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I review recent results from the Relativistic Heavy-lon Collider with particular emphasis
on gluon saturation, elliptic flow and parton energy loss. While studies of gluon saturation
are still in an early stage, and as such are not yet conclusive, more results are eagerly
awaited, both because of a general interest in saturation physics and because it defines
the initial state of high-energy hadronic collisions. Elliptic flow measurements have shown
the collective behaviour of the matter produced and are particularly interesting because
of the fact that the matter appears to have an extremely low viscosity. The much higher
beam energy at RHIC has for the first time given access to jet-related physics in heavy-ion
collisions. A strong jet suppression has been observed and is now being studied in detail
to unravel the physics mechanisms behind and obtain estimates of the medium density.

1 Introduction

Quantum chromodynamics predicts a phase transition in strongly interacting matter between
the confined phase of hadrons at low temperature to a deconfined phase of quarks and gluons at
high temperature. The goal of experiments with high-energy nuclear collisions at the Relativistic
Heavy-Ion Collider (RHIC) is to study strongly interacting matter at high temperature, and
in particular the properties of the partonic phase. The RHIC program, which consisted of four
experiments in its initial phase, is now continued with the two major experiments PHENIX
and STAR. A wealth of experimental results have been obtained, which go significantly beyond
earlier results of the heavy-ion program at the CERN SPS because of the much higher available
energy. Due to the huge amount of experimental data, I will in this paper only be able to
review a selection of those results, and will in particular concentrate on data related to gluon
saturation, elliptic flow, and parton energy loss. For an overview of other results see e.g. [1].

2 The initial state: gluon saturation

Another new state of strongly interacting matter, the color glass condensate, has been predicted
recently. The number density of quarks and gluons seen in a proton or nucleus is known to
increase at large momentum transfer Q? (i.e. high spatial resolution), when the momentum
fraction = they carry decreases. This linear evolution can successfully be described within
perturbative QCD. This increase can however not continue indefinitely. At some point the large
number density of gluons would violate fundamental unitarity bounds, and in fact, for large
densities non-liner effects become important and compensate the increase with a corresponding
decrease due to gluon fusion processes. This balance of creation and annihilation leads to gluon
saturation. Gluon saturation is a small 2 phenomenon and is expected to set in below a certain
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characteristic scale in @, the saturation scale,

~ &xG(L Q%) o AM3 . g™,
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where \ ~ 0.3.

At this saturated density the occupation number should be large enough that the gluons
can be treated as a classical field. The state is often called the color glass condensate (CGC):
a color field, condensed in a high density classical state, and slowly varying like a glass. In
addition to being a fascinating new state of elementary particles in itself, it plays an important
role in defining the initial conditions for any high energy hadronic interaction. Knowledge on
gluon saturation will therefore have far reaching consequences in high-energy physics. (For a
general introduction see e.g. [2].)

Gluon saturation is able to explain the ob-

served particle multiplicities at RHIC, which
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from parton-parton scattering.

Such studies have been performed at RHIC, and
first results in particular on the suppression in
inclusive hadrons at forward rapidities have been
obtained by BRAHMS and STAR (see Fig. 1).
The measurements show a significant suppres-
sion of the yield in d4+Au collisions, qualitatively
consistent with gluon saturation. However, no
full calculation from a CGC-model has been per-
formed yet. Preliminary studies of azimuthal
correlations have been performed by STAR and
PHENIX, they do however not yet show results

ification factor Rga, for hadron produc-
tion in d+Au collisions at forward ra-
pidities as measured by STAR (7°) and
BRAHMS (negative hadrons). The inset il-
lustrates that conventional calculations in-
cluding shadowing effects are not able to de-
scribe the suppression shown in the STAR

data (from [3]).

significant for gluon saturation searches. Moreover, questions remain whether the pp region
studied at RHIC allows the use of p-+p measurements as a reference for the incoherent limit of

perturbative QCD.
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3 Elliptic flow: equilibration, viscosity, and partonic col-
lectivity

One of the most important findings of the RHIC experiments is the strong collectivity, in
particular the large values of elliptic flow. The created system in non-central heavy-ion collisions
has an azimuthal anisotropy in coordinate space which leads via multiple interactions to an
anisotropy in momentum space. Elliptic flow vs is defined as the coefficient of the second
order Fourier component of this azimuthal anisotropy [4]. Large values of vy are generally
considered to be signs of hydrodynamic behaviour, which in turn requires local equilibration
of the produced matter. vy shows a straightforward dependence on the collision geometry,
for ideal hydrodynamics it is proportional to the initial spatial eccentricity. Beyond that,
its magnitude depends on the equation of state (E0S) of the matter produced. To extract
this information from elliptic flow measurements knowledge of the initial distributions, which
determine the eccentricity, is important. This makes the studies of gluon saturation significant
for the interpretation of elliptic flow.

