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Abstract. The current status of quark gluon plasma theory is reviewed. Special emphasis is placed
on QGP signatures, the interpretation of current data and what to expect from RHIC in the near
future.

Keywords. Quark gluon plasma; heavy-ion collisions.

PACS Nos 25.75.-g; 25.75.Nq; 12.38.Mh

1. Introduction

Ultra-relativistic heavy-ion collisions offer the unique opportunity to probe highly excited
dense nuclear matter under controlled laboratory conditions. One of the main driving
forces for these studies is the expectation that an entirely new form of matter may be
created in such reactions. This form of matter, called the quark gluon plasma (QGP), is
the QCD analogue of the plasma phase of ordinary atomic matter. However, unlike such
ordinary plasmas, the deconfined quanta of a QGP are not directly observable because of
the fundamental confining property of the physical QCD vacuum. What is observable are
hadronic and leptonic residues of the transient QGP state. The QGP state formed in nu-
clear collisions is a transient rearrangement of the correlations among quarks and gluons
contained in the incident baryons into a larger but globally still color neutral system with
however remarkable theoretical properties, such as restored chiral symmetry and decon-
finement. The task with heavy-ion reactions is to provide experimental information on
this fundamental prediction of the standard model (for recent reviews on QGP signatures,
please see [1]).

2. The QCD phase diagram

QCD is a non-abelian gauge theory, it's basic constituents are quarks and anti-quarks in-
teracting through the exchange of color-charged gluons. At very high temperatures and
densities, in the domain of weak coupling between quarks and gluons, long range inter-
actions are dynamically screened [2,3]. Quarks and gluons are then no longer confined to
bound hadronic states (‘deconfinement’). Furthermore, chiral symmetry is restored — for

baryon-free matter — apparently at the same temperaure
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Figure 1. Left: QCD phase diagram of 3-flavor QCD with degenefatal)-quark
masses and a strange quark nrassRight: Schematic QCD phase diagram as a func-
tion of ug.
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Lattice gauge simulations of QCD [4,5] provide the only rigorous method to compute
the equation of statef strongly interacting elementary particle matter. In principle, both
the non-perturbative hadronic matter and the non-perturbative QGP phases of QCD can be
investigated. The main disadvantage of lattice simulations is the current practical restric-
tion to finite, periodic, baryon-free systems in global equilibrium, a scenario far away from
the highly inhomogeneous off-equilibrium situation found in complex heavy-ion reactions.

Lattice calculations yield a critical temperatureTef~ 270 MeV in the quenched ap-
proximation [6,7] — where neither dynamical quarks nor a chiral phase transition exist.
Simulations including dynamical quarks jag = O indicate a critical temperature in the
order of T, =~ 165 MeV (see figure 1, taken from [7]).

Many striking QGP signatures depend heavily on the assumption of a first-order phase
transition and the existence of a mixed phase of QCD matter. However, both the order
of the phase transition as well as the critical temperature depend on the parameters of the
calculation, namely the number of quark flavors and their masses. For the most realistic
case of QCD with two flavors of light quarks with masses between 5 and 10 MeV and
one flavor with a mass around 200 MeV, the situation remains unclear: the order of the
phase transition seems to depend on the numerical values for the masses of the light and
heavy quarks [8,7]. If the latter is too heavy, the transition might be smeared out to a mere
rapid increase of the energy density over a small temperature interval. In this case the use
of simple deconfinement scenarios may lead to wrong expectations for observables. The
elementary excitations in such a phase transition region ought not be described by quarks
and gluons but could physically resemble more hadronic excitations with strongly modified
‘in-medium’ properties [9].

This raises a practical question: Whether conclusions basgg en0 estimates might
misguide physical argumentation for observables in nuclear collisions? This warning is
particularly appropriate for those QGP signals, where a 50% quantitative change of an ob-
servable is used to differentiate QGP production scenarios from ordinary hadronic transport
ones.

The inclusion of the second most important thermodynamic variable, the chemical po-
tential g, into a full fledged lattice-QCD calculation has recently been attempted [10], but
still carries large systematical uncertainties. These calculations predict the existence of a
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Figure 2. Transport theory approaches for RHIC and their range of applicability.

tricritical point — only forug > Hg crit would a phase-boundary with a possibly first-order
phase transition exist.

An additional complication is that for systems of finite volurie{ 125 fmq) the de-
confinement cannot be complete. Fluctuations lead to a finite probability of the hadronic
phase abov&.. The sharp discontinuity (e.g/T %) is thus smeared out [11].

