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I. INTRODUCTION 
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Program and Principal Achievements during 1094 
of the Stony Brook- Brookhaven Col laborat ion on 

'Theory of Relat iv is t ic Heavy-Ion Col l is ions' 

The program discussed here started on January 1, 1993. It was initiated 
by the Nuclear Theory Groups at Brookhaven and Stony Brook, and its 
primary goals are studies of highly excited matter and its production in 
nuclear collisions at very high energies. Although both groups are engaged 
in a wide variety of projects in different areas, it was considered important to 
pool efforts and resources through the establishment of a permanent existing 
collaboration in order to help with the analysis of on-going experiments at 
the AGS and the planning of future experiments at RHIC. The funds go 
mainly to support of young people, postdocs and students. 

Abstracts describing the contents of completed papers and providing some 
details of on-going projects are given below. Here, we shall provide a more 
general orientation on how the project goes. 

First , some administrative facts. The Center for Nuclear Theory now 
exist as an Organized Research Unit at Stony Brook. 1 with Shuryak as Di
rector and G.E.Brown, A.D. Jackson and J. Verbaarschot as faculty members 
partially assigned to this Center. Application for a new junior faculty ap
pointment in direction of RHIC physics was made, and the Departmental 
Committee and Department has endorsed it (although under condition to 
count it against a future retirement). 

In the fall of 1993 Shuryak (together with J.Kapusta) has organized the 
5-month program in ITP, Santa Barbara on "Strong Interactions at finite 
temperatures", which has attracted most of the leading specialist in the field 
and lead to many new papers. 

The 'Stony Brook-Brookhaven Discussion Days' proceed once a month, 
alternately at Stony Brook and BNL, and usually include 2-3 talks and long 
informal discussions. These meetings involve 10-15 people and take about 
half a working day. This arrangement allows discussion of some major topic 
in considerable detail. Our sense is that that these meetings are quite help-

'As an 'Organized Research Unit', the Center is administratively separate from the 
Department of Physics and reports directly to the Dean of Mathematical and Physical 
Sciences. 
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ful, especially for junior members and students, who can get a much better 
understanding of what other people are doing. 

Personnel associated with this project include Professor Edward Shuryak 
as Principle Investigator and Dr. Carl B. Dover and Professor Andrew D. 
Jackson co-Principle Investigators. The program supports two postdoctoral 
fellows — T. Schlagel and E. Schnedermann. Both postdocs are physically 
at Brookhaven, and Schnedermann has partial support from German funds. 
Schlagel works in collaboration with S. Kahana and Y. Pang on the devel
opment of the ARC code. Schnedermann is mainly involved in work with 
Dover and A. Baltz on the evaluation of production rates of rare species us
ing the coalescence model. For personal reasons, he decided to move back to 
Germany and now we are thinking about possible replacements. 

At the moment, the graduate students supported by this project include 
David Brown (who works with C.Dover), Chi Ming Hung and Momchil 
Velkovsky (all working with E.Shuryak). Wen Chen Chang, who worked 
with Shuryak, has switched to AGS-related experiment and he will move to 
P.Braun-Munzinger's group this summer. There are applications from other 
students to replace him, but the matter is not yet settled. 

There are a number of people at Brookhaven and Stony Brook who, 
although not formally involved in this program, are working on related sub
jects and in close collaboration with this project. These include Stony Brook 
faculty G.E. Brown, I. Zahed and J. Verbaarschot, Stony Brook Research 
Faculty M. Prakash and V. Koch, BNL physicists A. Baltz, S. Kahana and 
S. Gavin, and postdoctoral students Y.Pang (BNL), Li Xiong (Stony Brook) 
and T. Schafer (Stony Brook). 

For clarity of presentation, we have divided the topics of interest into the 
following main topics: 

• The dynamics of nuclear collisions at very high energies (RHIC and LHC). 

• Electromagnetic probes 

• The dynamics of nuclear collisions at AGS energies. 

• Non-perturbative QCD and the physics of the phase transition. 
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The Dynamics of Nuclear Collisions at Very High Energies 

In preparation for large-scale experiments to be running at RHIC and 
LHC, the most obvious questions are the temperatures and densities which 
are likely to be reached. Significant progress has been reached during 1993, 
and now it is widely recognised that in this case dynamics is no longer dom
inated by 'soft' hadronic physics but rather by a 'semi-hard' processes which 
involves partons in 'a few' GeV energy range. Thus, perturbative QCD is 
the natural tool, leading to the so called 'hot glue scenario' 2 . 