Figure 2 shows results of elliptic flow measurements as obtained by the STAR experi-
ment [5, 6]. On the left hand side the measurements are compared to the expectation from ideal
hydrodynamic calculations for different centralities. While there are discrepancies for the more
peripheral reactions, the results have reached the values for the ideal fluid in central collisions.
This behaviour has lead to the conclusion that the system created at RHIC behaves like a
perfect liquid with very low viscosity [7].
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Figure 2: (colour online) (a) Elliptic flow (solid points) as a function of centrality ncpn/Mmaz-
The open rectangles show a range of values expected for v, in the ideal hydrodynamic limit [5].
(b) Elliptic flow of pions and protons as function of transverse momentum [6]. The curves are
hydrodynamical model calculations using a hadron gas EOS (dashed curve) and an EOS which
incorporates the QCD phase transition (full curve).

These findings have lead to a number of theoretical activities on how to incorporate effects
of viscosity in the calculations. The deviations for more peripheral reactions can be understood
from the influence of viscous corrections due to the hadronic phase. However, the real behaviour
of even the hot and dense phase should show a finite viscosity. It has been shown [8] using
the so-called AdS/CFT correspondence that conformal field theories with gravity duals have a
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shear viscosity normalized to the entropy density of /s = 1/4w. The authors conjecture that
this is a lower bound for any relativistic thermal field theory.

While in early analyses the normalization of vy to the initial eccentricity was performed
using Glauber calculations, it has now been realized that estimates based on e.g. colour glass
condensate model calculations yield significantly different results, which is relevant for the de-
termination of the most likely viscosity of the matter. Different approaches are employed to
obtain estimates of 7/s, either by performing viscous hydro calculations as e.g. in [9] or to
exploit the centrality dependence via a parameterization of vy inspired by transport calcula-
tions [10, 11]. Both approaches lead to the conclusion that the viscosity is in fact small, but
slightly larger than (of the order of a few times) the theoretical bound of 0.08.

The right hand side of Fig. 2 shows vy for pions and protons as a function of transverse
momentum. In this low momentum region there is a strong mass ordering, where the rise of
vo with pr occurs at higher values for the heavier particles. This behaviour can qualitatively
be described by hydrodynamic calculations using hadronic degrees of freedom, where the mass
ordering is related to the strong collective radial motion in the system, which affects the heavier
particles more. A quantitatively satisfactory description is however only obtained in calculations
using an EOS incorporating the QCD phase transition (solid lines in the figure).

At higher pr the mass ordering is reversed, and as a general trend a scaling with the number
of constituent quarks in the corresponding hadron has been observed [12]. More recently this
has been confirmed with many hadron species. As an example Fig. 3 shows v for pions and
protons (left) and for ¢ mesons and €2 baryons (right). The constituent quark scaling works best
when using transverse mass instead of transverse momentum and can nicely be demonstrated
by comparing flow results for different hadrons when both vy and m7 —mg are normalized to the
number of quarks as shown in Fig. 4 for Au+Au and Cu+Cu collisions. Such a behaviour is very
naturally obtained if hadron production proceeds via coalescence [13] or recombination [14] from
a deconfined phase and the hadron collective motion is determined from the collective motion
of the quarks. The phenomenon of constituent quark scaling is thus seen as a strong hint of
partonic collectivity.
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Figure 3: (colour online) Elliptic flow as function of transverse momentum in Au+Au collisions
at 200 GeV for pions and protons (a) and ¢ mesons and Q baryons (b).