Recently, a lot of progress has been made towards understanding the QCD phase di-
agram at large chemical potentja} [12]. At very high densities, asymptotic freedom
and BCS theory have been utilized to predict new, superconducting, phases of QCD mat-
ter. Depending on the mass of the strange quark>% rrhd), first a two-flavor color-
superconductomfs — o) or a color-flavor locked superconducting phase ¢ecreasing
with ug) are found (see right frame of figure 1, taken from [13]). The color-flavor lock-
ing refers to the symmetry of the ground state only being given under a simultaneous
transformation of color and flavor. It should be noted, however, that these new phases of
high-density QCD will most likely not be found in heavy-ion reactions (the temperature
in such collisions is too high for color superconductivity to occur), but may rather have
a large impact in our understanding of matter in neutron stars and other cold super-dense
objects (for a review on the topic, please see [13)).

3. Dynamics: Transport theory at SPS and RHIC

Transport theory offers the unique capability of connecting experimentally observable
guantities in a relativistic heavy-ion collision with its time evolution and reaction dynam-
ics, thus giving crucial insights into the possible formation of a transient deconfined phase
of hot and dense matter, the quark gluon plasma.

Figure 2 provides an overview of different transport theoretical ansatzes currently in the
literature for the description of a relativistic heavy-ion collision at RHIC energies. The
time line shows dest case scenarifor what to expect: the formation of a thermalized
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QGP with subsequent hadronization and freeze-out. Bands with solid lines denote the safe
range of applicability for the respective transport approach, whereas dashed/dotted bands
refer to areas in which the approach is still applied but where the assumptions on which
the approach is based upon may be questionable or not valid anymore.

Theinitial state and earlypre-equilibrium phaseare best described in classical Yang—
Mills theory (CYM) [14] or lattice gauge transport (LGT) [15] calculations — only these
classes of models treat the coherence of the initial state correctly, but do not provide any
meaningful dynamics for the later reaction stages.

The parton cascade model (PCM) [16] and relg@CD approaches [17] treat the ini-
tial state as incoherent parton configuration, but are very well-suited fprekequilibrium
phaseand subsequent thermalization, leading @&P and hydrodynamic expansidvi-
croscopic degrees of freedom in this ansatz are quarks and gluons which are propagated
according to a Boltzmann equation with a collision term using leading @@€D cross-
sections. Augmented with a cluster hadronization ansatz the PCM is applicable up to
hadronization The range of this model can be even further extended if it is combined with
a hadronic cascade which treats kiaglronic phase and freeze-adrrectly [18].

Nuclear fluid dynamics (NFD, see e.g. [19,20]) is ideally suited forQi@&P and hy-
drodynamic expansioreaction phase, but breaks down in the later, dilute, stages of the
reaction when the mean free paths of the hadrons become large and flavor degrees of
freedom are important. The reach of NFD can also be extended by combining it with a
microscopic hadronic cascade model — this kind of hybrid approach (dydeal plus
micro) was pioneered in [21] and has been now also taken up by other groups [22]. Itis
to date the most successful approach for describing the soft physics at RHIC. The biggest
advantage of NFD is that it directly incorporates an equation of state as input — one of it's
largest disadvantages is that it requires thermalized initial conditions and one is not able to
do anab-initio calculation.

Last but not least, string and hadronic transport models [23,24] have been very suc-
cessful in the AGS and SPS energy domains. They treat the early reaction phase as a
superposition of hadron—hadron strings and are thus ill-suited to describe the microscopic
reaction dynamics of deconfined degrees of freedom. In the later reaction stages, however,
they are the best-suited approach, since they incorporate the full spectrum of degrees of
freedom of a hadron gas (including flavor dependent cross-sections).

However, it is important to note that there is not a single transport theoretical ansatz
currently available, which is able to cover the entire time-evolution of a collision at RHIC
in one self-consistent approach.

4. SPS: Highlights and open questions

During the last eight years the heavy-ion research at the CERN-SPS has succeeded to
achieve the measurement of a wide spectrum of observables relevant for a QGP search.
Table 1 provides an overview of these measurements together with an assessment if the
results would be compatible with the possible creation of a new form of deconfined matter
[25,26]. In the following sections, several of these results will be highlighted in greater
detail:
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Table 1. Overview of concepts relevant for a QGP search and their corresponding
observables investigated at the CERN/SPS. The last column indicates the success of
the measurement and its compatibility with the possible creation of a new form of
deconfined matter.