By now, several groups (and especially K.Geiger, now at CERN) has made 
a detailed studies of this scenario, confirming that the gluon equilibration 
time is quite short (i.e., 0.3-0.5 fm/c), leading to high initial temperatures 
400-600 MeV at RHIC (about twice the temperatures assumed previously). 
The consensus appears (reflected e.g. at the last "Quark Matter" conference) 
that this scenario and its main consequences are 'inevitable' if perturbative 
QCD can be used at all. 

Experimental consequences of that are very exciting, and their discussion 
is going on and will be continued for some time. For example, a test for this 
scenario can be an enhanced charm production. Both the STAR collaboration 
(using advanced silicon vertex detectors and the excellent tracking capabil
ity of the TPC) and PHENIX (using e — /u, coincidences) are investigating 
the possibilities to observe it. Another development include modification of 
dilepton and photon production 3 . 

One big project completed during the last year in this area by Li Xiong 
and E.Shuryak (Phys.Rev.C, in press) is related with multi-gluon processes 
of the type gg—»n g, n=3,4 etc. The cross section were evaluated using the 
so called Parke-Taylor formula. 

A challenging problem was to understand the role of such "gluon multipli
cation reactions" gg—mg in equilibration of the number of gluons. Assuming 
that it mainly happens after gluon momenta are thermalized, that was done. 
The results obtained show that the "chemical" equilibration of gluon number 
takes time about 1-2 fm/c, depending on initial conditions. 

Those "initial conditions", corresponding to time of the order of .2-.4 
2 E . Shuryak, Two-stage equilibration in high energy nuclear collisions, Phys.Rev.Lett. 

68 (1992) 3270. 
3 E . Shuryak and Li Xiong, Dilepton and photon production in 'hot glue scenario', 

Phys.Rev.Lett., 70 (1993). 
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frn/c, are still quite uncertain and different groups working in this direction 
still come out with rather different numbers. Studies of this stage of the col
lisions, including non-equilibrium momentum distributions and multi-gluon 
processes, is the subject for future works. 

The Electromagnetic Probes 

Since the time of the first suggestion (Shuryak, 1978) to use 7 , e + e ~ as the 
"penetrating probes" for quark-gluon plasma, there were multiple theoretical 
calculations of these signals and relevant background. However, the subject 
is revived now, because only recently first preliminary data on direct photons 
(WA80) and "unaccounted dileptons" (Na38,Na34,Ceres) were reported by 
four CERN-based experiments. 

Their theoretical analysis was recently done by Shuryak and Li Xiong. 
It is more or less generally accepted that in the AGS-SPS energy region 
the dominant contribution should come from the (hadronic part) of the so 
called "mixed phase", understood in broad sense as wide range of energy 
densities at which T « Tc. Direct confirmation of that came from WA80 
data, which show that direct photons have pt slope about 3/4 of that of 
pions: which exactly matches the idea that photons were produced before 
transverse expansion took place. 

Furthermore, the hadronic reactions of interest were shown to be domi
nated by reactions with axial resonance A\, especially pit —• A\ —* ^ir for 
pions and similar reactions for the dileptons. The corresponding rates are 
evaluated, and the results are compared with data. 

It turns out, that results of all 4 experiments mentioned are systematically 
higher than the theoretical estimates, based on conventual expansion picture 
in which the mixed phase lasts for time of the order of 10 fm/c. The situation 
is far from being clear, but one possible way out, suggested in this paper, 
is a longer-lived mixed phase. The natural reason for that is "softness" of 
the equation of state near the QCD phase transition: we will return to that 
point at the end of next section. 

It would be interesting to make a similar studies of photon anH dilcpton 
production in the framework of a cascade code, such as ARC. 

