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INTRODUCTION

The Workshop on Heavy Ion Physics at the Alternating Gradient Synchrotron
(HIPAGS) was held at Brookhaven from March 5 to 7,2-1/2 days. The purpose was first
to demonstrate the status of the experimental program of nucleus-nucleus collisions which
started in the fall of 1986 with the first 16O beam at 14.6 GeV/c per nucleon. The second
objective was to present the theoretical concepts and models being applied to interpret the
data. The program also included surveys of the results from the heavy ion program at the
CERN-SPS, in areas that are relevant for the AGS program and discussions of future
directions. The specific perspective at Brookhaven is the availability of Au beams at 11.5
GeV/c per nucleon from 1992, to which allusions were made so many times during the
workshop.

These proceedings are organized in the same way as the workshop program, so the
list of papers is identical to the program. The workshop was very informal and very
preliminary results were shown by experimentalists and theorists alike. Therefore it is
strongly advised that anybody who quotes results or ideas from these proceedings, first
consult with the authors of the paper being quoted. To facilitate that process, electronic
mailing addresses (BITNET) are included with the list of papers and authors.

The program of the workshop was put together by:

Robert Hackenburg, Brookhaven National Laboratory
Ole Hansen, Brookhaven National Laboratory,
Berndt Mueller, Duke University
Johanna Stachel, SUNY at Stony Brook
William Zajc, Columbia University

and the logistics were handled by Cora Feliciano, Elaine Zukowski, the Housing Office,
and the cafeteria organization of Brookhaven National Laboratory. The workshop was
sponsored by the BNL Directorate through the Associate Director for High Energy and
Nuclear Physics, T. Larry Trueman and by Associated Universities, Inc.

On behalf of the Organizing Committee

Ole Hansen
(HANSEN@BNLDAG)
Upton, New York
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Abstract

A simultaneous determination of the transverse energy produced, and the
multiplicity of beam rapidity nucleons surviving nucleus nucleus interactions
provides an effective way to quantify the extent of "stopping" achieved therein. We
have studied collisions between 28Si projectiles with energies Ei,b / A = 14.6 GeV
and targets of Al, Cu, and Pb. Transverse energy production has been measured
calorimetrically in a pseudorapidity interval -0.5 <r\< 0.8, and correlated with the
multiplicity of beam rapidity proton and neutrons detected in a 0.8° cone centered
on the beam direction. Theoretical calculations have been performed to describe the
data, and demonstrate quantitatively the large amount of nuclear "stopping" in these
collisions. They also indicate the importance of rescattering in the production of
transverse energy.

Introduction:
Collisions between nuclei at relativistic energies provide a unique way to create

nuclear matter at high densities and temperatures. Such conditions are a prerequisite to the
creation, within a laboratory, of a quark gluon plasma. Important questions pertaining to
most studies of such unusual states of nuclear matter are the following: How hot and dense
a region of nuclear matter can be created, over what volume, and for how long? Also, how
much of the kinetic energy being carried by a projectile nucleus can be deposited in the
target nucleus? This energy may or may not be thermalized, but nevertheless could create a
region of hot and dense matter. The extent of such energy deposition can be related in a



simple geometrical picture to the impact parameter of a nucleus- nucleus collision and to the
mean free path of a nucleon in nuclear matter. These quantities can be inferred from some
experimental observables. They are transverse energy (ET) , multiplicity, longitudinal or
zero degree energy, and the multiplicity of beam rapidity nucleons. Of these, the first three
have been demonstrated by several experiments to be measures of the impact parameter.1

The last of these also enables determination of the mean free path of a nucleon in nuclear
matter. Performing a simultaneous determination of the first and last of these observables
provides an effective way to quantify "stopping", or the extent of energy loss of the
projectile in the target.2 This will be discussed below.

The Experimental Apparatus:
Experiment 814, shown schematically in figure 1, consists of 4% calorimetry

surrounding the target and a forward spectrometer which intercepts particles travelling in an
angular cone of approximately 0.8° centered on the beam direction. ^Si nuclei of energy
Elab/A = 14.6 GeV are provided by the BNL AGS facility. Beam intensities of
approximately 5 x 104 particles/sec were used in the present measurement A beam
telescope consisting of a set of plastic scintillation counters is used in the selection of valid
beam particles. These detectors also define the fiducial time zero for all events. The
measurements described herein were performed using Al, Cu, and Pb targets of thickness
1.2% of an interaction length for Si. The target is surrounded by 52 plastic scintillator
paddles arranged parallel to the beam direction. Signals from these detectors provide a
crude measure of charged particle multiplicity, and are used to form an interaction trigger.
Surrounding the scintillators are 992 crystals of Nal, each of dimensions 4 x 4 x 13.8 cm3

(5.3 radiation lengths). The crystals are arranged in an approximate projective geometry in
four walls parallel to the beam (two shown in figure 1) and one perpendicular. They are
read out individually with a vacuum photodiode and amplifier chain. The angular coverage
of the side walls is 48° < 9 <118° (-0.5 < T| < 0.8), and that of the back wall is 135° < 9
< 165° (-2 < T\ < 0.9). The beam particles strike the targets through an opening in the back
wall. The Nal crystals, collectively referred to as the target calorimeter (TCAL), are used in
the measurement of transverse energy, as will be discussed in detail below. Positioned
beyond the target is a pair of silicon pad detectors. They have 512 pixels each, and measure
charged particle multiplicity in an angular range 2° to 30° (1.3 < T| < 4). A
Lead/Scintillation fiber calorimeter (Participant Calorimeter or PCAL) covers approximately
the same angular range. A rectangular opening at the center of the participant calorimeter
(5cm x 5cm or an approximately 0.8° cone) serves as the entrance aperture for a forward
spectrometer. This consists of two dipcle magnets, three drift/pad chambers, two groups of
scintillators (Forward scintillators and magnet scintillators) and several U/Cu/Scintillator
calorimeters arranged as shown in figure 1. The forward scintillators are of dimension 0.1
x 1.2 x 0.01 m3, and are used in measurements of charge, time of flight and position. The
two parts of the forward scintillator wall are located approximately 13m and 31m from the
target. The energy of forward going particles is measured in 24 U/Cu/Scintillator
calorimeter stacks. These are 4.2 interaction lengths long. Each stack has an active area of
0.2m x 1.2m. The scintillator read out is divided into 0.1 m vertical and 0.2m horizontal
segments. Each of these is read out, without longitudinal segmentation, by two
wavelength shifting bars and Phillips XP2081 photomultiplier tubes. Depending on the
field in the spectrometer magnet, protons with kinetic energies between 2 and 15 GeV
strike the three modules labelled "protons". Likewise, all neutrons that enter the
spectrometer strike the six modules labelled "neutrons". The tracking detectors consist of
12 planes of drift chambers and three planes of pad chambers. In combination, they
measure position in two dimensions thereby providing momentum P and transverse
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Figure 1. A schematic diagram of the E814 experimental apparatus.



momentum PT determinations. The data presented herein rely primarily on the performance
of the target and forward calorimeters.