Concept Observable

Creation of dense nuclear matter Stopping vV
Creation of high temperatures Energy spectra vV
Compression of nuclear matter Collective flow V4
Hadron source space-time evolution  Particle interferometry Vv
Remnants of hadronization Strangeness enhancement vV
Ashes of plasma Strangelets and hypermatter ?
Restoration of chiral symmetry Masses/widths of vector mesons |/
Debye screening in a QGP J/¥ andW¥ suppression Vv
Radiation of plasma Direct photons and thermal dileptons/

4.1 Multi-strange baryons

The relative enhancement of strange and especially multi-strange baryons with respect
to peripheral (or proton induced) interactions has been suggested as a signature for the
transient existence of a QGP phase [27—-29]: the main argument being that the (chemical or
flavor) equilibration times should be much shorter in the plasma phase than in a thermally
equilibrated hadronic fireball f ~ 160 MeV.

The dominant production mechanism in an equilibrated (gluon-rich) plasma phase,
namely the production af pairs via gluon fusiongg — ss) [27], should allow for equi-
libration times similar to the interaction time of the colliding nuclei, and to the expected
plasma lifetime (a few fm/c).

The yields of strange baryons per event calculated in a microscopic string/hadron trans-
port model (UrQMD) are shown in the left frame of figure 3 as a function of the number of
participants for P Pb andp + Pb collisions at 160 GeV/u [30]. THe+A- (o), =~ +=—-

(0), andQ~ + Q~- (A) values are shown. The stars correspond to experimental data of
the WA97 collaboration [31]. Open symbols represent the results of the standard UrQMD
calculations, whereas full symbols exhibit a calculation with an enhanced string tension
of k = 3GeV/fm, for the most central collisiondl, > 300). Obviously the standard
UrQMD calculation, which can be seen aBaselineof known hadronic physics, strongly
underestimates the (multi-)strange patrticle yields in central collisions, in particular in the
case of th&d~. Only the inclusion of non-hadronic medium effects, like color-ropes [32],
which are simulated by increasing the string-tension for central collisions, enhances the
yield to a level of near-compatibility with the data. Similar findings have also been made
in the context of HIJING calculations [33]. While these findings by no means prove the va-
lidity of the color-rope approach, they clearly show the necessity of some kind of medium
effect beyond regular binary hadronic (re)scattering in order to understand the data. Re-
cently, hadronic multi-particle interactions in the early dense reaction phase have been
suggested to significantly enhance the yield of anti-protons and (anti-)hyperons [34,35]. It
remains to be seen, however, whether these effects are sufficient to explain the observed
Q~ enhancement or other non-hadronic (i.e. deconfinement based) effects need to be taken
into account.
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Figure 3. Left: Excitation function of strange baryon multiplicity vs. number of
participants in a microscopic transport approach. Right: Hydrodynamical analysis of
direct photon production at the SPS.

4.2 Penetrating probes: Dileptons and direct photons

Direct (thermal) photons in a QGP are created dominantlggia> yg (annihilation) and

09— yqg (Compton scattering). The production rate and the momentum distribution of the
photons depend on the momentum distributions of quarks, anti-quarks and gluons in the
plasma. If the plasma is in thermodynamic equilibrium, the photons may carry information
on this thermodynamic state at the moment of their production [36—39].

The main hadronic background processes to compete against are pion annittifation
yp and Compton scatteringp — yr [36,40]. The broadh; resonance may act as an
intermediate state inp scattering and thus provide an important contribution [41,40] via
it's decay intoyrt. In the vicinity of the critical temperaturg; a hadron gas was shown to
‘shine’ as brightly as (or even brighter than) a QGP [36].

Hydrodynamical calculations can be used to compare purely hadronic scenarios of pho-
ton radiation with scenarios involving a first- and second-order phase transition to a QGP.
They show a reduction in the temperature of the photon spectrum in the event of a first-
order phase transition [42—44]. The right frame of figure 3 shows a hydrodynamical calcu-
lation assuming the creation of a QGP and subsequent hadronic rescattering [45]. Recent
estimates of photon production in quark matter (at two-loop level) along with the domi-
nant reactions in the hadronic matter leading to photons are used. About half of the radiated
photons are seen to have a thermal origin. The same treatment and the initial conditions
provide a very good description to hadronic spectra measured by several groups, lending
additional support to the conclusion that quark gluon plasma has been formed in these
collisions.

Dileptons carry information on the thermodynamic state of the medium at the moment of
production in the very same manner as the direct photons — since the dileptons interact only
electromagnetically they can leave the hot and dense reaction zone basically undistorted,
too. It has been found that at the SPS the invariant mass spectrum of low-mass dileptons is
dominated by pion—pion scattering. Medium modifications to the form-factor are necessary
for a solid understanding of the data — the current status of experiment and theory point
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toward a strong broadening of thperesonance without a significant mass-shift toward
lower masses [46].

4.3Chemical equilibration

The success of statistical models in describing the (strange) hadron abundances and ratios
at the CERN/SPS [47] (see the top frame of figure 4, taken from [48]) and the extracted
¥s values close to 1 have led to the common belief that chemical freeze-out in heavy-ion
reactions at the SPS occurred very close to or even at hadrochemical equilibrium and that
this state most likely has been created by a hadronizing QGP [25,26,49].