The Dynamics of Nuclear Collisions at AGS Energies 

The main development of the program was creation of the event generator, 
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ARC, for the AGS energy range, made by the group led by S. Kahana. The 
motivation for this new generator and its principal distinction from other 
available codes was to construct a code free from model-dependent concepts 
(such as strings) and to rely on experimental data for the production of 
hadrons and resonances in the 'few' GeV region of interest. The code is 
finished, and its major results related with the 'stopping' of nucleons, pion 
production and, especially, the production of positive and negative kaons 
were shown to be in agreement with available data. Further studies along 
this line has shown other non-trivial results. 

One interesting extension of ARC is related to antiproton production: 
the antiproton absorption in dense nuclear matter seem to differ from the 
predictions of simple binary collision processes. Using ARC, a three-body 
screening mechanism was suggested and tested against the results of the E802 
collaboration. 4 

Another application of ARC was in the framework of the phase-space 
coalescence model, in order to describe composite particles {e.g., deuterons, 
tritons et cetera) observed in relativistic heavy-ion collisions at the AGS. 
ARC generated proton and neutron distributions were used as input for a 
coalescence model which tests CM momentum and the distance of closest 
approach of neutron-proton pairs after freeze-out for the formation of a 
deuteron (with the appropriate statistical weight). Several sets of prelim
inary data have been successfully described by the model. The fall-off of 
deuteron multiplicity with increasing rapidity in the E802 Si+Au data is 
well described. The E814 data at pj = 0 on deuteron, tri ton, and 3 H e pro
duction in the S i+Pb reaction allows the model to be successfully extended to 
three nucleon coalescence. Finally, the same model parameters can be used 
to describe the 5° E886 data for Au-f-Pt production of deuterons, tritons and 
3 H e . The 4 H e production seen in this experiment is also well described. 

Using this simple coalescence model, production rates for stable strange 
nuclear clusters in Si-t-Au and Au-f Au collisions at Brookhaven AGS energies 
of 14.6 GeV/A and 11.7 GeV/A, respectively were est imated 5 As input to 
the calculations, we use lambda distributions (which are in good agreement 
with data) as well as proton and neutron distributions from ARC. If a bound 

'S.H. Kahana, Y. Pang, T. Schlagel and C.B. Dover, Phys.Rev. C47 (1993) R1356. 
5A.J. Baltz, C.B. Dover, S.H. Kahana, Y. Pang, T. Schlagel, and E. Schnedermann, 

Physics Letters B, submitted for publication. 
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AA state exists, its production should be as large as about 8% of all central 
Au+Au events. Predictions have also been made for singly- and doubly-
strange hypernuclei with baryon numbers A = 3 — 6. 

Recently, new set of hydrodynamical studies for AGS and SPS energy 
domain were started by Stony Brook student Chi Ming Hung and E.Shuryak. 
More specifically, the question addressed in this work is to check how slow can 
be expansion of the fireball, if the initial conditions correspond to a beginning 
of the mixed phase, where the pressure-to-energy-density ratio is minimal. A 
number of 1-d, radial and 3-d solutions has been studied, with the conclusion 
that particular "softness" of matter near the QCD phase transition can lead 
to a very slow expansion, leading to the mixed phase lifetime as large as 
about 40 fm/c. If this is the case at SPS, the results of electromagnetic 
probes mentioned above can be naturally explained 6 Further work in this 
direction is planned for the next year. 

Non-perturbative QCD and the Chiral Phase Transition 

Tunneling phenomena in the QCD vacuum, described semiclassically by 
' instantons', have long been known to be very important for hadronic physics. 
Recently, evidence has accumulated suggesting that instanton-induced ef
fects are of dominant importance in explaining not only the vacuum prop
erties, but for hadronic masses, wave functions and other parameters of 
most hadrons, including pions and nucleons. Several works by T.Schafer, 
E.Shuryak and J.Verbaarschot published during the last year has shown it 
quantitatively, in the framework of the 'instanton liquid model ' 7 . 

These works describe numerical simulations performed at NRSC CRAYs, 
and the major results are masses and other parameters of low-energy hadrons. 
These results significantly increased accuracy of the measurements. For ex
ample, for the first time it was demonstrated that this model leads to a 
nucleon as a bound state of the correct mass without confining effects. The 
nucleon-delta splitting can be reproduced without perturbative gluomagnetic 
spin-spin interactions. 