Understanding Transverse Energy:
The experimental definition of transverse energy is

E T ^ i ,
i - l , ( 1 )

where the sum is over all the detector elements. The angle ft is defined by the position of
the detector element i as measured from the target, and with respect to the beam direction.
In particular, for the target calorimeter, the sum is over the 992 crystals for the
pseudorapidity range -2.0 < T| < 0.8, and over the 700 crystals in the four side walls for
the pseudorapidity range -0.5 < T|< 0.8. This measured quantity should be distinguished
from its theoretical counterpart, which is defined as

ET = ] £ j j
j - 1 - (2)

This sum is over all particles emitted in an interaction or produced by an event generator. Ej
represents the total energy for mesons, kinetic energy for nucleons, and the kinetic energy
plus annihilation energy for antinucleons. The data presented below were measured using
the four side walls of the target calorimeter. It is important to understand how the
transverse energy as measured by the TCAL is related to that calculated from a model such
as HUET or the Landau Fireball model. Models of nucleus-nucleus collisions generally
make a distinction between the way they treat paru'cipaants and spectators. The participants
are those nucleons that fall within the region of geometrical overlap of projectile and target
nuclei; conversely, the spectators are those that fall outside. Within the participant region, a
projectile nucleon could interact more than one time. It and other produced particles could
also be allowed to interact with the spectators. This latter feature is now being incorporated
into models such as HIJET, and is referred to as rescattering. Figure 2 is a schematic
representation of a typical 14.6 GeV per nucleon Silicon beam interacting with a Pb target
nucleus, as generated by the model HIJET. The products of the collision have been tracked
by the computer program GEANT.3 This program contains the geometrical information
characterizing the Nal detector. Plotted in figure 3 is the response of the detector to
different particle species. This is shown as a percentage of die energy, as captured in the
Nal detector, for various energies (total or kinetic) of the incident particle. This simulation
includes only those particles in the event that were within the geometrical acceptance of the
Nal detector. The following features are evident. Protons of kinetic energies less than about
250 MeV are fully stopped. For protons of higher kinetic energy, substantial energy
deposit occurs only if there is a hadronic interaction, which happens about 30% of the time.
For neutrons and pions, energy loss takes place primarily through hadronic interactions.
For photons the Nal detector is very efficient (being several radiation lengths thick), as is
evident by the large percentage of energy deposit at various total energies. Thus, events
with differing particle composition will have different fractions of their total energy
captured by the Nal detector. It is therefore relevant to ask how the transverse energy, as
measured by the detector compares with that emitted in its acceptance. This is plotted in
figure 4 for three models. Panel a shows the transverse energy generated by the model
HIJET (eq 2) plotted on the ordinate as functions of the transverse energy as measured by
the TCAL (abscissa). The two dashed lines are drawn to guide the eye, and indicate the
transverse energies for HIJET including (denoted by "res") and neglecting rescattering



Figure 2. A HIJET simulation of a !4.6 GeV/A 28Si nucleus interacting with a Pb
target nucleus. The products of the interaction have been tracked with the computer
program GEANT.
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(labelled as "norcs") by target spectators. The correlation between the (simulated)
experimental and theoretical values is remarkable. The same information is plotted in panel
b for the Landau fireball model. The differences in the slopes of the various models is a
reflection of the varying particle compositions (and or pscudorapidity distributions) in their
events. These plots demonstrate the accuracy with which the target calorimeter is able to
measure transverse energy. It bears emphasis that such variances between the nascent and
measured transverse energies is not unique to this detector. Such procedures have to be
applied to most measurements, or to calculations, before theory can be compared with
experiment.

The ET measurement:
Measurements of transverse energy involve a detailed understanding of detector

response. This is achieved by calibration of the detectors, the TCAL in this case, using
cosmic ray events. Minimum ionizing cosmic ray muons deposit characteristic amounts of
energy in the Nal detectors. The extent of this energy deposition is a function of the path
length of the particle's trajectory in the crystal. Measured data, for known operating
conditions of the read out electronics, are then compared with a simulation of the same
physical processes to establish an absolute energy scale. The gain equalization of the
crystals, as functions of location of the energy deposit along the crystals' lengths was
accomplished in a separate procedure involving use of a radioactive source. In addition to
calibration, the above studies determined that the average noise in the electronics chain
amounted to an uncertainty in energy measurement OE, of order 1.7 MeV per channel, of
which about 1 MeV was correlated in all channels.

The data presented below were taken using four parallel triggers set to select, with
equal frequency, event samples corresponding to increasing levels of transverse energy.
The lowest level trigger, the pre-trigger, required that there be atleast a small number of hits
in the target scintillators or the multiplicity array. The other three triggers were obtained by
summing signals from the target calorimeter, appropriately weighted to provide a measure
of ET. Offline analysis of the data included the rejection of upstream interactions, multiple
beam events, and interactions not originating from the target. Other uncertainties in the data
such as the contribution of 8-electrons produced in the target to the pre-trigger rate are
negligible and well within the statistical error bars shown in the figures below.

The ET data:
Figure 5 is a plot of the transverse energy measured (as defined in eq 1) in the side

walls of the TCAL in the pseudorapidity range -0.5 < T|< 0.8. The data were measured
with 14.6 GeV per nucleon 28Si beams interacting with targets of Al, Cu, and Pb. The
measured transverse energies are large, and that they increase with target mass. The
difference in measured transverse energies for the three targets is a result of the following
factors:

1. The increase in target mass results in a slowing down of the effective center of
mass of the interacting system and therefore increased transverse energy production
in the detector acceptance.
2. Increased stopping.
3. The rescattering of secondary particles by target spectators.

The curves shown for the Al and Cu targets are predictions of the Landau fireball
model 4(solid curve and dashed curve). For the lead, the curves are for both the Landau
model and HDET (with rescattering5: solid and dashed curves with circles, and without
rescattering6: solid and dashed curve with triangles). The solid curves indicate the
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Figure 5. Transverse Energy distributions measured in the TCAL for
28Si + (a) Pb, (b) Cu, and (c) Al collisions. The model calculations shown
are the following:

Solid line and dashed line .. Landau Fireball model.
Solid and dashed lines with triangles.. Hijet without rescanning.
Solid and dashed lines with circles. .Hijet with rescattering.
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transverse energy as calculated in eq 2 for the region of the TCAL acceptance. The dashed
curves indicate the equivalent transverse energy as obtained in eq 1 after tracking all the
particles produced by the event generators with the GEANT program. The effects of
geometrical acceptance, detector leakage, and detector noise have been included in
producing these curves, as has been discussed in detail above. The information presented
in fig. 4 is reflected in fig. 5 as a ratio of approximately two between the produced and
measured transverse energies in the TCAL acceptance. The Landau Fireball model,
assuming full stopping, is able to reproduce satisfactorily the trends seen in the data. For
the lead target, the model underpredicts the transverse energy. The HDET model, without
rescattering, also underpTedicts the ET for the same. The HUET prediction, including

rescatteiing, does a remarkable job in describing the Pbdata. Since the Landau moilc}
assumes thermalization, it describes an extreme case for rescattering involving participants.
The underprediction in ET for the heaviest target therefore suggests the importance of
rescattering by target spectators, as has been included in the HUET calculation. These
effects are significant for the heavy targets and should be negligible for the light symmetric
system Si + Ah.

It bears emphasis that the shapes of both the theoretical curves (and slopes at high
ET) and the data are rather similar. In modifying the theoretical predictions to account for
measurement biases, these shapes are not changed in any significant manner. This is
indicative that the tails of the distributions are determined primarily by trigger biases and
not by detector resolution (or lack thereof). Those events that happen to produce more
transverse energy in the detector acceptance are selected preferentially. This is true for both
data collection and simulation. Such trigger bias would, of course, disappear when ET is
measured over the full 4n solid angle, as is planned in the next data taking period.