However, the estimated chemical equilibration times may not be sufficiently rapid to
cause chemical equilibration before hadronization: calculations based on boost-invariant
hydrodynamics with rate equations for quark production [S0—$2)CD rate equa-
tions [53] or the parton cascade model [54] all indicate that chemical equilibration (and
strangeness saturation) cannot be achieved during realistic lifetimes of the deconfined
phase. It has been suggested (e.g. in [50,51]) that the system would be driven towards
and come close to chemical equilibrium in the subsequent hadronic phase — a scenario
which would help to bridge the gap between the calculations indicating insufficient equili-
bration time in the plasma phase and the SPS data apparently close to chemical equilibrium
at chemical freeze-out. Recent calculations assuming a hadronizing QGP out of chemical
equilibrium with subsequent hadronic rescatting have shown that rescattering via binary
collisions in the hadronic phase is insufficient to drive the system towards chemical equi-
librium before the expansion of the system leads to chemical freeze-out [55]. However,
hadronic multi-particle collisions shortly after hadronization may have a large impact and
drive the system more effectively toward chemical equilibrium [34,35] — a detailed calcu-
lation to verify/falsify this speculation has yet to be performed.

Another question which needs to be raised is whether the temperature and chemical
potential extracted from the statistical model fits to final state hadron yields or ratios really
reflect the thermodynamic state of the system at one particular time during its evolution
(i.e. the conditions at chemical freeze-out) or are rather the result of a superposition of
different states, due to individual hadron species decoupling continuously from the system
(as would be expected from their different mean free paths). The latter view is supported by
a transport model analysis of the time evolution of the temperature and chemical potential
in the central cell of a heavy-ion reaction (see the bottom frame of figure 4, taken from
[56]). However, true progress on this issue can only be achieved if a model-independent
method is found to determine the chemical decoupling time of individual hadron species.

SPS: Final remarks

The lessons learned from the SPS experiments may be summarized by the following core
observations [56a]:

e SPS experiments have created a new state of high energy-density and temperature
matter

e sub-hadronic degrees of freedom offer a viable explanation for many of the observed
phenomena
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¢ no single observable or measurement is capable of unambiguous proof for the onset

of deconfinement

¢ only a combination of observables and experiments will be able to deliver proof of a

new phase of matter

o the concept of a QGP needs to be rethought: in the SPS domain (and perhaps even at
RHIC) searching for a fireball of quarks and gluons interacting dominantly according
to leading ordempQCD is unrealistic — most likely deconfinement will occur and
be observed in the form of a fast evolving phase of partonic degrees of freedom
interacting in the domain of soft non-perturbative QCD.
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Figure 4. Top: Statistical model fit to hadron ratios measured at the SPS. Bottom:
Statistical model analysis of the central cell of a heavy-ion collision calculated with a

microscopic transport model.
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5. RHIC: First results and expectations

The relativistic heavy-ion collider has provided an impressive array of data in its first year

of operation and QGP theory faces a stiff challenge to keep up with the pace at which new
and surprising results emerge. In the following sections a brief overview on some of the

most exciting and challenging facets of RHIC theory will be given —a more comprehensive

review on the current status can be found in [57].

5.11Initial conditions

An issue of major importance for understanding the physics at RHIC is how to describe
the initial partonic configuration of the system. In recent yearsther glass conden-
sate[58] has emerged as one of the leading concepts in that domain: with decreasing
(the fraction of the longitudinal momentum of the parent hadron), the gluon density in the
hadron wave function grows faster than the quark density, giving rise to a high-density
multiparticle state of gluons. Eventually, the increase in the number of gluons has to cede
andsaturation i.e., a limitation of the maximum gluon density per unit phase space, oc-
curs. Saturation can be characterized by an intrinsic momentumQ@gdthe saturation
scale), below which non-linear effects in the parton structure function evolution are ex-
pected to slow down and eventually saturate the increase of the gluon density. The satura-
tion scaleQs may also provide a natural cut-off fpQCD-based calculations, such as in a
parton cascade model. As we shall see in the following sections, the color glass conden-
sate (CGC) approach provides a viable explanation for a number of observations made at
RHIC.