Another important event of the last year was direct confirmation of the 
GAs well as the puzzling low-pf enhancement in the kaon spectra observed at AGS by 

E814: see description of the paper by G.Brown and V.Koch in the report on the main 
Stony Brook grant. 

7 E . Shuryak, Nucl.Phys. B203 (1982) 93, 116, 140 
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parameters of the model: from lattice configurations the group of John Negele 
and coworkers have been able to extract parameters of the 'instanton liquid' 
using the so called "cooling algorithm". 

Rather unexpectedly for many people, after "cooling" (which eliminates 
perturbative effects like Coulomb and Ampere interactions, and also sup
presses confinement forces) the main properties of hadrons were shown to be 
unchanged. This is the decisive experiment, showing that agreement between 
lattice and "instanton liquid" data on correlation functions is not accidental, 
but is based on the same physical mechanism, namely instantons. 

Recognizing importance of instanton-induced dynamics in the QCD vac
uum, it is logical to ask what role it plays at finite temperatures, especially 
in the chiral restoration phase transition at high temperature, Several new 
works have been done in this direction, and a new microscopic mechanism 
driving this phase transition has emerged. 

According to it , the quark condensate disappears at the critical tem
perature T = Tc not because of suppression of instantons ( as believed be
fore), but because of their rearrangement into pairs, the so called "instanton-
antiinstanton molecules". 

One set of predictions of this mechanism is a specific thermodynamics, 
as shown by M.Ilgenfritz and E.Shuryak, who has considered a simplified 
model considering the ensemble of instantons as a mixture of "random liq
uid" and "correlated pairs". One of the most spectacular things explained 
by this approach is the "overshooting" of the energy density above that for 
ideal quark-gluon plasma. This phenomenon was observed in lattice simu
lation with dynamical fermions, and it was absent in earlier works done in 
'quenched' approximation. 

Another exciting application of this mechanism is prediction of specific 
interaction between light quarks above the critical temperature, in the quark-
gluon plasma domain T « 2 — 3TC. The instanton-antiinstanton molecules 
lead to new type of interactions, for which a Lagrangian was recently calcu
lated by T.Schafer, E.Shuryak and J.Verbaarschot. It was shown, that this 
interaction is in quantitative agreement with the lattice data on the so called 
"screening mass" spectroscopy, much discussed in the last years. In particu
lar, it was found that the molecule-induced attraction in the pion-sigma case 
is 4 times stronger than in vector-axial case, exactly as found on the lattice. 

We plan new set of detailed studies of finite-temperature calculations 
in the instanton model, which would include many mesonic and baryonic 
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channels, and wide range of temperatures, both below and above Tc. 
A group led by C.Dover, will continue to study Strangelets and Other 

Rare Objects. Predictions for multistrange cluster formation could be done 
on a new level, including microscopic models, and in this area new instanton-
induced interactions between light and strange quarks are also very impor
tant . 
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II. ABSTRACTS OF ONGOING PROJECTS 
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QCD correlation functions and instantons 

E.V. Shuryak 

The theory and phenomenology of QCD point-to-point correlation func
tions is briefly reviewed. These functions at distances 0.2-1 fm are very 
different for different channels, and they tell us a lot about inter-quark in
teractions. Recent studies based on experimental data, the 'instanton liquid' 
approach and lattice measurements are discussed and compared. Agreement 
between all of them show that instanton-induced forces dominate the light 
quark physics. 

New findings by Negele et al. that hadrons survive 'cooling' make it ob
vious that this agreement is not accidental but is based on the same physics. 
We also argue that chiral symmetry restoration is due to the breaking of the 
' instanton liquid' into polarized 'instanton molecules'. 

This work has been published in Nucl.Phys.B (Proc.Supplemento) 34 
(1994) 107 and it is also available from the database as hep-lat/9311056 
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Physics of "the First Three Fermis" 
in High Energy Heavy Ion Collisions 

E.V. Shuryak 

Using lowest order perturbative QCD we argue that high energy heavy 
ion collisions proceed as follows: 

(i) At a time of ~ 0 .3 /m/c gluonic momenta are roughly equili
brated and most entropy is produced. 
(ii) During the next 1-2 fm/c gluon production due to gg—»ggg 
and higher order processes leads to chemical equilibration of glu-
ons (but not quarks!). 
(Hi) Further expansion of the plasma proceeds until 5-7 fm/c with 
adiabatic cooling, and then the 'mixed phase' is formed. 