Figure 6 shows a schematic diagram of the apparatus used by the E814
collaboration in an earlier measurement of transverse energies in interactions of Eiab/A = 10
GeV ^Si nuclei with targets of Al, Cu and Pb.7 Most of the energy deposit was in the
U/Cu/Scintillator calorimeters, and the measured ET distributions are therefore very close
to the ET produced in the detector acceptance. This has been demonstrated quantitatively by
extensive simulation.8 Theoretical predictions of the Landau fireball model (assuming full
stopping) are able to describe the data quantitatively. It appears from these data that die Cu
target is as effective as the Pb target in producing very large values of transverse energy.
This, however, is an effect primarily of detector acceptance as demonstrated by
investigation of data measured at backward angles for a higher energy (fig. 5). The heavier
target does indeed produce more transverse energy. These 10 GeV data have also been
studied by others.9

Similar event characterization can be obtained through measurements of the
multiplicity of charged particles produced in nucleus nucleus collisions. These distributions
and their correlations with ET have been described elsewhere in this volume.10

Beam rapidity particles:
The production of large amounts of ET implies extensive interaction between the

projectile and the target. This can be quantified through studies of the multiplicity of beam
rapidity particles.Such particles are either spectators (fall outside the region of nuclear
overlap) or passed through the target without interaction. We have obtained baryon spectra
in a 0.8° cone centered around the beam direction through measurement of kinetic energies
in the forward calorimeters. The absence or presence of charge in the forward scintillator
associated with the calorimeter hit distinguished between neutrons and protons. The
magnetic field in the spectrometer was chosen to reject particles with momenta less than
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Figure 7. Rapidity distributions of neutrons detected in the forward spectrometer.
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about 10 GeV. This ensured minimal charged pion contamination in the proton data.
Requirement of a minimum energy deposit in the calorimeters reduced contamination in the
neutron data sample from other neutral particles. Extensive Monte Carlo studies of
backgrounds from secondary interactions determined their contributions to be well within
quoted experimental uncertainties.

The measurements were performed with a calorimetric resolution of AE/E = 0.42/[E
(GeV)]lf2; and typical noise in each channel of 100 MeV. These energy measurements
were complemented, where appropriate, with measurements of charge in scintillator
paddles. Single and multiple hits in the calorimeter wall were characterized by position and
deposited energy through use of a pattern recognition algorithm.11 This determination then
allowed a calculation of rapidity. Figure 7 shows the inclusive rapidity distributions for
neutrons measured in the forward spectrometer plotted for three ranges of Ex as measured
in the TCAL. The spectra are dominated for the lowest ET values by a peak at beam rapidity
(yb = 3.4). The shape of this peak can be described rather well by a fragmentation model,
as has been done in a companion article in this document.12 Its magnitude decreases with
increasing Ej. At the same time the bulk of the neutron yield shifts to lower rapidities. The
fall off in the spectra at the lowest rapidities is a result of detector acceptance. Nevertheless
it is evident that the spectra are dominated by two components, one centered at beam
rapidity and a second at central rapidity. Theoretical predictions for the distributions have
been shown for the highest transverse energy bin. The HDET predictions are shown as
open circles, the isotropic fireball model as a dashed line, and die Landau fireball model as
a solid line. HDET and isotropic fireball predictions underestimate the cross sections in the
2<y<2.5 rapidity interval while the Landau fireball model does slightly better. This is
because of the pressure gradient in the interaction region, which leads to increased baryon
kinetic energies. At beam rapidities, however, only HDET is able to reproduce the
qualitative features of the measured distributions. This is a result of the small but finite
probability for a projectile nucleon to traverse the target without interaction. The fireball
models assume full stopping (zero mean free path for a nucleon in nuclear matter).

Figure 8 shows the multiplicity of beam rapidity neutrons plotted as functions of Ej
measured in the TCAL. These data were obtained by summing the rapidity spectra shown
in fig. 7 over a width yb±Ay, where Ay = 1.17 Sinh-^pp/mNc) = 0.34, and the fermi
momentum pp = 0.27 GeV/c. The data demonstrate that with increasing ET, the multiplicity
<M> of beam rapidity neutrons decreases. The flattening of the curves at high transverse
energy is representative of the finite transparency of nuclear target for projectile nucleons.
The flattening of the curves occurs with increasing target mass at higher transverse
energies. The increase in transverse energy measured at the minimum mean multiplicity for
each target is probably a reflection of trigger bias, or the selection of those events which
produce greater transverse energies in the detector acceptance. These data can be interpreted
in terms of an interaction probability Pi which can be defined as:

^(E-r) = 1 - <M(ET,yb±Ay)>/Ap

where Ap is the projectile mass. Using this definition, the probability for all 28 projectile
nucleons to interact in a Pb target for ET > 15 GeV (corresponding to 1/500 of the reaction
cross section) exceeds 0.99. This information can be used to determine a mean free path for
a nucleon in nuclear matter. Assuming full overlap between target and projectile, and
averaging over all three targets, a mean free path X ~ 2.5 fm. (as measured in the laboratory
frame of reference) is obtained. This number is an upper limit since the measured
multiplicity probably includes contributions from events where the detected particle either
completely missed the target, or traversed only a small portion of it. Since this number is
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Figure 8. The multiplicity of beam rapidity neutrons plotted as functions of transverse
energy measured in the TCAL. The data are shown for three targets, Al, Cu, and Pb.
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smaller than the radius of even the smallest target nucleus, this quantifies the large stopping
observed in nucleus nucleus collisions at AGS energies.

In the near future:
We will soon have pseudorapidity distributions of transverse energy (dEx/dr|).

This will provide a more stringent test of nucleus-nucleus collision models. We have
measured the multiplicity of beam rapidity deutrons and nitons. These data should add to
our understanding of stopping. Further, all of the above data will be correlated with
transverse energy measured over 4TI.

Conclusions:
We have made a simultaneous measurement of transverse energy at backward

angles, and the multiplicity of beam rapidity nucleons. The large transverse energies and
the small multiplicities of beam rapidity baryons is indicative, for the Pb target, of full
stopping. The predictions of theoretical calculations using the HDET and Landau fireball
models support these conclusions, and indicate the importance of rescattering by target
spectators in the production of transverse energy.
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E814 Multiplicity
What follows is a brief overview of the E814 silicon multiplicity detector and some of

the data taken with it during a June 89 heavy ion physics run at the BNL AGS. The beam
was 14.6 GeV/c/u 26Si on targets of Pb, Cu, and Al. For the data presented below all of
the target thicknesses were 1.2% of a Si interaction length. All of the data shown below
are still in analysis and none are final.

Device
The charged particle multiplicity detector in experiment E814 consists of two silicon

pad detectors. Each pad detector is made from an identical disk of silicon 300 fim thick
and approximately 38 mm in radius. The active region of each pad detector extends to
a maximum radius of 34mm and is divided into 512 pads. Detector 1 is segmented into
8 concentric rings of 64 pads each and detector 2 is segmented into 12 concentric rings of
from 16 to 64 pads as is shown in figure 1. The detectors are situated relative to the target
as show in figure 2 covering the pseudorapidity interval from 3.86 to .875 in 20 steps.

The read out electronics for the multiplicity detectors on!y registers whether or not
each individual pad recorded a signal above threshold for a given event. (In addition a
small number of pads (96) were connected to ADC's for diagnostic purposes.) Thus the
particle identity and immber of particles passing through a given pad are unknown and
for this reason all data below are given in units of pseudorapidity (77) instead of rapidity.

The individual pad energy discriminator levels were set at approximately one half of
the energy loss of a minimum ionizing particle at normal incidence in 300 /im of silicon
(most probable «80 kev). At this level the hit multiplicity from electronic noise was much
less than one hit per event as measured from random strobing of the detector. However
energetic knock-on electrons generated by the passage of the Si beam through the target
were detected in the multiplicity detector. The measured dN/di7 spectra of these electrons
for a noninteracting Si beam in the various targets are shown in figures 3-4. The average
multiplicity of these electrons is roughly proportional the target thickness (see figure 3), so
to reduce the contribution of these electrons to the spectra of interest we used thin 1.2%
interaction length targets.