5.2Hard processes

One of the first questions to ask concerning the initial RHIC results is whether evidence
for hard processes can be seen and if so, to what extent they dominate particle production
and the underlying reaction dynamics: the PHOBOS data on the charged particle multi-
plicity at mid-rapidity and its centrality dependence [59] has been analyzed in a variety of
different approaches, spanning from saturation model approaclp€ab mini-jet pro-
duction via hard processes [60-62]. Of particular note is a simple analysis carried out
in the eikonal approach, decomposing particle production into a hard component, which
scales with the number of collisiorisl ), and a soft component, which scales with the
number of participant&N, . [60,61]:

dN N
an = (1-%) ”ppM + XNpp(Ngp) 1)

with npp being the charged particle multiplicity in non-single diffractiweinteractions at

the respective/s. Using parameters extracted from a Glauber calculation and fitting the
parametex to the PHOBOS data this analysis yields a fraction of 37% of the produced
particles stemming from hard processes/at= 130 GeV. The centrality dependence of
the charged particle multiplicity is nicely reproduced as well — see the left frame of figure 5
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Figure 5. Left: Charged particle multiplicity per participant as a function of cen-
trality measured by the PHOBOS experiment compared to various theoretical calcula-
tions. Right: i° transverse momentum spectrum measured by PHENIX compared to
pQCD-based calculations employing different scenarios of partonic energy loss.

(taken from [59]). However, an analogous analysis utilizing the saturation approach of the
color glass condensate yields similar agreement with the data, when employing a centrality
dependent saturation sc#&e(b) [60]:

2
2 dN O.82In< g(b)>. )
Npart dl” /\QCD

Since both the conventional QCD and the high-density QCD (i.e. saturation) approach
are able the describe the data, it is currently difficult to distinguish between these two
approaches. Comparisons to other data, e.g., transverse momentum spectra, will be able to
resolve this ambiguity.

Partons created in a hard scattering can act as very efficient probes of a QGP: a par-
ton traversing a color confined medium of hadrons sees a relatively transparent system.
However, a parton passing through a hot medium of deconfined degrees of freedom is ex-
pected to loose a large amount of energy via gluon radiation. Since the radiated gluons
may couple to each other, the energy loss is predicted to be proportional to the square of
the length traversed in the deconfined medium [63] — this phenomenon is commonly being
referred to aget-quenchingRHIC experiments have established a significant suppression
of high-p; hadrons produced in centr&H- A collisions compared to those produced in
peripheralA+ A or binary scaleg + p reactions, indicating a strong nuclear medium ef-
fect, compatible with the jet-quenching predictions [64,65]. Early calculations predicting
a fairly large rate of energy loss around 2 GeV/fm have been shown to be incompatible
with the measured spectra at RHIC [64,65], whereas newer calculations based on the GLV
formalism [66] for ‘thin’ plasmas and including finite kinematic effects provide a far bet-
ter agreement with the data [67] — similar to the assumption of a rather small energy loss
around 0.25 GeV/fm.

However, alternative scenarios for partonic energy loss have to be considered: the parton
may change its momentum through hard scattering in the deconfined medium [68] or after
hadronizing through soft hadronic rescattering [69]. Figure 5 (taken from [68]) shows a
parton cascade calculation which compares standard parton energy loss calculations with
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Figure 6. Left: K™ /K~ balance functions calculated for different hadronization times
and scenarios. Right: Transport model calculation of charged particle fluctuations com-
pared to analytical predictions for a resonance gas and a QGP.

a collisional energy loss scenario — both approaches are compatible with the PHENIX data
[64].

5.3 Balance functions and fluctuations

While there is no doubt about the importance of partonic degrees of freedom for the ini-
tial, early, reaction stages, one of the crucial questions is how long the deconfined state
may have actually existed and whether this time-span is long enough for thermalization
and collective effects to occur. Balance functions offer a unique model-independent for-
malism to probe the time-scales of a deconfined phase and subsequent hadronization [70].
If a long-lived QGP has been formed, a large number of quark—antiquark pairs need to be
created close to the hadronization time, mainly due to entropy conservation constraints.
This late-stage production of quarks could be attributed to three mechanisms: formation of
hadrons from gluons, conversion of the non-perturbative vacuum energy into particles, or
hadronization of a quark gas at constant temperature. Hadronization of a quark gas should
approximately conserve the net number of particles due to the constraint of entropy conser-
vation. Since hadrons are formed of two or more quarks, creation of quark—antiquark pairs
should accompany hadronization. All three mechanisms for late-stage quark production
involve a change in the degrees of freedom. Therefore, any signal that pinpoints the time
where quarks first appear in a collision would provide valuable insight into understanding
whether a novel state of matter has been formed and persisted for a substantial time.

