy than for the

viscosity, so progress in this area should be possible on rather short time-scales. Overall,

the study of heavy-quark diffusion should be easiest on the lattice, whereas no work so far

has been done on the extraction of the heat capacity, which might be the most difficult to

obtain.

One of the most promising approaches for making progress in the area of transport coefficients

is the sector of heavy-flavor thermalization. The charm diffusion coefficient can be related

to the charm energy loss and momentum broadening. Utilizing transport theory, these

quantities can then be used as an input for the calculation of charm elliptic flow, thus

creating a relation between an experimentally accessible quantity and the diffusion coefficient

[93, 94, 95].

Along similar lines, recent work on the possible creation of Mach-cones [96, 97, 98, 99] or

Čerenkov radiation [100] in the QCD medium through the passage of high-pt particles may

reveal important information on the transport properties of the medium. Structures consis-
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tent with Mach cones have been observed in the data [101, 102]. However, the theoretical

interpretation of the data is still incomplete and parameter dependent [103].For example,

Mach-cones were not observed when nonlinear hydrodynamic response to the jet was esti-

mated with 2+1 dimensional hydro code [104]. Further advance will require more theoretical

work as well as more detailed experimental input. RHIC II luminosity is important as the

experimental observables require multi-particle correlations.

5.3 Thermalization

Establishing a thermalized system is an important pre-requisite of for a state of matter to

be formed. Thus here we examine the evidence that a thermalized system has been formed

in A + A collisions at RHIC, the timescale for thermalization to occur, the experimental

observables that may establish links to theoretical models of thermailization.

5.3.1 Evidence for thermalization

Hadron abundances measured in relativistic heavy ion collisions have been successfully de-

scribed using statistical thermal models. A system in a chemical equilibrium with chemical

freeze-out temperature Tchem ≈ 170 MeV is observed independent of collision system and

collision centrality. This temperature agrees with the value for the quark-hadron phase

transition temperature predicted by Lattice QCD. The system expansion and the hadronic

re-scattering may still continue after chemical equilibration. At kinetic freeze-out, when the

hadrons stop interacting, the temperature is reflected in the slopes of the hadron momentum

distributions. The kinetic freeze-out temperature can be extracted by comparing the mea-

sured spectral shapes of identified hadrons to a hydrodynamic model that has been tuned

to reproduce the data. The model shows that it takes about 9-10 fm/c until the fireball

has become sufficiently dilute to completely convert to hadronic matter, and another 7-8

fm/c to completely decouple and a temperature of Tkinetic ≈ 100 MeV. The success of the

statistical thermal models and the hydrodynamics description of single particle spectra and

yields implies that the matter produced at RHIC has reached thermal equilibrium at some

stage of its evolution.
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5.3.2 Timescale for thermalization

The thermalization process due to its highly non-equilibrium nature is difficult to model

theoretically. An important step in understanding the thermalization mechanism is to de-

termine experimentally the timescale on which thermalization occurs. One way to do that

is to compare a dynamical macroscopic model of the system evolution to experimental data

and then infer the timescale of thermalization from the model.

Since the spectral shapes evolve throughout the system’s life, they do not carry sufficient in-

formation that allows to constrain the equilibration time. The elliptic flow (v2), on the other

hand, is driven by the spatial anisotropy of the reaction zone and the resulting anisotropic

pressure gradients that feedback into the system to reduce the spacial anisotropy. This self-

quenching mechanism quickly bring the system into a spherically symmetric state after which

the v2 strength saturates. At RHIC energies this saturation happens before the completion

of hadronization, and thus it can be used a s clock to estimate the time duration . The

hydrodynamics approach being a macroscopic description of the system is not applicable to

describe the pre-equilibrium stage of the reaction and can not give an answer on how thermal

equilibrium is achieved. It can, however, give an estimate of the time it takes for the system

to reach local thermal equilibrium by connecting the measured v2 and the evolution of the

pressure gradients in the system. The success of ideal hydrodynamics in describing the large

elliptic flow observed at RHIC requires very short thermal equilibration times, of the order

τtherm < 1fm/c.