At any one time from eight to ten per-cent of the pads of the multiplicity detector were
not functional. Also the multiplicity detector response of any pad does not indicate if more
than one particle was incident on that pad. The effect of dead pads and multiple occupancy
is that the whole detector response to a fixed number of events (impulse response) is nearly
gaussian in the output about a mean that is less than the input by eight to twenty per-
cent depending on the magnitude of the input. The corrected total multiplicity data shown
below have been corrected for these dead pads and for multiple event occupancy of a single
pad to first order. The "raw" spectra is also shown for comparison. By first order we mean
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a rescaling of the data (event by event) for the number of dead pads in each ring (correcting
ring by ring automatically takes into account dN/dr/ effects) and the mean ring multiple
occupancy at a given total multiplicity (determined from our dN/drj data listed below). A
more complete correction requires that we invert the detector response matrix. The dN/d77
spectra show below are corrected for pad inefficiencies and for multiple occupancy. At the
highest multiplicity and at the most forward angles the correction for multiple occupancy
can be as much as twenty per-cent but it is much smaller at more backward angles where
there are more pads in each row.

Finally none of the data are corrected for the conversion of gamma rays in the target
( the main contribution coming from the decay of TT°'S). For the Pb target, assuming that
all of the measured multiplicity is from charged pions, the conversion of gamma rays in
the target to e+ e~ pairs could make approximately an eight per-cent contribution to the
overall multiplicity. The correction for gamma ray conversions will require detailed Monte
Carlo studies as may also the second order dead pad and double occupancy corrections.

Data
In figures 5 and 6 the "raw" and corrected dtr/dN spectra for the Al, Cu, and Pb

targets are shown. Tht lowest peak multiplicity («120) is from the Al target with the
Cu and Pb data following in order with increasing measured peak multiplicities. The
differences in horizontal scale between these two sets of spectra indicate the magnitude
of the combined correction for dead pads and multiple occupancy. The vertical scale is
in arbitrary units and has been adjusted for each target to make for easy comparison. In
figure 7 we see the same spectra (appropriately scaled) but calculated for our experimental
geometry using the Landau fireball model for each of the targets. Overlaying these spectra
with the data (figure 6), one sees that the produced multiplicities for the Al, Cu, and Pb
targets all fall far short of the large multiplicities seen in the data. For the Pb target the
correction for the conversion of gamma rays is significant (of order 8% maximum) but not
large enough to bring the data into line with the calculations.

In figure 8 a scatter plot of the multiplicity in one of the two silicon pad detectors
versus the other is shown for the Pb target. At high multiplicities one can see the effect
of our trigger bias where we had an adjusted higher sensitivity for high multiplicity events
(corresponding to the area of steep fall off in multiplicity as seen in figure 6 ). The same
plots for Al and Cu show a smaller back to front detector slope and a broader relative
scatter in the data between the two detectors. In figure 9 a scatter plot of the total
charged multiplicity versus the transverse energy detected in the target calorimeter (the
Nal calorimeter surrounding the target region and subtending the solid angle from 45° to
175°) is shown. Even though the two detectors subtend different regions in space, there is
a very strong correlation between the number of charged particles going forward into the
multiplicity detector and the amount of transverse energy going backwards.

In figures 10 through 12 a series of dN/d?? spectra for the various targets are shown.
For any given target the various dN/dJ7 spectra were obtained by cutting on different in-
tervals in the total uncorrected multiplicity (figure 5). The multiplicity intervals chosen
were 25-45, 45-65, 65-85, 85-105, 105-125, 125-150, 150-175, and >175 (see figure 5).
The different dN/dij spectra for the Al target all exhibit a similar shape with a centroid
position independent of the multiplicity gate (centrality of the collision) as would be ex-
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pected for two equally sized colliding nuclei. By contrast the dN/d?? spectra for the Cu
and Pb targets show the centroid of the spectra moving to smaller values of rj as the mul-
tiplicity of the event increases. The multiplicity at forward angles (7; >2.8) increases only
very slowly with increasing total multiplicity while the multiplicity at the larger angles
increases much more rapidly as more central events are selected. The above results are
consistent with expected kinematics but the large multiplicity at low pseudorapidity in Pb
is not reproduced by a Fritiof event generator (see figure 13). It is likely that this excess of
events at low pseudorapditiy comes from rescattering of the produced secondaries (mostly
pions) and lower energy fragments produced by the exploding target nucleus. The Fritiof
event generator used for figure 13 did not contain rescattering nor spectator events. Ev-
idence for rescattering has already been seen in this experiment by measurements of the
transverse energy production in the target region [1]. The multiplicity detectors used in
this experiment are quite sensitive to low energy charged particles as they will register any
particle depositing more than «40-60 kev in any pad. More importantly there is only a
few em's of air, .5mm of G10 board, and the target material itself between the point of
collision and the multiplicity detector silicon. Thus we detect with high efficiency even
those particles with only a few MeV of kinetic energy. The effects of rescattering and these
low energy fragments might also help explain the difference seen in the total multiplicity
between the data and what the calculations predict.

In the Al dN/dr; spectra a jump in the multiplicity occurs at around 77 = 1.7. This
jump is also seen for the other targets but to a lesser degree. The jump occurs at the
juncture of the outer ring of the forward pad detector and the inner ring of the back pad
detector (see figures 1 and 10). Events originating from double beams, beam plus a low
Z halo partner, upstream interactions, some rare noise events, and the beam interacting
in the first pad detector have been seen to often have a very large dN/dr/ jump at this
juncture. Using scintillator and calorimeter cuts we believe we have eliminated almost all
of the beam plus partner and upstream events. Some of the events caused by the beam
interacting in the front piece of silicon can be seen and eliminated because of the obvious
multiplicity distributions they produce (very few hits in the front detector and many in
the back one) but not all of them. Also the fragments themselves may interact in the front
piece of silicon and spray extra particles into the second. Although the probability for this
is small (on the order of 1 extra produced particle or less per one hundred particles hitting
the front silicon), fluctuations on this number coupled with the rapidly falling cross section
at higher multiplicities may partly explain what we see. Although this effect is annoying
it does not invalidate any of the conclusions drawn above.

In future runs we will use a modified front pad detector. The inner silicon itself will
be removed up to just short of the innermost active ring. We hope by this to eliminate
those events in which the beam or perhaps even a heavy recoiling fragment interacts in
the first piece of silicon and sprays particles into the second.

Future

In the near future the AGS will provide high energy beams of Au and other particles.
To first order the collision of an Au beam on an Au target will look more like Si on Al
than Si on Pb as it will have two equal mass nuclei colliding. Because of the greater
number of initial particles involved, the multiplicity of the collision will be almost an order
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of magnitude higher than Si on Al. In such an environment the multiplicity detector used
in 814 would prove ineffective because of the resulting high per pad occupancy.

While the observed particle multiplicities in an Au on Au collision may increase by an
order of magnitude or so over what we now see with Si on Al, one should also be aware that
the number of delta electrons that one sees will increase by {ZjiU/Zsi)2, a factor of about
32. These electrons will be produced by each and every incident beam particle that passes
through the target. Any experiment that wishes to measure charged particle multiplicities
at the AGS with Au beams on fixed targets will have to find a way of dealing with this
background.
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Figure Captions.