The link between balance functions and the time at which quarks are created has a simple
physical explanation. Charge—anti-charge pairs are created at the same location in space-
time, and are correlated in rapidity due to the strong collective expansion inherent to a
relativistic heavy-ion collision. Pairs created earlier can separate further in rapidity due
to the higher initial temperature and due to the diffusive interactions with other particles.
The balance function, which describes the momentum of the accompanying anti-patrticle,
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guantifies this correlation. The balance function describes the conditional probability that
a particle in the birp, will be accompanied by a particle of opposite charge in theoin

1
B( p2| pl) = E{p(ba p2|a7 pl) - p(b7 p2|b7 pl)
+p(a, p,|b, py) — p(a, p,la, py)}s (3)

wherep(b, p,|a, p,) is the conditional probability of observing a particle of typi bin
p, given the existence of a particle of typen bin p;. The labela might refer to all
negative kaons with referring to all positive kaons, @might refer to all hadrons with a
strange quark while refers to all hadrons with an anti-strange quark.

The left frame of figure 6 show ™ /K~ balance functions as predicted in a simple
Bjorken thermal model for two hadronization temperatures, 225 MeV and 165 MeV as
well as for fragmenting strings (utilizing PYTHIA), which would represent the hadroniza-
tion scenario of a hadronic/string picture similar to that of RQMD or UrQMD. Since parti-
cles from cooler systems have smaller thermal velocities, they are more strongly correlated
in rapidity and result in narrower balance functions. A strong sensitivity to the hadroniza-
tion temperature and time can be clearly observed. The STAR collaboration has recently
published first results on a charged particle balance function analysis at RHIC [71]: a strik-
ing centrality dependence is observed, with the width of the balance function decreasing
as a function of increasing centrality, in line with what to expect in the case of a long-lived
deconfined phase.

The size of the average fluctuations of net baryon number and electric charge in a finite
volume of hadronic matter differs widely between the confined and deconfined phases, due
to the different value of the elementary charge carried by quarks vs. hadrons. These differ-
ences may be exploited as indicators of the formation of a quark gluon plasma in relativistic
heavy-ion collisionsif the fluctuations created in the initial state survive until freeze-out
[72,73]. The right frame of figure 6 (taken from [74]) compares transport calculations in
the framework of a string/hadron model for SPS and RHIC with analytical predictions for
charge fluctuations in a hadronic resonance gas and a parton gas [74]. Since the trans-
port model does not contain any deconfined degrees of freedom, the numerical calculation
agrees well with the resonance gas prediction.

Interestingly, so far all experimental analysis for SPS and RHIC agree with the hadron
gas prediction, giving no indication at all about a possible deconfined phase. Since many
other observables are compatible with the assumption of deconfinement, it may very well
be that the dynamics of hadronization strongly affects the charge fluctuation observables
and masks the deconfined phase.

Under certain assumptions, charge fluctuations can be directly expressed in terms of
balance functions [75]:

Q-2 _,_ (" ©
w1 s o (). “

The size of the correction term is usually less than 5% for electrical charge fluctuations,
since the number of produced charges is much larger than the net charge. However, for
baryon number fluctuations the additional term is not negligible, even at RHIC.

Comparing the apparent lack of QGP indications of the charge fluctuation observables
with the promising results of the balance function analysis one is led to speculate whether
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Figure 7. Left: Inverse hadromy slopes at.m = 0. The lines depict pure hydro-
dynamics whereas the symbols refer to data and hydnicro calculations. Right:
Collision number distributions for different baryon species in the hadronic phase of a
hydro+ micro calculation.

relevant dynamical information of the two-particle correlation is averaged out by integrat-
ing over the correlation function in order to obtain the fluctuation observable.

5.4 Collective flow

The study of deconfinement and a subsequent phase transition to deconfined hadronic mat-
ter poses a great challenge to microscopic transport models. In most approaches hadroniza-
tion is a uni-directional process and the equation of state of the system ill-defined. One
possible remedy is to use a hydrodynamical approach for the early deconfined phase of the
reaction and subsequent phase transition, coupled with a microscopic calculation for the
later, hadronic, reaction phase in which the hydrodynamical assumptions are not valid any
longer [21]. In the following, such a combined maeraicro model will be used to study
elliptic flow as well as the flavor- and mass-dependence of hadronic slope parameters (i.e.
radial flow).

Radial and elliptic flow in non-central heavy-ion collisions can constrain the effective
equation of state (EOS) of the excited nuclear matter. It has been shown that for an EOS
with a first-order phase transition, the above mentioned hybrid maorizro models re-
produce both the radial and elliptic flow data at the SPS [21,76]. The centrality dependence
of the elliptic flow coefficient, exhibits a strong sensitivity to the underlying EOS, which
may help to constrain the EOS [77]. In addition, a number of features of the RHIC data
can also be explained within the hybrid approach [77]: the observed elliptic flow and its
dependence op; and mass, the anomalopgr- ratio for p; ~ 2.0 GeV, and the differ-
ence in the impact parameter dependence opthad ¢ slope parameters. For an EOS
without the hard and soft features of the QCD phase transition, the broad consistency with
the data is lost.