There are obvious situations, where this scaling is not expected to work, e.g. at very low
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momentum, where momentum distributions are strongly modified in the hadronic phase and
the hadron mass is thus more important than the number of quarks, or at high momentum,
where particles originate from jet fragmentation and azimuthally dependent parton energy loss
(see next section) is responsible for the observed anisotropy. In addition, also the details of
recombination/coalescence models may lead to differences with respect to how well and in what
momentum ranges the constituent quark scaling will be realized. Studies of the details of the
scaling properties of vy are being performed — they should profit much from further increased
statistics and better understanding of non-flow effects.
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Figure 4: (colour online) Elliptic flow per quark as function of transverse mass per quark for
different hadron species in collisions of Au+Au (a) and Cu+Cu (b) at 200 GeV.

4 Parton energy loss: jet quenching and medium response

Jet quenching, which dates back to original ideas from Bjorken in 1982 [15], has been established
as a powerful tool to study the early density of the matter produced in heavy-ion collisions and
its evolution. It was first observed in the study of inclusive hadron suppression. The inclusive
yield of hadrons at high pp, which are expected to originate from hard parton scattering, is
suppressed in central heavy-ion collisions by a factor of ~ 5 compared to expectations from
p+p collisions [16, 17, 18, 19]. This is usually displayed as the nuclear modification factor:

1/prdNaa/dpr
(Neou)1/prdNyp /dpr”

The suppression is evident as a deviation from R 4 = 1.

The PHENIX experiment has now measured the suppression of neutral pions out to trans-
verse momenta as large as pp ~ 20 GeV /¢, and in more limited ranges for a number of other
particle species. A selection of results is displayed in Fig. 5. Neutral pions are suppressed by
about a factor of 4-5 in central Au+Au collisions up to very high momenta. 7 mesons show
a similar behaviour albeit with larger statistical errors. Other particles like the ¢ or w do not
show such a strong suppression, they are, however, only measured with much larger errors,
or at somewhat lower momenta, where production mechanisms other than jet fragmentation,

Ryaq =

LP09 83



< 16 m directy, 0-10% —
< F Au+Au, \[S,, = 200 GeV e, 0-10%
©  J4F  PHENIX preliminary M
C O JI¥, 0-20%
1.2 O o,0-20%
R gy
: TRRE: } :
0.8 ; {
ot {
0.4 .é"(%. : { i {
r ¥
0.2 oo 3 :
0:...I..I..I e Ly by s by b
0 2 4 6 10 12 14 16 18 20

P, (GeV/c)

Figure 5: (colour online) Nuclear modification factor for different particle species in central
Au+Au collisions at \/syny = 200 GeV from PHENIX [20].

e.g. the above-mentioned coalescence/recombination, may have a significant influence. It is
noteworthy that direct photons do not show a similar suppression. There is a decrease of the
photon R4 4 at very high pp, but this can be explained e.g. from isospin differences between

Au nuclei and protons.

The non-suppression for photons in cen-
tral Au+Au collisions [21], which do not in-
teract strongly, together with the absence
of suppression for hadrons in d+Au colli-
sions [22, 23, 24, 25], where no significant
matter in the final state is produced, demon-
strates that final state effects involving the
strong interaction must be responsible. The
most likely interpretation of the suppression
is thus medium-induced energy loss of fast
partons.

Additional information can be obtained
from recent measurements by the STAR ex-
periment. Figure 6 shows the nuclear modifi-
cation factor R4 4 for identified pions, kaons,
and protons for central Au+Au collisions.
There is a similarly strong suppression of the
pion yield at high pr and a distinctly differ-
ent behavior of protons and kaons over the
full momentum range. Kaons show less sup-
pression than pions, and protons in turn again
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Figure 6: (colour online) Nuclear modification
factor (Ra4) for pions, kaons, and protons in
central collisions of Aut-Au at \/syy = 200
GeV from STAR [26].