Fig. 1 Pad segmentation of silicon used to make the multiplicity detectors in E814.
Fig. 2 The two multiplicity detectors are situated relative to the target so as to cover the

pseudorapditiy interval from 3.86 to .875.
Fig. 3 The measured dN/d?7 distribution of delta electrons generated by a noninteracting

beam of Si traversing an Al target.
Fig. 4 The measured dN/dt) distribution of delta electrons generated by a noninteracting

beam of Si traversing a Pb target.
Fig. 5 The "raw" da/dN spectra for Si on targets of Al, Cu, and Pb. The verticle scale is

arbitrary.
Fig. 6 The corrected d<r/dN spectra for Si on targets of Al, Cu, and Pb. The verticle scale

is arbitrary.
Fig. 7 The calculated dcr/dN spectra for Si on targets of Al, Cu, and Pb using a Landau

fireball model. The verticle scale is arbitrary.
Fig. 8 A scatter plot of the multiplicity in the back detector versus that in the front detector.
Fig. 9 A scatter plot of the measured multiplicity versus the transverse energy (Ey) measured

in the target calorimeter.
Fig. 10 Measured dN/dij for Si on an Al target. The cuts for the various spectra are described

in the text.
Fig. 11 Measured dN/d?7 for Si on a Cu target. The cuts for the various spectra are described

in the text.
Fig. 12 Measured dN/drj for Si on a Pb target. The cuts for the various spectra are described

in the text.
Fig. 13 Calculated dN/dt] for Si on a Pb target. The cuts correspond to cuts made in the

data. Compared to data the multiplicity is too low at small ij.
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The cuts for the various spectra are described in the text.
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The tracking detector of AGS Experiment 810 is a three-piece Time Projection Cham-
ber (TPC) intended to measure all charged tracks in the forward hemisphere of the nucleon-
nucleon center of mass system, i. e. forward of an angle of about 20 degrees in the lab.
Each module of the TPC contains twelve rows of short anode wires which give 3-D space
points on each track, but no dE/dx information useable for particle identification. The
TPC was operated in a beam of silicon ions at the end of June 1989 and this talk reports
the results of analysis of the data taken with a thin gold target in that run. We have
gathered a similar amount of data from thin copper and silicon targets, the analysis of
which is in a less advanced state. The results of our investigation of the neutral strange
particle decays appear in a separate contribution by Al Saulys. This paper presents the
current state of the analysis of the charged tracks from the silicon gold collisions.

The first picture (Fig. 1) shows the reconstructed tracks from a collision of a silicon
projectile on a gold target nucleus. Seventy five charged tracks are assigned to the primary
vertex by the tracking program, twenty seven negatively charged, forty right positive.
Figure 2 shows an elevation sketch of the layout, of the three TPC modules in the MPS

* This research was supported by the U.S. Department of Energy under Contract Nos.
DE-AC02-76CH00016, DE-AC02-83ER40107, DE-AS05-81ER40032 and DE-AC02-
76ER03274, and the City University of New York PSC-BHE Research Award Program.
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magnet and the location of the trigger detectors. The MPS magnet provides a uniform 5
kG field on the TPC volume. The trigger was quite simple, requiring a large pulse height
in the Cerenkov counter in the incident beam, caused by an incident silicon ion, a small
pulse height in the scintillation counter centered on the beam behind the TPC (S9, see
Fig. 2) corresponding to less ionization than a surviving carbon ion would produce, and
a substantial signal in each of the scintillators S10 and S l l , located above and below the
beam just in front of the TPC. This trigger was satisfied about once for every 240 Si ions
through the 1 mil (25 micron) gold foil target. A vertex was reconstructed in the region
within 3 cm of the target for about 11% of these triggers.

Removal of all events with a veto scintillator (S9) pulse height greater than 40 (about
1.5 times minimum ionization) selects a more central cross section. Figure 3 is a plot of the
distribution of the Z (along the beam direction) coordinate of the reconstructed vertices
after this cut. The background of events from air around the target is most noticeable
in our gold data because the target was so thin (.0076 radiation lengths or 2.5 x 10~4

interaction lengths) in order to reduce contamination of the events by electron tracks
from converted n° photons. Figure 4 is the charged prong multiplicity distribution for the
vertices surviving the tight veto cut. Finally, a cut at multiplicity 50 was used to select only
the most central collisions, leaving 2243 events from the gold sample. This corresponds
to a cross section of 0.59 Barns, which is perhaps still a bit large to call central. Note
that none of the air events seen in Figure 3 survive this multiplicity cut. The subsequent
pictures are all based on these 2243 events.

Monte Carlo (HIJET) events were converted to our data tape format by a GEANT3
program which simulated the efficiency and resolution of the TPC. These "data" tapes
were analysed by the same reconstruction program used for the real data and used to
obtain the acceptance of the TPC and to evaluate the efficiency and accuracy of the track
reconstruction. The Monte Carlo event generation was modified to match the observed
final behavior of the data so it is important to include everything that affects the efficiency
and resolution of the TPC in the simulation. This is a difficult task which is still being
pursued, so all data presented here should be considered preliminary.

Figure 5 is the raw pseudorapidity (77) distribution. The sharp rise between 1.0 and
2.0 is due to the acceptance of the TPC. Thus, though we measure tracks with 77's as
small as 1.0, we cut the data to remove all tracks with rj smaller than 1.6, at which point
the acceptance has reached 55% (see the acceptance plot, Fig. 6). Figure 7 shows dn/di]
corrected for acceptance; dn/dr} reaches 50.3 at the maximum. Integrating this spectrum
we get a net average multiplicity of charged tracks (77 > 1.6) of 65.5.

The resolution measurements show that the momentum resolution correlates strongly
with the number of coordinates on a track. In order to use only reasonably accurate data
for momentum dependent variables we have removed tracks whose measured momentum is
larger than a limit which is set for each track to correspond to an average resolution dp/p
of 25%. For example, for full length tracks (31 or more hits) the resolution dp/p2 = 0.01
(GeV/c)"1 so tracks of 24 GeV/c or higher are removed. Tracks with fewer than eight

28



hits are discarded. With these cuts applied to the data (and to the Monte Carlo events to
compensate the effect on the acceptance) and assuming a pion mass for all negative tracks,
we obtain the acceptance corrected n~ rapidity distribution shown in Figure 8.

Figure 9 shows the momentum distribution d2n/dildp for the selected r\ range. The
tail of the positives above the individual nucleon incident momentum may be attributed to
deuterons or alphas, although it is also consistent with the effect of momentum resolution
on a proton spectrum cut off at 14.5 GeV/c. The spectrum of negatives extends to near
the incident momentum also. As the next plot (Fig. 10) shows, the spectrum of pions
produced by 13.4 GeV/c protons on a beryllium target extends to the beam momentum
at about the same relative rate. The proton points in Figure 10 are an average of the n+

and n~ data of Lundy et al.1, converted from d2<r/dCldp and multiplied by a factor 28 for
comparison of both the shape and the absolute normalization with the silicon data.

Figures 11 shows the net acceptance of the TPC as a function of pseudorapidity, r\ and
transverse momentum, p±, for positive tracks. The negative track acceptance is similar.
Above r) = 2.0 and p± of 0.05 GeV/c the acceptance is quite fiat. While looking at the
the pj_ spectrum plots that follow, the fact that large corrections for acceptance are made
only to the lowest 77 and p± bins should be kept in mind.

Figure 12 shows the transverse momentum spectrum l/pj_ dn/dpx. for positive and
negative tracks and the result of subtracting the negatives from the positives to approx-
imate the proton spectrum. The approximation depends on the assumption that the 7r+

spectrum is the same as the ir~ and that the K meson contribution is small. The negative
spectrum shows a deviation from a simple exponential with a slope of about 9 (GeV/c)~3

in the region from p± = 0 to 0.5 GeV/c, then a slope of about 5 from p± = 0.5 to 1.5
GeV/c. The "protons" on the other hand, flatten out in the region below px = 0.5 GeV/c
from a slope of about 5 in the larger px region.

Thermodynamic considerations suggest that the spectrum at a given rapidity should
have an exponential behavior plotted as a function of transverse mass, mx = \ /px 2 + mo2.
As may be seen in Figure 13, this plot has a tendency to pile up our data for small pj_
but gives a reasonably exponential dependence for the protons for m i between 1.0 and 2.0
of about exp(—mj_/0.125). We have not yet derived a proton rapidity but instead have
broken the pj_ distribution in five 77 regions. Figure 14 shows the m± dependence of the
negative tracks and of the positive - negative difference in four of those five TJ regions. We
define a "temperature" parameter as the inverse slope for the region 0.3 < mx < 1.0 for
"pions" and the region 1.0 < m± < 1.6 for "protons", and do simple eyeball fits as shown
by the straight lines on Figure 14. Figure 15 shows the dependence of this "temperature"
on pseudorapidity.