This "Hot Glue Scenario" leads to much higher initial temperatures, 
T,=400-500 MeV at RHIC and 600-900 MeV at LHC. It may lead there
fore to enhanced charm production and significant modifications of photon 
and dilepton production. 

This work has been is published in Nucl.Phys. A 5 6 6 (1994) 559c. 
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Weinberg Sum Rules 
at Zero and Finite Temperature 

J . I. Kapusta (Minnesota) and E.V. Shuryak 

We consider sum rules of the Weinberg type for the difference between 
spectral densities in vector and axial channels with isospin 1=1 (or p,Ai 
channels). These sum rules are derived both at zero and nonzero tempera
tures. 

On the basis of the operator product expansion at zero temperature we 
obtain a new sum rule which involves the average of a four-quark operator on 
one side and experimentally measured spectral densities on the other. New 
analysis of the data for both e + e ~ annihilation and r lepton decay is made, 
allowing us to fix the spectral densities in question. 

We further generalize the sum rules to finite temperature. These involve 
transverse and longitudinal spectral densities at each value of the momentum. 
Various scenarios for the relation between chiral symmetry restoration and 
these finite temperature sum rules are discussed. 

This work is to be published in Physical Review D and is also available 
from the database as hep-ph/9312245. 
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Quark-induced Correlations between Instantons 
and The Chiral Phase Transition 

E.-M.Hgenfritz and E.V. Shuryak 

A simple model for the instanton ensemble at finite temperature is pro
posed, including "random" and strongly correlated "molecular" components. 
The main point is that the T-dependence of fermionic zero modes is such that , 
in the "random" case, the fermion determinant decreases with T, while, in 
the "molecular" component, it grows at T ~ Tc. This phenomenon naturally 
leads to chiral symmetry restoration without any instanton suppression. 

Moreover, at T = (1—2)TC the non-perturbative effects due to "molecules" 
are so strong that they dominate the global thermodynamics. An equation 
of state for the model is calculated explicitly, and many details observed in 
lattice simulations with dynamical fermions (e.g., the "overshooting" by the 
energy density over the Stephan-Boltzmann limit) are reproduced. 

This work has been published in Phys.Lett. B 3 2 5 (1994) 263 and it is 
also available from the database as hep-ph/9401285. 
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Two-loop Corrections to the Instanton Density 
for the Double Well Potential 

Christian F. Wohler and E.V. Shuryak 

For QCD the tunneling probability (known also by the more technical 
name of the "instanton density") is only calculated to one-loop order.[1] This 
is analogous to the WKB approximation in quantum mechanics. However, 
higher accuracy is needed in practice, which can be reached using Feynman 
diagrams in the instanton background field. 

This method is used for the calculation of the tunneling amplitude, up 
to two-loop order for a well-known toy model: a particle in a double well 
potential. This problem has been addressed previously, but some mistakes 
made in the previous works have led to wrong results which are in disagree
ment with another approach by Zinn-Justin (which cannot be generalized to 
field theories). The mistakes have been corrected and the two approaches 
now agree exactly. The same method has been applied to the next-order 
corrections to the ground state wave function. 

The paper is to be published in Physics Letters B, and it is also available 
from the database as hep-ph/9402287. 

[1] G. 't Hooft, Phys.Rev. D 1 4 (1976) 3432. 
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The Instanton Density at Finite Temperatures 

E.V. Shuryak and M. Velkovsky 

For low T new rigorous results for the instanton density n(T) are reported. 
Using the PC AC methods, we express n(T) in terms of vacuum average values 
of certain operators times their calculated T-dependence. The dependence 
found is weak, and if the so called "Vacuum Dominance Hypothesis" is used 
for the VEV's of the operators, it vanishes. 

At high T, we discuss the applicability limits of the perturbative re
sults.[1] We further discuss possible behaviour of n(T) at T ~ Tc, arguing 
that instanton density in this region should be comparable to that in the 
QCD vacuum. If so, strong non-perturbative phenomena in this important 
region of temperatures are expected. 

This work has been submitted for publication, and it is also available 
from the database as hep-ph/9403381. 