5.3.3 Thermalization mechanism and links to experiment

The thermalization process itself can only be assessed using a microscopic description of

the pre-equilibrium system dynamics. Microscopic transport models are applicable in this

case. These models need experimental input to constrain the transport coefficients in the

medium. Heavy quarks are a good probe of the transport properties of the medium. Due

to the large c−quark mass, the charm equilibration time is expected to be much larger (

about a factor of 6) than the the light quark equilibration time. Thus it is expected that

the elliptic flow of charm quarks will be smaller than the flow of light hadrons. In addition,

because charm is produced through hard-scattering, without the collective expansion, the

spectral shapes of D-mesons will follow a power-law distribution which deviates strongly

from the thermal spectrum. The equilibration time will control the extent to which the
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initial power-law spectrum approaches the thermal spectrum. Energy loss in the medium,

which is measured through the nuclear modification factor RAA also affects the spectral

shapes and the anisotropic flow patterns. Measurements of charm v2 and RAA provide a

link to the charm the diffusion coefficient, which is a needed input to microscopic transport

models addressing thermalization.

Measurements of open charm production and flow in heavy ion collisions are challenging due

to the small production cross-sections and the experimental limitations for charm particle

identification. The direct reconstruction of D0(D0)→ K∓π± is subject to large combinato-

rial background. The STAR collaboration has published D0 from d+Au collisions [105] and

obtained preliminary data from Au + Au collisions [106], however the large multiplicities in

heavy ion collisions result in signal-to-background ratios of the order 1/1000 and correspond-

ing systematic errors on the D0 yields of order 30%. Measurements of charm flow and nuclear

modification factors (RAA) with combined statistical and systematic uncertainties <∼ 10%

are needed in order to constrain theoretical models and give insight into charm diffusion

coefficients. Charm measurements using non-photonic electrons, which primarily originate

from charm semileptonic decays have been performed both in PHENIX [107, 108, 109, 110]

and in STAR [106]. The systematic uncertainties in the pT spectra measured by PHENIX

are of order 10% at pT = 0.4 GeV/c and increase to 15% high-pT (pT ' 5 GeV/c). Further

improvements in the systematic uncertainties from the single electron charm measurements

are difficult to achieve, while reducing the statistical errors is not possible without the RHIC

II luminosity upgrade. Recent (preliminary) results for RAA and v2 of open charm obtained

from the PHENIX and STAR electron measurements [111, 112] are shown in Figure 6,

Figure 7 and Figure 8. These results utilize the high statistic Au + Au data sample from

Run4 of RHIC. Together with improved triggering and reduced background due to material

in the PHENIX detector these preliminary results give a factor of 100 statistical improve-

ment over the previously published results. While the RAA(pT ) measurement already has

discriminative power, the statistical errors on the v2 results can not be improved without the

RHIC II luminosity upgrade. Another essential experimental improvement will be achieved

with the planned vertex detector upgrades in PHENIX and STAR, which will make possible

direct charm and beauty identification over a broad kinematic range.
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6 Hadronization

Hadronization is the fundamental process in which the partonic medium converts into hadrons.

It includes both the dressing of quarks from their bare masses, thus breaking the approx-

imate chiral symmetry, and the confinement of quarks into colorless hadrons. Due to its

non-perturbative nature, the hadronization process is not well understood. Heavy ion re-

actions present an opportunity to study this process in the nucleus (using d + A collisions)

and in the dense QGP medium (A+A collisions). The detailed understanding of hadroniza-

tion also plays a crucial role for isolating signatures sensitive to the QGP properties and

evolution from those which are dominated by the later reaction stages. A conclusive experi-

mental evidence for hadronization occurring from thermalized quark and gluon distributions

can be interpreted as an evidence for QGP formation. One of the theoretical milestones of

the first several years of the RHIC program was the development of the recombination plus

fragmentation model as the standard model of hadronization for matter at intermediate and

high transverse momenta: at the center of the recombination + fragmentation model is the

realization that hadron production at momenta of a few GeV/c in an environment with a

high density of partons occurs by recombination, rather than fragmentation, of partons. It is

found that recombination always dominates over fragmentation for an exponentially falling

parton spectrum, but that fragmentation wins out eventually, when the spectrum takes the

form of a power law.
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In the fragmentation picture [117] the single parton spectrum is convolved with the prob-

ability for a parton i to hadronize into a hadron h, which carries a fraction z < 1 of the

momentum of the parent parton. It has been argued that the fragmentation functions