a weaker suppression than kaons. This contradicts a naive expectation related to the origin of
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the different particle species. Compared to pions, both kaons and protons should originate for
a larger fraction from the fragmentation of gluons relative to quarks. As gluons have a larger
colour factor, they should suffer a stronger effect from parton energy loss, which is however not
seen in the data. It has been suggested that jet conversion may be able to explain this obser-
vation — in any case this demonstrates that the physics of parton energy loss is not completely
unravelled.
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Figure 7: (colour online) left: Per-trigger yields of associated hadrons as a function of relative
azimuthal angle for a trigger of pr > 8 GeV/c for d4+Au, semi-central Au+Au and central
Au+Au at different values of pr of the associated hadrons. right: Per-trigger yields of correlated
hadrons as a function of the momentum fraction zr (definition see text) for the near side (left)
and for the away side )right). The bottom panels show ratios of the upper distributions for
Au+Au collisions to those for d+Au. (From[28])
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More directly jet suppression is observed in the modification of the characteristic correlation
structure in azimuthal angle. For a high-pr hadron trigger there is a prominent back-to-back
correlation peak of associated hadrons with intermediate pr in elementary reactions. In the
earliest studies the same peak is essentially absent in central heavy-ion collisions [27]. Again
d+Au collisions do not show a suppression effect. These studies have later been extended to
truly high pr [28]. On the left side of Fig. 7 the yields of hadrons associated with a very
high-momentum trigger hadron is shown as a function of azimuthal angle for different systems
and different pp-ranges of the associated particles. In d4+Au collision peaks are observed both
at A¢ = 0 and at A¢ = 7, related to the back-to-back two-jet structure of hard scatterings. In
central Au+Au collisions at the lowest pr the near-side peak is clearly visible, while on the away
side there is only an indication of a correlation structure. At the highest pr both correlation
peaks are, however, clearly visible again, but the away-side peak is much smaller in magnitude
than for d+Au collisions. This can be studied more quantitatively via the trigger-normalized
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fragmentation functions

1 dN

D(ZT) Ntrigger dZT ’

where 2z = pr(assoc)/pr(trigger), which are displayed in figure 7 on the right. All distribu-
tions have an approximately exponential shape with a similar slope parameter. This can best be
seen directly from the ratios shown in the lower panels. The ratios are seen to be independent
of zp for both the near and the away side. The near side yield is even compatible with 1, i.e. no
modification of these distributions in central Au+Au compared to d4+Au, while the away side
shows a further suppression by a factor 4 — 5. Detailed analysis of the peak structures shows
in addition that the peak widths for the higher pr ranges is similar for all systems.

These findings can most easily be interpreted as follows: The suppression of hadrons at
very high pr is due to energy loss of partons. These partons emerge from the medium with a
considerable momentum so that they still fragment in the vacuum as usual into several hadrons.
On the near side the trigger requirement selects events which develop an ordinary jet. Energy-
independent energy loss would preserve the shape of the distributions. On the away side of the
trigger, the other parton suffers additional energy loss, such that the probability to observe a
second jet is greatly reduced. Still, if a high-py hadron emerges on the away side it is part of
a similar jet structure.

In Fig. 8 the measured values of the nuclear modification factor R4 4 of neutral pions is
compared to the expectations for different densities from one energy loss model [29]. The right
panel shows the modified x? (which accounts for systematic effects, see [32]) as a function of
the medium density which is here given as the mean transport coefficient (§). The transport
coeflicient ¢ is the squared momentum transfer per unit path length which characterises the
energy loss properties of the medium. The mean energy loss AE o a,GL? for a static medium
[33]. The extracted value of the mean transport coefficient (§) = 13.2¥2"3 GeV?/fm, based on
this model. A number of other models have also been compared to the data [32, 34] and tend
to give lower estimates of the (equivalent) medium density.
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Figure 8: (colour online) Measured nuclear modification factor for 7°, compared to model
calculations [29] based on the BDMPS formalism. The right panel shows the modified x? of
the comparisons [30].

Figure 9 (left panel) shows the away-side trigger-normalized fragmentation functions — also
called the recoil yield — for trigger particles with 8 < pr g < 15 GeV/c in d4+Au and Au+Au
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Figure 9: (colour online) Trigger-normalized fragmentation functions D44 (z7) on the away
side for d4+Au and Au+Au collisions (left) and the suppression ratio I44 (middle) for trigger
particles with 8 < pr iy < 15 GeV/c compared to model calculations [31]. The right panel
shows the modified x? of the comparisons (see text), including systematic effects [34].