[1] R.D. Pisarski and L.G. Yaffe, Phys.Lett. B 9 7 (1980) 110. 
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Screening of the Topological Charge 
in a Correlated Instanton Vacuum 

J.J .M Verbaarschot and E.V. Shuryak 

Over the past two years we have shown that the Random Instanton Liquid 
Model successfully describes a large number of hadronic correlation functions 
as well as the corresponding groundstate masses and coupling constants.[1,2] 
Furthermore, the model also reproduces hadronic wave functions. [3] However, 
there are aspects of the problem for which the hypothesis of "randomness" is 
inadequate, and the correlations in the instanton ensemble are crucial. One 
such case is the phenomenon of the screening of the topological charge, due 
to which the so-called topological susceptibility vanishes in all theories with 
massless quarks. 

We have studied this problem numerically using a Monte Carlo simulation 
of the instanton ensemble with proper gluon and quark-induced interaction. 
We find that the screening really happens as expected, and (in contrast to 
the random model) it leads to quite reasonable description of the parameters 
of the famous 77' meson. 

[1] E.V. Shuryak and J .J .M Verbaarschot, Nucl.Phys. B 4 1 0 (1993) 55. 
[2] T. Schafer, E.V. Shuryak and J.J.M Verbaarschot, Nucl.Phys. B 4 1 2 
(1993) 143. 
[3] T. Schafer and E.V. Shuryak, SUNY-NTG-94-5, Phys.Rev. D , in print. 
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Hadronic Wave Functions 
in the Instanton Model 

T. Schafer and E.V. Shuryak 

Over the past two years we have shown that the Random Instanton Liquid 
Model successfully describes a large number of hadronic correlation functions 
as well as the corresponding ground state masses and coupling constants.[1,2] 
Furthermore, the model also reproduces point-to-point correlation functions 
measured in lattice gauge simulations.[3] In order to investigate the struc
ture of hadrons in the instanton model in more detail we have extended 
this comparison to hadronic wave functions.[4] The wave functions are de
fined in terms of gauge invariant Bethe Salpeter amplitudes which we have 
determined numerically using a Monte Carlo simulation of the instanton en
semble. We find that the pion and the proton, as well as the rho meson and 
the delta have very similar wavefunctions but observe a sizeable splitting be
tween mesons or baryons with different spin. Due to the lack of confinement 
and the absence of perturbative one gluon exchange the instanton model 
cannot describe the exact shape of the wavefunctions at both very large and 
very small distances. It does, however, reproduce the qualitative behavior of 
the wave functions found in lattice gauge simulations. 

[1] E.V. Shuryak and J.J .M Verbaarschot, Nucl.Phys. B410 (1993) 55. 
[2] T. Schafer, E.V. Shuryak and J.J .M Verbaarschot, Nucl.Phys. B 4 1 2 
(1993) 143. 
[3] M.C. Chu, J. M. Grandy, S. Huang and J. W. Negele, Phys.Rev.Lett. TO 
(1993) 255. 
[4] T. Schafer and E.V. Shuryak, SUNY-NTG-94-5, Phys.Rev. D , in print. 
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The Chiral Phase Transition 
and Instanton-Antiinstanton 'Molecules' 

T. Schafer, E.V. Shuryak and J .J .M. Verbaarschot 

We show that the chiral phase transition in QCD can be described as a 
transition from a random instanton liquid at low temperatures to a corre
lated phase of polarized instanton antiinstanton molecules at high tempera
ture. [1,2] In this model the total density of instantons is not suppressed at 
T ~ Tc and we find a number of nonperturbative effects due to the pres
ence of instantons in this regime. Among these phenomena is the fact that 
instantons contribute to the energy density and pressure of the quark gluon 
plasma phase. We also study how instantons affect the propagation of quarks 
at high temperature and determine the spacelike screening masses for mesons 
and baryons. We derive an effective four fermion lagrangian that describes 
the residual interaction between quarks and find that interaction in the scalar 
channel is attractive and four times stronger than the interaction in the vec
tor channel. This result is consistent with recent measurements of the scalar 
and vector susceptibilities in lattice gauge simulations.[3] 