Di→h(z) can be altered by the environment [118]. The dominant modification mechanism is

the energy loss of the propagating parton in the surrounding medium, which leads, in first

approximation, to a rescaling of the variable z. This would affect all produced hadrons in

the same way, in contradiction with the observations at RHIC.

In the recombination picture, three quarks or a quark/antiquark pair in a densely populated

phase space can form a baryon or meson respectively. The amplitude for this process is

determined by the hadron wave function. This mechanism has recently been identified as

the source of unnatural isospin ratios in the production of D-mesons in the fragmentation

region in π− + A interactions at Fermilab [119]. Hadron production in heavy ion collisions

by recombination of quarks has been considered before [120], primarily at small transverse

momentum.

A major RHIC discovery is the strong nuclear suppression of the pion and inclusive charged

hadron yields at transverse momenta larger than 2 GeV/c in central Au + Au collisions, com-

pared to p + p interactions [121]. This is widely seen as the experimental confirmation of jet

quenching, the phenomenon that high energy partons lose energy when they travel through

the hot medium created in a heavy ion collision [122, 123, 124], entailing a suppression of

intermediate and high pT hadrons.
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Another RHIC discovery that prompted the development of the recombination models of

hadronization, is that the amount of suppression at intermediate pT seems to depend on the

hadron species. In fact, in the production of protons and anti-protons between 2 and 4 GeV/c

the suppression seems to be completely absent. Generally, pions and kaons appear to suffer

from a strong energy loss while baryons and anti-baryons do not. Two stunning experimental

facts exemplify this [125, 126]. First, the ratio of protons over positively charged pions is

equal or above one for pT > 1.5GeV/c and is approximately constant up to 4 GeV/c. Second,

the nuclear suppression factor RAA below 4 GeV/c is close to one for protons and lambdas

[128], while it is about 0.3 for pions.

The recombination approach [129, 130, 131, 132] has been able to account for the above

baryon/meson differences. Additionally, it was observed that the elliptic flow pattern of

different hadron species can be explained by a simple recombination mechanism [133, 134,

135, 136]. The anisotropies ,v2, for the different hadrons are compatible with a universal

value of v2 in the parton phase, related to the hadronic flow by factors of two and three

depending on the number of valence quarks [137, 138].

Surprisingly, experimental studies of jet-correlations using identified baryon or meson triggers

in the intermediate pT region show little or no particle species dependence [127], which rules

out recombination from a pure thermal source. For the recombination picture to remain

valid, at least one of the quarks in the baryon has to come from the fragmentation of a

hard-scattered parton and thus preserve the jet-like correlations between the final hadrons.

A detailed study of the interplay of recombination and fragmentation will require high preci-

sion data on identified particle distributions covering pT ≈< 8 GeV/c. Of particular interest

will be data on multi-strange hadrons and resonances. Resonances have been predicted to

violate the elliptic flow scaling law [139], allowing for further insight into the strength of

hadronic final state interactions. In addition, the measurement of dynamical two-particle

correlations will help to constrain the recombination formalism and the transition to fragmen-

tation at high pT [140]. Enhanced PID capabilities will become available after the planned

STAR and PHENIX upgrades, while the RHIC II luminosity is needed to obtain statistically

significant elliptic flow and correlation results involving rare particle species.

There have been attempts to describe the different behavior of baryons and mesons through

the existence of gluon junctions [141]. This approach poses the fundamental question about

the nature of the baryon number. Detailed baryon number versus charge transport measure-

ments are needed to enable the experimental test of how both the charge and the baryon
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number are carried by the quarks. If there is no gluon contribution to the baryon num-

ber, then the ratio of charge-to-baryon number in any rapidity or momentum bin should

remain fixed to the charge-to-baryon ratio in the initial nuclei. This simple idea is very

difficult to test, since a full account for the baryon number transport requires detection of all

baryons and anti-baryons, not just the charged and/or the weakly decaying neutral baryons.