The left frame of figure 7 displays the inverse slope paraméteBtained by an ex-
ponential fit to dN;/d?my dy in the rangen;—m, < 1 GeV for SPS and RHIC in a hybrid
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for pions at RHIC. RightR, /R4, for RHIC initial conditions, as a function df; at
freeze-out (symbols) and at hadronization (lines).

hydro+ micro calculation and compares them to SPS data [31]. The trend of the data,
namely the ‘softer’ spectra s andQs as compared to a line&(m) relation is repro-

duced reasonably well. This is in contrast to ‘pure’ hydrodynamics with kinetic freeze-out
on a common hypersurface (e.g. fhe= 130 MeV isotherm), where the stiffness of the
spectra increases linearly with mass as denoted by the lines in figure 7. When going from
SPS to RHIC energy, the model discussed here generally yields only a slight increase of
the inverse slopes, although the specific entropy is larger by a factor of 4-5! The reason
for this behavior is the first-order phase transition that softens the transverse expansion
considerably.

The softening of the spectra is caused by the hadron gas emerging from the hadroniza-
tion of the QGP being almost ‘transparent’ for the multiple strange baryons. This can
be seen by calculating the average number of collisions different hadron species suffer in
the hadronic phase (see right frame of figure 7) whe€gmasuffer on average only one
hadronic interactionNs andAs suffer approx. 5—6 collisions with other hadrons before
they freeze-out.

Thus, one may conclude that the spectrasfand especiallf2s are practically unaf-
fected by the hadronic reaction stage and closely resemble those on the phase boundary.
They therefore act as probes of the QGP expansion prior to hadronization and can be used
to measure the expansion rate of the deconfined phase.

5.5 Two-particle interferometry

Kinetic freeze-out, at which all (elastic) interactions cease, terminates the evolution of the
reaction discussed in figure 2. However, the freeze-out time of the system is ill-defined,
since interactions cease locally on a particle per particle basis. The left frame of figure 8
shows the distribution of freeze-out points of pions in the forward light-cone, as well as the
hadronization hypersurface from where all hadrons emerge in a fydioro approach.
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Freeze-out is seen to occur inf@ur-dimensionakregion within the forward light-cone
rather than on a three-dimensional ‘hypersurface’ in space-time. Similar results have also
been obtained within other microscopic transport models [78] when the initial state was
not a QGP. It is clear that the hadronic system disintegrates slowly (as compared to e.g. the
hadronization time), rather than emitting a ‘flash’ of hadrons (predominantly pions) in an
instantaneous decay.

A first-order phase transition leads to a prolonged hadronization time as compared to a
cross-over or ideal hadron gas with no phase transition, and has been related to unusually
large Hanbury—Brown—Twiss (HBT) radii [79-81]. The phase of coexisting hadrons and
QGP reduces the ‘explosivity’ of the high-density matter before hadronization, extending
the emission duration of pions [79-81]. This phenomenon should then depend on the
hadronization (critical) temperatulg and the latent heat of transition. For recent reviews
on this topic please refer to [82,83].

It has been suggested that the raig,/R; . should increase strongly once the initial
entropy densitys, becomes substantially larger than that of the hadronic gas gi1].

The strongT. dependence oR,,/R;4 in such a purely hydrodynamical scenario can

be seen in the right frame of figure 8 (solid and dotted lines). HereR{hgR;4, ratio

at hadronization (calculated in a hydrodynamical scenario) is compared to the ratio after
subsequent hadronic rescattering and freeze-out in a combined+hgdeoo approach

[84]. Clearly, up tKy ~ 200 MeV (withKy = (py 1+ P, 1)/ 2) Rour/ Rgige IS independent of

Te, if hadronic rescatterings are taken into account. Moreover, at lightite dependence
onTis evenreversed: for high theR, /R . ratio even exceeds that for Ioly. A higher

T speeds up hadronization but on the other hand prolongs the dissipative hadronic phase
that dominates the HBT radii. This is because during the non-ideal hadronic expansion the
scale of spatial homogeneity of the pion density distribution increases, as the pions fly away
from the center, but the transverse flow can hardly increase to counteract. Therefore, after
hadronic rescattering,,,/ Ry;ye does not drop towards highié. (in the rangel; < 3my).