[1] M. Ilgenfritz and E.V. Shuryak, Phys.Lett. B 3 2 5 (1994) 263. 
[2] T. Schafer, E.V. Shuryak and J.J .M Verbaarschot, SUNY-NTG-93-39. 
[3] G. Boyd, S. Gupta, F . Karsch, E. Laerman, preprint, Bielefeld, BI-TP 
93/76. 
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The Origin of Excess Photons and Dileptons in SPS Collisions 

E. Shuryak and L. Xiong 

Recently, the first single-photon spectra from CERN energy heavy-ion col
lisions were reported by WA80, while NA34/3 and NA38 have obtained the 
spectra for dileptons with the mass up to 4-5 GeV.[l] The photon spectrum 
has a temperature of 180 MeV which strongly indicates that the electromag
netic signals come from the high temperature mixed phase. 

With the conventional expansion scenario and the calculated photon and 
dilepton production rates, we are unable to explain the experimental data. 
The absolute yields are still significantly smaller than the observed ones. It 
may indicate that expansion in the "mixed state" takes much more time. 

[1] Quark Matter 93. 
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Gluon Multiplication in Heavy Ion Collisions 

L. Xiong and E. Shuryak 

Hot gluons are the dominant components of the QCD plasma to be formed 
in future high energy heavy ion collision experiments. The gluon dynamics, 
especially the gluon multiplication, is responsible for entropy production. It 
also influences directly the space-time evolution of the plasma. Therefore, 
this problem will be crucial for determining the signatures of the plasma, the 
final multiplicity production, and even the index of the detector design. 

The elementary process for gluon multiplication is gg —* ggg. Based 
on perturbative QCD matrix elements and lattice QCD results for plasma 
screening, the reaction rate for gg —+ ggg inside the plasma is as big as that of 
gg —* gg. We have further studied the higher order multiplication processes 
gg —».(n — A)gg, and find them to be important also. 

Turning to chemical equilibration in the expanding system, we found 
that the gluons reach chemical equilibrium well within its plasma phase. 
The inclusion of all next-to-leading order processes makes the equilibration 
considerably faster than the simple gg <-• ggg process considered previously. 

This work has been published in Phys.Rev. C 4 9 (1994) 2203. 
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Work on the relativistic cascade ARC 

Sidney H. Kahana, Yang Pang and Thomas J. Schlagel (BNL) 

We are continuing the development of the relativistic cascade code ARC 
for nucleus-nucleus collisions. The code has been used successfully at AGS 
energies to help in the understanding of the complex dynamics of nucleus-
nucleus collisions. The approach is to include measured hadron-hadron cross 
sections as the input to study rescattering of particles in the nuclear medium. 
The experimental hadronic data is parameterized as a function of energy for 
interactions at and below AGS energies. Recently, these parametrization 
have been extended to higher energy and will be used to study heavy ion 
collisions at CERN and RHIC energies. 

Comparisons between the cascade code and experimental proton spectra 
in Si+Au collisions clearly demonstrate the importance of the formation and 
propagation through the nuclear medium of baryon resonances in nucleus-
nucleus collisions. The low mass baryon resonances A and N* play a very 
important role in rescattering at AGS energies. Their presence can explain 
the proton rapidity distribution, the increased proton "temperature", and 
the seemingly large amount of forward protons. A consequence of baryon 
resonance dominance in heavy ion collisions at AGS energies is the increased 
production of strange particles over hadron-hadron collisions. Strangeness 
production is suppressed at these energies due to the high threshold for pro
duction compared with pure pion production. In ARC, the resonances retain 
most of their energy during rescattering and thus have the chance to produce 
strangeness in subsequent collisions. Further study of strangeness production 
is being pursued to determine the contributions from the different hadron-
hadron channels (eg. associated and pair production of strange mesons), and 
the effects of including K* propagation on the rapidity and transverse mass 
spectrum. 