None of the RHIC experiments is equipped with a hadronic calorimeter (except the ZDCs

and the PHENIX forward calorimeter FCAL) and thus neutron detection is not possible.

The PHENIX experiment has demonstrated that they can identify anti-neutrons using the

large annihilation energy deposited in the electromagnetic calorimeter. If one assumes that

p/p = n/n, then the gluon junction versus quark baryon stopping could in principle be tested

using measured identified charged hadron ratios [142], but in order to have discriminative

power the π−/π+ ratios need to be measured to a precision better than 0.5%, which is diffi-

cult to achieve. Thus, a high-precision baryon versus charge transport measurement needs a

careful systematic study of charged particle yields and neutron PID that would require new

detectors, not considered in the present upgrades to STAR and PHENIX. A BRAHMS-like

spectrometer which includes a hadronic calorimeter in addition to high pT PID for charged

hadrons could enable the measurement of baryon and charge transport over a broad kine-

matic range. RHIC II luminosity will be required due to the small acceptance of such a device

at any particular setting. Another approach to test baryon junction/anti-junction contribu-

tion to BB production is to study long range rapidity correlations between in baryons and

anti-baryons. Identified particle measurements over |yB − yB| < 2 as suggested in [143, 144]

could be done with the upgraded STAR detector.

All approaches to the study of hadronization ultimately require PID for baryons and mesons

over a broad kinematic range with statistically significant samples that will allow for correla-

tion studies including the rare multi-strange baryons and thus critically depend on detector

upgrades and increased luminosity.

7 Summary

In summary, the EoS working group has identified the key physics questions related to

the bulk properties of the matter created at RHIC that presently remain unanswered: the

nature of the transition from hadron gas to QGP and the location of the critical point in the

QCD phase diagram, the evolution of the QCD EoS through the transition region, dissipative

26



effects in the sQGP medium, the thermalization mechanism and relation to sQGP properties,

the hadronization mechanism and the nature of the baryon number.

Progress on many fronts requires both theoretical and experimental developments and feed-

back between the two. Although a lot has been learned from the first few years of RHIC

about the collective behavior and thermodynamics properties of hot and dense QCD mat-

ter, in many cases our understanding is incomplete. The theoretical models are as yet too

idealized or have too many parameters that can not be fixed without precision experimental

input. The approaches that will lead to further development can be classified in the following

groups:

• Energy scans

An energy scan between
√

sNN = 5 − 62 GeV will enable the search for the critical

point in the QCD phase diagram, which may be observed via fluctuation and correlation

measurements. The evolution of the QCD EoS could be studied via the measurements

of identified particle single spectra and elliptic flow, correlating thermal photons and

particle multiplicity measurements, or using photon HBT correlations.

• Species scans

Using U + U collisions will allow for the exploration of new regions of energy den-

sity versus deformation space and provide constraints to viscosity in the sQGP phase.

Asymmetric species scans will allow for further constraints in the hydrodynamics de-

scription of heavy ion collisions, including viscosity, by introducing odd-harmonics (i.e.

v3) in the azimuthal distributions of particle emission, which will provide additional

sensitivity to the dynamics of the collisions.

• Rare probe measurements

Statistically significant measurements of spectra, elliptic flow, nuclear modification fac-

tors, baryon/meson ratios, identified particle correlations of φ, Ξ, Ω, D covering inter-

mediate and high pT will aid in disentangling viscosity in the partonic and the hadronic

medium, reveal thermalization mechanisms, and provide insight in the hadronization

process.

All of these measurements require significantly increased luminosity either to provide large

statistics, or as in the case of energy scan - several different experimental settings. Forward

detector upgrades with PID are crucial for the success of the asymmetric species and U + U
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program. The charm measurements require µ-vertex detection. The program outlined in

this document can be completed at the RHIC II facility.
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