For central collisions of Au nuclei at/s = 130 AGeV, data from STAR gives
Rout/ Rsige ™ 1.1 at smallK;. [85]. With increasind{; the data remain flat or even decrease
slightly — a trend which is currently not understood theoretically and cannot be reproduced
by any of the dynamical models on the market. Kaon interferometry may provide crucial
insight into this so-calle#iBT-puzzleat RHIC [86]: the kaon phase-space density is much
lower than that of the pions, thus dramatically reducing higher-order correlation effects. In
addition, highp; kaons are emitted to a larger fraction directly from the phase-boundary,
increasing the sensitivity to the QGP equation of state.

5.6 Dileptons and charm

First dilepton and charm measurements will soon be forthcoming at RHIC and are highly
anticipated: in the dilepton sector, current theoretical expectations are that in the low mass
region thermal dileptons from a QGP will be strongly suppressed compared to hadronic
contributions — mainly from in-medium pion—pion annihilation. Current state of the art cal-
culations point towards a strong broadening of vector mesons in medium [87p-att

w peaks should be almost completely dissolved angtsignificantly broadened (see left
frame of figure 9, taken from [87]). At intermediate invariant masses (around 2—-2.5 GeV)
thermal dileptons radiated from a QGP start to outshine hadronic sources [87—89], while
for higher masses the yield of Drell-Yan processes exceeds that of thermal dileptons from
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Figure 9. Left: Invariant mass spectrum of low mass dileptons calculated with and
without hadronic medium modifications, including possible contributions from thermal
dileptons stemming from a QGP. Right: Mass spectrum of intermediate mass dilep-
tons — aroundVlge ~ 2.5 GeV the contribution of QGP radiation dominates above the
hadronic background and Drell-Yan processes.

a QGP (see right frame of figure 9). Open charm may give a large contribution to the
spectrum in the intermediate mass range as well — however independent measurements of
open charm will allow to subtract that contribution from the invariant mass spectrum and
thus will allow a measurement of the thermal contribution [87,90].

In the charmonium sector, predictions on what to expect at RHIC vary widely — from
total suppression to a strong enhancement of figeandy’ yield! Originally it was pre-
dicted that the suppression of heavy quarkonia—mesons could provide one of the signatures
for deconfinement in QCD at high temperatures [91]. The idea was based on an analogy
with the well-known Mott transition in condensed matter systems. At high densities, De-
bye screening in a quark gluon plasma reduces the range of the attractive force between
heavy quarks and antiquarks, and above some critical density screening prevents the for-
mation of bound states. The larger bound states are expected to dissolve before the smaller
ones as the temperature of the system increasespThed . states are thus expected to
become unbound just aboVg while the smallery state may only dissolve abowel .2T..
Heavierbb states offer the same featurescasstates, but require much shorter screening
lengths to dissolve [92]. Thé(bb) state may dissolve only around Z¢5while the larger
excitedY’ could also dissolve nedk.

At SPS energies, less than one charmonium is on average produced per heavy-ion reac-
tion [93,94] — here the screening argument is most compelling and the debate has shifted
towards competing hadronic processes [95]: the size of the hadronic absorption cross-
sections for charmonia remains a contentious issue. However, these cross-sections are
necessary to estimate the contribution of the hadronic phase to charmonium suppression
and unless a more solid understanding of these cross-sections is obtained, the interpreta-
tion of the SPS charmonium data will remain under debate. At RHIC, sescpairs may
be created in one event — thus allowing for a coalescencecofpair which was not
produced in the same hard process. Estimates taking this effect into account actually pre-
dict an enhancement of charmonium production in a QGP, compared to a purely hadronic
scenario [96].
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6. Outlook

Thanks to the vast amount of exciting new RHIC data, QGP theory is currently the most
active, dynamic and exciting field in theoretical nuclear physics. Already the current data
are of such high quality that they might allow not only the observation of a deconfined
phase of matter, but also the characterization of the QGP equation of state! In order to
accomplish this feat, a consistent picture of all phases of a heavy-ion reaction needs to be
developed, not limited to a few chosen observables. Proper baselines for comparison need
to be established as well — the importance of the RplHcp andp + A program cannot be
overstated: these experiments will serve to constrain theories and models as well as help
to generate a better understanding of initial state effects.

There are a number of milestones which QGP theory needs to address in the forthcoming
years to fulfill the promise the data is currently showing us:

e the development of reliable lattice gauge calculations at finite tempaesastdcbem-
ical potential,

¢ the determination of hadron properties at high densities and temperatures,

e generating a better understanding on the mechanisms of hadronization, both, for
elementary hadron—hadron reactions as well as for bulk QCD matter,

e the link-up of initial state saturation models to the later-stage dynamics of a heavy-
ion collision, including pQCD processes,

¢ the investigation of mechanisms for chemical equilibration, both in the confined as
well as in the deconfined phase,

¢ the development of a transport theory based on QCD which treats both hard as well
as soft processes consistently.
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