collisions compared to model curves with different medium density. The right panel shows
again the modified x? as a function of density. The model used in this case is a higher twist
model, because the full set of calculations for the recoil yield has so far only been performed
for that model [31]. The parameter describing the medium density in this model is the typical
energy loss €y. Because the d+Au reference measurement for this observable has only limited
statistical precision, a few different approaches were taken for the theory fit. Firstly, one can
fit the recoil yield using a NLO calculation to describe the p+p result. The resulting x? is
shown by the blue dashed curve in Fig. 9. The best-fit value for ¢y ~ 1.9 is compatible with
the value extracted using the single-hadron data with this same model ¢y = 1.9702 GeV/fm
[34]. Adding the scale uncertainty on the calculated d+Au reference yield gives the magenta
dotted curve. When the d4+Au measurement is used to calculate the recoil suppression 44,
the red solid curve is obtained. This last procedure is the least model dependent, but it gives
the weakest constraint on €y. Future high-statistics measurements of di-hadron correlations in
p+p and d+Au collisions at RHIC will further constrain the theory in this area.

The energy lost by the hard-scattered parton is expected to be carried by softer particles,
and in fact di-hadron correlation studies at lower ppr show large qualitative differences between
p+p reference measurements and Au+Au results. Two particularly remarkable feature have
emerged. One effect is the observation of a significant associated yield on the near side at larger
pseudo-rapidity difference An = 0.7, which is not expected from jet fragmentation. The other
observation is a large broadening of the recoil distribution at low pr, to the point where the
distribution exhibits a double-peak structure.

Figure 10 shows the distribution of associated hadrons with 2 < prassoc < 3 GeV/c in
pseudo-rapidity n and azimuthal angle ¢ with respect to a trigger particle with 3 < pr 459 < 4
GeV/c in central Au+Au collisions at RHIC [35]. At these pr, the associated hadrons show not
only the jet-like peak around (An,A¢) = (0,0), but also significant additional associated yield
at larger An. The additional yield is approximately uniformly in An and the effect is therefore
referred to as the ridge. The ridge-effect is unique to heavy ion collisions and is found to be
present for trigger hadrons over the entire accessible pp-range (up to 7 GeV/c at present) [35].
The long range of the correlation in An very likely requires a production mechanism at work
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at very early times. A number of different possible mechanisms have been proposed, such as
coupling of radiated gluons to longitudinal flow [36, 37, 38], medium heating by the passage of a
hard parton combined with longitudinal flow [39] and a radial flow boost to the underlying p+p
event, combined with trigger bias [40, 41]. Further experimental work is going on to distinguish
the different scenarios.

Another striking finding from di-hadron
correlations at intermediate pr is that the
away-side peak is strongly broadened. This is
illustrated in Figure 11, which shows associ-
ated hadron distributions with 1 < pr gss0c <
2.5 GeV/c for three different ranges of pr trig
in central Au+Au collisions [42] (full sym-
bols). The open symbols in the Figure show
d+Au results for reference. Clearly, the away-
side distribution is strongly broadened in the
Au+Au collisions, compared to d+Au colli-
sions. For lower pr 4744, there might even be a
minimum in the distribution at A¢ = 7. This
observation has lead to the suggestion that
partons propagating through the strongly in-
teraction medium may give rise to Mach-
Cone shock waves [43, 44]. The width of
the away-side distribution would then mea-
sure the opening angle and thus the veloc-
ity of sound in the medium. However, it has
also been pointed out that gluon radiation
in combination with the kinematic constraint Figure 10: Distribution of associated hadrons
DT,trig & PT,assoc May giverise to a broadened  with 2 < pr 4ss0c < 3 GeV/c in pseudo-rapidity
away-side as well [45]. It is also important 7 and azimuthal angle ¢ with respect to a trig-
to realize that the raw signal sits on a large ger particle with 3 < pr4rig < 4 GeV/c in cen-
background which is not constant, but has tral Au+Au collisions at RHIC [35].

a cos(2A¢) modulation due to elliptic flow.

The background has been subtracted in Fig. 11 and the uncertainty on the extracted signal
from the uncertainty in the strength of elliptic flow is indicated by the shaded band. However,
possible correlations between elliptic flow and the jet-structure are not taken into account in
this estimate. Three-particle correlation measurements are currently being developed to further
explore the away-side shapes.