More work remains to be done. We hope to refine the Monte Carlo simulation. The
copper and silicon data will be analysed. A considerably larger sample of events will be
needed to detail the m± versus rapidity behavior, events we hope to acquire in the Spring
heavy ion run. With a larger event sample we will be able to cut harder on the multiplicity
to sharpen the definition of "central" collisions.
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FIG. 1. Reconstructed tracks from a silicon-gold collision detected in the E810 TPC.
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Abstract

Data on charged particle distributions from reactions with Si and O projectiles on
various targets are presented. Systematic features of the pseudorapidity distributions are
discussed.

Introduction

The Brookhaven experiment E-802 has several detectors to study global event charac-
terization. These are the Zero Degree Calorimeter (ZCAL), a Lead Glass Array to study
neutral energy emission, and a charged particle target multiplicity array (TMA). All of
these can be used to characterize central events, but each measures different aspects of the
collision. This report is concerned with results from the TMA.

Experimental Setup and Analysis

The multiplicity array surrounds the target area. It consists of resistive plastic tubes
operated in the proportional mode and read out from signals induced on cathode pads.
One section is arranged as a cylinder coaxial with the beam and covering reaction angles
from 31° to 149° with full azimuthal coverage. The forward reaction angles from 6° to
40° are subtended by a wall-like arrangement with an opening on the far side of the
spectrometer. Thus the detectors have a coverage in pseudorapidity from about -1.2 to
3.1 with almost full azimuthal coverage. The sizes of readout pads were chosen to make the
hit-probability approximately independent of angle. The total number of pads is about
3300 with an effective segmentation of about 1650 because two neighboring pads on the
same tube often will fire on one charged particle. A complete description of the E-802
experimental setup can be found in Ref. 1.
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The data presented here have been corrected for geometric acceptance, i.e. inactive
channels and the missing panels towards the spectrometer, and for multihit losses using an
iterative procedure. Target—out and delta-ray corrections have been made to the distribu-
tions. The data have not been corrected for particle absorption, and gamma-conversion
since this requires a knowledge of the particle composition and the momentum distribu-
tions of all emitted particles. The target arrangement, the beam pipes and the detector
itself introduces a momentum cutoff which is «50 MeV/c for pions and «300 MeV/c for
protons depending slightly on pseudorapidity.

Data and Discussion

Charged particle multiplicity data were obtained with beams of Si, 0 , p on targets
of Al, Cu, Ag, and Au. The analysis of the data with Si as projectile is nearly complete
while that of oxygen and proton induced reactions are still in progress. Figure 1 shows the
multiplicity distribution for Si on targets of Au, Ag, Cu, and Al. As mentioned above, the
data have not been corrected for gamma-conversion. This correction has been measured
for Au using targets of different thickness and is estimated to contribute with about 15%
to the total multiplicity. For Ag the effect is about half this. A steady increase in the total
multiplicity is observed as the mass of the target increases.

More systematic information can be obtained from the pseudorapidity distributions.
Such distributions are shown in Figure 2 for central triggers for Si induced reactions. The
central trigger corresponds to the upper 5-7% of the multiplicity distributions dependent
on target. For the three heavy targets this also corresponds to events which leave very
little energy in the forward calorimeter indicating the complete interaction of the projectile
with the target. It is observed that as 77 increases towards the beam rapidity (3.5) that
the ^- distributions for the three heavy targets converge. In contrast, the behavior in the
target rapidity region ( -1<T/<1) is very different. There is a large increase in the yield
with increasing target mass. To quantify this more the data on the Au target have been
multiplied by the ratio of the charge of the other targets to Z of Au and plotted as the full
drawn curves in the figure. It is observed that the distributions in the target fragmentation
region is well described by a linear scaling with the target charge from Cu to Au. The data
from Al falls below this prediction. The model of Csorgo et al.2^ proposes a dependence of
the yield of target spectators which should be % {A2

t - Ap3)3/2. This does not seem to
give the observed behavior. The same scaling with target Z is also observed for minimum
bias distributions and with oxygen as projectile, though it does not hold for proton induced
reactions. This is consistent with a picture of the reaction where for central collisions the
remnant target spectators have received a sizeable excitation in the reaction resulting in a
complete breakup and detection of the spectators near zero pseudorapidity.
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Another scaling has been observed in the projectile fragmentation region by comparing
data taken with different projectiles. Forward of r\ > 2 the distribution of oxygen induced
reaction are very well described by scaling the distribution obtained for Si projectiles with
a factor 16/28 i.e. scaling with the projectile mass.

A feature which can be extracted from Figure 2 is that the t\ value for the maximum
of the pseudorapidity distributions move backward as the mass of the target increases.
This has sometimes been taken as a direct measure for an effective cm. system as e.g.,
described by a clean cut fireball model. A closer examination of distributions obtained
from identified particle spectra revealed that this should be taken cautiously. E-802 has
measured distributions of protons, pions, and kaons3) for central triggers in a magnetic
spectrometer. These same data were sorted in theta-kinetic energy to yield pseudorapidity
In these kinematic variables the distribution of kinetic energy for a fixed value of theta
are very well described by exponentials. From exponential fits we obtain an extrapolated
value of ^p for identified particles. Some of the results are plotted in Figure 3. It shows
Y^ for 7r~ and protons, as well as the sum for all identified particles. The peak of the sum
distribution is at ssl.3, very close to the value extracted from ^p as measured in TMA. On
the other hand the w~ (and TT+) distributions peak around 1.5. The occurrence of the peak
at 1.3 is the result of different shapes and maxima for the distributions of protons (peaking
backward) and produced particles. This demonstrates the importance of the protons for
the multiplicity distributions particular at the low energy at the AGS where there is little
separation between the target and projectile rapidities.

The data shown in Fig. 3 from TMA have been corrected for target thickness. A
linear extrapolation to a zero target thickness was made using the data from a 3% and
1% target, thus removing the effect of gamma conversion in the Au-target. There are
additional conversions in beam pipe and detector material, as well as further corrections
which likely will lower the TMA data with about 10%. The systematic errors in the TMA
and in the spectrometer are such (about 15% and 10%, respectively) that the data from
the TMA and the spectrometer are consistent.

Summary

It is observed that for central collisions the ^p distributions converge in projectile
fragmentation region for one projectile on different targets. In this same region ^ scales
linearly with the mass of the projectile (for a given target). In the target fragmentation
region the yield scales linearly with the Z of the target. The position of the maximum in
—̂ for all charged particles was found, by comparison to detailed spectrometer data, not

to reflect the positions for produced particle distribution, but to be strongly dependent on
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the shape of the proton distributions which are backward peaked.

This research was supported by the U.S. Department of Energy, Division of Basic
Energy Sciences under Contract No. DE-AC02-76CH00016.
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distributions, "Nuclear Stopping",
and Correlations among Measurements

from the 4 Detector Systems in AGS E802

M.J. TANNENBAUM
and the E802 Collaboration

Brookhaven National Laboratory*
Upton, N.Y. 11973, USA

1. The E802 Experiment

The E802 experiment [1] contains four detector systems: a magnetic spectrometer
with good particle identification over the momentum range 0.5 < p < 4.7 GeV/c; a
zero degree calorimeter (ZCAL) for detecting the forward energy, Ep, remnants of
the projectile after an interaction; a target multiplicity array (TMA) for measurements of
charged particles over the full phase space; and a highly segmented lead glass array (PbGl)
for measurements of neutral energy flow and relativitsic particle particle production in the
central region of rapidity. Much can be learned from the study of the correlation of
measurements in these 4 detectors.