ARC has also been used to study the evolution of baryon density in Si+Si, 
Si+Au, and Au+Au collisions at 11.6 GeV/c laboratory momentum. A re
gion of high baryon density is formed in central Au+Au collisions and is, 
to a certain degree, thermalized. Preliminary experimental data on inclusive 
particle spectra from E866 agree with our predictions despite the high baryon 
densities reached. Signatures for interesting physics, such as the formation of 
a quark-gluon-plasma, may therefore appear in a subtler form. This makes 
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a detailed phase space calculation, such as ARC, especially important in 
understanding the phenomenon of high baryon densities. Further calcula
tions on Au-fAu collisions are being made to explore observables which may 
allow experimental triggering on events with high baryon densities. Along 
these lines, preliminary calculations on including equation of state effects 
for nucleus-nucleus collisions into the cascade code ARC through a Pauli 
exclusion at high baryon density suggests exclusion effects will be stronger 
at laboratory momenta lower than 11.6 GeV/c, where the six-dimensional 
phase-space (3-space, 3-momentum) density is higher. Other equation of 
state effects, such as changes in hadronic masses, are also being considered. 

Due to correlations in the particle coordinates and momenta, two-particle 
interferometry does not directly measure the size of the interaction region. 
In ARC, one has the all the information about the coordinate space and mo
mentum space distribution at any given time. This information can be used 
directly to predict the experimental interferometry results and study the rela
tionship of interferometry measurements to the size and the entropy of these 
systems. Recently collaborations have begun with some of the experimental 
groups on trying to understand the interferometry results. 

At higher beam energies, the lowest mass resonance production model 
may no longer be applicable. Particle production in hadron-hadron collisions 
is mostly through discrete resonances at low energies. This picture may also 
be applicable as energies increases. I am helping to develop a production 
model where nearly all inelastic collisions form two resonances from a given 
mass and width spectrum At low energies these resonances are known, but at 
higher energies the resonance mass spectrum becomes continuous. Particle 
production follows from the cascade of high mass resonances to lower mass 
resonances through the emission of hadrons. The details of this model, such 
as the momentum correlations of produced particles, are currently under 
study. Eventually this model will be applied to the study of nucleus-nucleus 
collisions. 
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Deuteron Production 

Ekkard Schnedermann, Anthony Baltz, Carl Dover (BNL) 

Based on our previous work [1] on cluster formation in relativistic heavy-
ion collisions, which employed a thermal framework, we now work on im
plementing these methods for the relativistic cascade code ARC [2]. The 
deuteron plays the role of a simple test case, both in experimental and theo
retical respect, for the heavier nuclei like 3H, 4He, and even light hypernuclei. 

Experimentally the abundance of the deuterons is much larger than in 
the other cases, so that already a wealth of data from the AGS experiments 
is available, which can be compared to our computations. Theoretically 
the deuteron coalescence has already a long history, albeit for much lower 
energies, from which we can select hints for the appropriate description for 
the AGS energy range. 

The ARC code generally delivers a good description of the hadron spectra 
from heavy-ion collisions at AGS energies and thus probably implements a 
good description of the collision dynamics, which can be tested with the 
deuteron rate. We have improved on the standard coalescence model, which 
uses sharp cutoffs in space and momentum for the formation of the deuteron, 
by using the actual wave function of the deuteron. Our first systematic 
studies already seem to indicate interesting observations. 

[1] Carl Dover, Ulrich Heinz, Ekkard Schnedermann, Joszef Zimanyi, Phys. 
Rev. C 4 4 , 1636 (1991) 

[2] Y. Pang, T.J. Schlagel, S.H. Kahana, Phys. Rev. Lett 68 , 2743 (1992) 
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A hydrodynamical assessment of 200 A GeV collisions 

Ekkard Schnedermann and and Ulrich Heinz 

We are analyzing the hydrodynamics of 200 A GeV S-f-S collisions using 
a new approach which tries to quantify the uncertainties arising from the 
specific implementation of the hydrodynamical model. Based on a previous 
phenomenological analysis we use the global hydrodynamics model to show 
that the amount of initial flow, or initial energy density, cannot be determined 
from the hadronic momentum spectra. 

We additionally find that almost always a sizeable transverse flow devel
ops, which causes the system to freeze out, thereby limiting the flow velocity 
in itself. This freeze-out dominance in turn makes a distinction between a 
plasma and a hadron resonance gas equation of state very difficult, whereas a 
pure pion gas can easily be ruled out from present data. To complete the pic
ture we also analyze particle multiplicity data, which suggest that chemical 
equilibrium is not reached with respect to the strange particles. However, the 
overpopulation of pions seems to be at most moderate, with a pion chemical 
potential far away from the Bose divergence. 
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