The interpretation of the single hadron and di-hadron suppression suffers from the fact,
that the initial jet energy is unknown, and that theoretical descriptions thus have to perform
averages over initial parton energy distributions in addition to the necessary averages over the
spatial distributions of the production points. This significantly limits the discrimination power
of the above measurements. Two types of more advanced measurements are currently under
study that should provide access to the initial parton energy. One method uses ~-jet events,
where the transverse momentum of the direct photon is equal to the initial parton transverse
momentum, the other method attempts to perform jet reconstruction in heavy-ion events. First
studies using the former method have already been performed [46, 47] but are limited from low
statistics due to the small cross section for photon production. The latter has a potentially
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Figure 11: (colour online) Background-subtracted distribution of associated hadrons with
1 < prassoc < 2.5 GeV/c for three different ranges of pr rig, in central Au+Au collisions
at \/snyny=200 GeV (full symbols) and d4+Au collisions (open symbols)[42]. The lines indicate
the uncertainty on the signal shape due to the uncertainty in the elliptic flow of the background.
The shaded bands around 0 indicate the statistical uncertainty on the background level.

large cross section, but suffers from a large background of the high-multiplicity events in heavy
ion collisions. Preliminary results of such an analysis have been presented in [48]. In the near
future, differential measurements of the suppression as a function of hadron pr will allow to
further constrain parton energy loss in the medium.

5 Summary

The RHIC experimental program has produced a large number of new, interesting results. First
dedicated studies of gluon saturation at forward rapidities have been performed. The results
are consistent with pictures of gluon saturation, but a full theoretical description and additional
data on jet-like correlations are still needed. Elliptic flow analysis shows early equilibration of
the system and a preference for an equation of state with a QCD phase transition. Studies of
systematic errors and the influence of the initial state distribution are being done to be able
to reliably extract values of the viscosity of matter. Current estimates show a small but finite
viscosity of about a few times the theoretical lower bound. The analysis has progressed to
include many different hadron species, and so far constituent quark scaling has been confirmed
in a reasonable momentum range.

Strong jet quenching has been demonstrated in single hadron yields up to transverse mo-
menta of 20 GeV/e. The naively expected effects of different energy loss of gluons with respect
to quarks have not been observed, pointing to a still not complete understanding of the physics
of energy loss. A similar suppression is also observed in the recoil yield opposite to high pr
trigger particles. Both the suppression of single hadrons and of the recoil yield can successfully
be described by QCD-based energy loss models, there is however still considerable uncertainty
on the exact mechanisms. Strong modifications of the low and intermediate pp jet-associated
hadrons point to significant jet-induced effects on the medium, which are being studied by more
advanced analysis methods. v-jet correlations and full jet reconstruction are the observables of
the future which should provide stronger constraints on parton energy loss.
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Discussion

Guido Altarelli (Roma IIT and CERN): What is the physics programme at RHIC
for the next future?

Answer: The upcoming heavy-ion measurements at RHIC will serve to collect signifi-
cant luminosity for rare probes and should allow e.g. a quantitative characterization of
jet quenching. This will profit in particular from the upgrade of the DAQ in STAR. Fur-
ther detector upgrades already implemented or in progress will enhance the capabilities
for particle identification, like the new TOF detector in STAR, the hadron-blind detec-
tor (HBD) in PHENIX, or the silicon vertex detector upgrades in both experiments.
The latter should allow to obtain crucial information on the production of charm and
bottom hadrons, and should help to elucidate the puzzles related to existing heavy
flavor measurements at RHIC.

Benni Ward (Baylor University): String theorists have found model violations of
the AdSICFT limit you reference as a quantum mechanical limit - quantum mechanics
is not a model. Please comment.

Answer: The remark is relevant. In fact in the presentation I have shown a statement
on a "quantum mechanical limit” of shear viscosity, which has been used by a number
of colleagues in the field but which is strictly speaking not adequate. The limit has
been derived from model calculations, which incorporate some aspects of quantum
mechanics, but certainly not from first principles. There are some calculations in string
theory that you probably refer to, which give a different answer. The purpose of
the presentation was, however, to demonstrate that the shear viscosity of the matter
produced at RHIC is very low, and possibly close to the AdS/CFT-limit - thus low
compared to any other real system, independently of the conceptual status of this
limit.

LP09 91