2. Correlations Among the Measured Quantities

The correlations between measured quantities are relatively straightforward to under-
stand for the case of Nucleus-Nucleus collisions. The results from the interactions of 14.6
GeV/c per nucleon Silicon on several targets are shown in figures 1, 2 and 3. In these fig-
ures, the measurement in a given detector is plotted as a function of the kinetic energy Ep
detected in the ZCAL. The usefulness of forward energy {Ep) measurements rests on the
assumption that the forward calorimeter detects only projectile spectators, thus making
the forward energy an extremely sensitive probe of geometry of the A+A collision. For the
purposes of this discussion, the ideal ZCAL acceptance is assumed—the energy recorded
in ZCAL is taken to represent the number of non-interacting nucleons ("spectators") in
the projectile, corresponding to 13.7 GeV kinetic energy per spectator. The number of
"projectile participants" can thus be directly inferred from the value of EzcAL-

The participating projectile nucleons may make more than one N — N collision in the
target nucleus, with the number of successive collisions being proportional to the nuclear
thickness. Thus the nuclear geometry of the reaction may be expressed, for example, as
a relationship between the number of projectile participants and the number of N — N
collisions, or, equally as well, as the total number of participants ("wounded nucleons") in
the projectile and target as a function of the number of "projectile participants" (see Fig.
4), etc. The geometrical calculations may then be directly compared to the data to see

* This research has been supported in part by the U.S. Department of Energy under Contract DE-AC02-
76CH00016
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which, if any, geometrical characterization of nuclear collisions is relevant for the particular
process.

All three correlations (Figs. 1, 2, 3) appear qualititavely similar and confirm the
intuitive notion that "central collisions" exhibit small forward energy and large transverse
energy in the form of particles. It is evident that the correlation is not a trivial
consequence of energy conservation since the detailed shapes of all 3 correlation
functions are different and depend differently on the A of the target. In fig. 1,
the total number of pions (TT+ + TT~) per interaction, in the rapidity interval 0.6 < y < 1.8,
as observed by the magnetic spectrometer, is shown [2]. In fig. 2, the quantity plotted is
the transverse energy Eip** as observed in the PbGl [3]; while in fig.3, the "uncorrected"
multiplicity (M2) from the TMA is shown [4].

In detail, the TMA-ZCAL correlation is quite different from the other two: there is a
large difference for all targets over the full EzcAL range, and e.g. the Au/Al ratio is ~1.8
at JE?F=100 GeV (roughly 7 "projectile spectators"). The pions (fig. 1) and the Ep0 (fig.
2) both show very similar correlations with Ep—little, if any, target effect for Ep > 100
GeV and a large target effect for the more "central" collisions Ep £>100 GeV . On a finer
scale, the Au/Al ratio at EZCAL - 100 GeV is ~ 1.2 for the pions and ~ 1.1 for E^0'.

While a detailed comparison of these correlations to models of nuclear reaction dynam-
ics is still lacking at this time [5], it is safe to conclude that the systematics of Elp** and
the number of pions (in the central rapidity region) are similar, while the TMA systematics
are considerably different [6].

3. Response of the PbGl detector

The PbGl detector is a Cerenkov counter designed to measure the electromagnetic
energy flow emitted in a restricted pseudorapidity interval near y£j£, the rapidity of the
nucleon-nucleon center of mass, y^ = 1.72 for this series of measurements. The PbGl
responds, in principle, primarily to neutral mesons, 7r° and 770, which are detected via their
two-photon decay. Relativistic charged hadrons (v/c > 0.8) also emit Cerenkov light in
the PbGl, equivalent to approximately 500 MeV per particle. The response of the PbGl to
Cerenkov light is linear to < 1% whatever the source, so that the total detector response
provides a good measure of the global yield of relativistic particles in the central rapidity
region.

Each individual PbGl block was calibrated in a 2 GeV/c negative beam at the AGS.
The response to the beam is shown in figure 5 [7]. The position of the e~ peak defines
the absolute energy scale at 2 GeV, lower panel, while the 0.5 GeV energy response of
relatistivic particles (K + fi) is shown in the upper panel. No attempt has been made to
correct the energy measured in the PbGl on an event by event basis for the Cerenkov light
from relativistic charged particles, because an incalculably large point-by-point systematic
error would have to be assigned due to the uncertainty of this correction. The data are
presented simply in terms of either the total energy, E^^<, or the transverse energy E^bG

observed in the detector. (In previous publications [8,9], these quantities had been denoted
^TOT anc^ ^T)- ^n *^e P r e v i ° u s publications [8,9], it had been estimated that 50% of the
PbGl energy, for the detector configuration of E802, is contributed by the charged hadrons
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and that an average correction, ET ~ 3/2 E£bG, could be used to relate these measurements
to the quantities which would be measured in a hadron calorimeter.

The actual composition and mean transverse mass of particles produced in Si+Au
central collisions has recently been measured [10], so that the response of the PbGl to
both 7T° (assumed to be equal to the average of the charged pions) and to charged hadrons
could be estimated [12]. The inferred PbGl response, in terms of dEji^/dO, is shown in
fig. 6. It is clear that the nucleons do not contribute much, although they tend to have a
larger relative effect at larger angles. It should also be noted that the effects of IJ", p and
u>° mesons have not been considered in fig. 6. It is evident that the previously published
estimates of the average fraction of the energy in the PbGl contributed by IT" and charged
hadrons are resonable, and that the PbGl detector does in fact provide a good measure of
the global yield of pions in the central region of rapidity (with some bias due to nuclecns
at the most backard angles of the PbGl acceptance).

The considerable difference in the response of the PbGl and TMA detectors to nucle-
ons [6,11] is thought to be the prime suspect in the different systematics of these detectors
as a function of the target atomic mass and to correlations with ZCAL.

4. ET distributions and the issue of "Nuclear Stopping"

4.1 The origins of ET

In the 1980's, multipaxticle inclusive measurements, in which many but not all of the
particles from an interaction are measured, became a leading tool in the description of
the "soft" reactions which dominate the particle production process in high energy hadron
collisions. The two principal multiparticle inclusive variables are the charged particle
multiplicity and the transverse energy flow, taken in restricted intervals of rapidity rather
than integrated over all phase space. These variables are very closely related, but it took
some time for this fact to be understood [13]. The multiplicity is one of the classical
observables in the study of high energy collisions, while the original measurements of
transverse energy distributions [14] were stimulated by the desire to detect and study the
jets from "hard" scattering, with an unbiased trigger. Contrary to early expectations, the
transverse energy is dominated by "soft collisions". The transverse energy is made up of
a structureless cloud of low transverse momentum (~ 0.40 GeV/c) particles [15]. Jets are
swamped [16].

The strong relationship of the multiplicity and transverse energy distributions is a
consequence of the fact that the transverse momentum distribution for particle production
is largely independent of the rapidity and multiplicity distributions [17]. Thus, an ET
measurement is simply an analog method of counting particles: each particle produced
has roughly the same value of Ei sin#j ~< pr > [18].

The formal definition of the transverse energy, E T , is

ET = ^T,Ei sin &i and dET {q) /di] = sin 8 (77) dE{-q) jd-q (4.1)
i

where the sum is considered to be taken over all particles emitted on an event into a
fixed but large solid angle. Following the original work of NA5 [14], the traditional solid



angle was typically taken as the full azimuth, A(f> = 2n, and cm. pseudo-rapidity interval
A»7* ~ ±0.8. It is important to note that ET does not have a well defined property under
Lorentz transformations. Relativistically preferable quantities have been discussed from
time to time [19], but these are rarely used because the above definition of ET is the most
convenient for measurements in segmented calorimeters. In this case, the sum is over the
energy Ei measured in the ith calorimeter cell, with average polar angle 9{.

The now "classical" NA5 measurement [14] for 300 GeV p — p collisions is shown
in figure 7. This is the first measured ET distribution in the present day usage of the
terminology. The detector was essentially the same hadron calorimeter (ring calorimeter)
as used in the NA35 experiment [20], covering the full azimuth and cm. polar angular
interval 54° < 0* < 135° at 300 GeV incident energy.

4.2 Reaction dynamics studies in light ion reactions using ET distributions

The development of ET distributions as a diagnostic tool to study the reaction dy-
namics of relativistic nuclear collisions was started at CERN in 1980, when light ions
were injected into the ISR. The AFS [21] and BCMOR [22] collaborations made exten-
sive studies of various types of ET distributions in p — p, d — d and a — a interactions at
nucleon-nculeon cm. energy, ^/sjfjf = 31 GeV. The results of the BCMOR collaboration
are shown in fig. 8. The spectrum of total neutral energy emitted in the central region was
measured using an electromagnetic shower counter which detected, but did not separately
resolve, the photons from the decays of neutral mesons (ir° —* 77 and t}° —» 77). A vertex
with at least two charged tracks was required, and the spectra were corrected for the
energy deposited by charged particles. The cm. acceptance in which the neutral
energy was detected covered 90% of 2ir in azimuth with an average cm. pseudorapidity
acceptance inside this region of \7}*\ < 0.9. Distributions in both the "transverse neutral
energy" ET and the "total neutral energy" JE?TOT observed in the detector were obtained
for p — p and a — a interactions all at the same -y/jjvjv = 31 GeV. The shapes of the spectra
were essentially identical in both 2£J>OT

 an<^ ^T' This illustrates that, in a limited rapidity
interval, the "energy flow" or the "transverse energy flow" are equivalently useful, since
they are simply related by < sin 5 > in the interval (~ 0.87 for the BCMOR data), so long
as the rapidity distribution of the transverse energy does not change over the spectrum.

4.3 "If you've seen one ET distribution, you've seen them all"

A surprising result was obtained during the analysis of this data when it was real-
ized [22] that a simple gamma distribution represented both the p — p and the a — a
spectra as well as, if not better than, any models of multiple nucleon-nucleon collisions. A
spectrum in the quantity E was represented by a gamma distribution:

^ 1 e - b E , (4.2)

where p > 0, b > 0, fi(E) is normalized to unity over the range 0 < E < 00 and T(p) is
the gamma function of p, = (p — 1)! if p is an integer. The moments of the distribution
are given in terms of the two parameters p and b:

72 = 6/p (4.3)
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where the moments are the mean (/x), the standard deviation about the mean (<r) and
the first two cumulants (71,72)- The gamma distribution is used because of its elegant
convolution property. The n-fold convolution of the gamma distribution f\{E) is simply
given by the function

i.e. p —* np and b remains unchanged. Furthermore, the convolution of a gamma distri-
bution (parameters p,b) with another gamma distribution (parameters q,b) is simply a
gamma distribution with parameters p + q, b.

Although the gamma distribution was chosen its convolution property, it turns out to
fit the p—p and other light ion data rather well. For instance, the famous NA5 full azimuth
ET spectrum is nicely fit [13] by a gamma distribution (fig. 7), as well as the ISR data
(fig. 8). Also, the E802 [8](fig. 9) and NA35 [20] p+Au data are both well represented by
fits to a single gamma distribution.

4.4 A new shape—ET distributions for relativistic heavy ions (RHI)

Measurements of Ex distributions have been among the first results from the new field
of relativistic heavy ion physics, initiated at BNL and CERN in 1986, and have played a
leading role in the study of the reaction dynamics. The main experimental challenge in
the study of RHI interactions is to cope with the very high multiplicities produced. In
general, this is not a problem for the highly segmented calorimeters used in the study of
ET distributions, since these are analog devices. So long as the energy response of the
detector is linear, and does not saturate, the problem of measuring ET distributions in
nucleus-nucleus interactions is no more difficult than in proton-proton collisions.

The experimental results at BNL and CERN have shown that ET distributions from
RHI interactions are completely different in shape from a simple gamma distribution, and
are largely dominated by the nuclear geometry, at the present level of sensitivity. However,
there still remains the possibility that dynamical effects may also play a role.

The E802 data [8](fig. 10), illustrate the characteristic shape of ET distributions for
RHI, and show the interesting feature that at AGS energies, the maximum Ej< emitted
in 160+Cu and 160+Au collisions is essentially the same. Another interesting feature of
the data, originally seen by NA35 [20] at CERN, is that the upper edge of the 16O-f Au
spectrum is simply the 16-fold convolution of the p+Au spectrum. E802 further showed
(see fig. 11) that the entire E^^fr distributions at the AGS, for both 16O+Au and 16O+Cu
could be represented by a simple sum of 1 to 16-fold convolutions of the measured p+Au
data weighted according to the probability that 1,2...16 projectile nucleons interact in the
target nucleus [23].

The observation that the maximum energy emitted in 16O+Cu interactions is essen-
tially the same as in 16O+Au interactions, together with the success in reproducing the
observed 16O spectra from the p+Au spectrum by a simple geometrical model, was cited
as compelling evidence by the E802 collaboration [8] that 16O projectiles at 14.6 GeV/c
per nucleon can be sufficiently stopped in Cu so that pion emission effectively ceases.
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4.5 Qualitative Differences in ET distributions at BNL at CERN

Additional results in support of "energy stopping" at BNL energies are provided by
measurements from the full setup [24] of E802 , for 28Si interactions in a variety of targets.
The detector has been in this configuration since April 1987. The PbGl is composed of 245
six inch square SF5 blocks, located 3 m downstream of the target, covering a laboratory
polar angular interval of approximately 8.0° to 32.0° , which corresponds roughly to a
laboratory pseudo-rapidity range 1.25 < t] < 2.5 with good acceptance, when the edges
and corners are taken into account. This is roughly the same r\ coverage, with 3 times finer
segmentation, compared to the configuration of Fall 1986 [8](figs. 9,10,11) which covered
the full azimuth. However, only 1/2 of the azimuth is covered by the PbGl for the full
setup of E802, the other half of the azimuth being occupied by the magnetic spectrometer.

Because of the excellent segmentation in the full setup, measurements of the energy
flow in the PbGl can be presented interchangeably in terms of either the total energy,
jEy^j., or the transverse energy E^° observed in the detector. These variables are highly
correlated: the distribution in E^^/Eji^ =<sin9>eff is Gaussian, with an rms width
of ~ 10% of the mean value of 0.285 ± 0.003. The systematic variation of < ^ ^
as a function of -E^OT 1S ^ess than 5 % •

Although the data analysis is not yet complete, conclusions on "energy stopping" can
be drawn already from the "trigger" distributions (fig. 12) for 28Si interactions on 27A1,
64Cu, 108Ag and 197Au targets. These distributions have not been target out subtracted,
and may differ in absolute scale by 5 % compared to previous data [9]. However, the relative
scale is better than 1 % for all targets; and the target empty correction is negligible for
Elp** > 2 GeV, and is the same for all the targets, which are 3 % of an interaction length
for this figure. The upper edges of the Si+Cu and Si+Ag spectra differ from the Si+Au
spectrum by roughly 15 % , and 5 % in Elp**, whereas the target nuclear thicknesses differ
by 40 % and 20 % respectively . It should be noted that ET spectra are very sensitive
to the region of pseudorapidity in which they are measured [25,11]. However, ET spectra
measured in the central rapidity region at AGS energies appear to differ qualitatively from
comparable spectra measured at CERN.

The NA35 ET spectra [20] from the 16O run are shown in fig. 13 for four targets,
Au,Ag, Cu and Al. The acceptance for these data covers the central pseudorapidity range
2.28 < T] < 3.94, or -0.72 < rj - y™ < 0.94, which is comparable to the E802 acceptance
-0.47 < t] - y™ < 0.78. The upper edges of the NA35 spectra show a substantial
increase in ET with increasing target nuclear size. Particularly striking in comparison to
the E802 data (fig. 12) is that the NA35 data (fig. 13) indicate ~ 23 % and ~ 12 %
less energy emission for 16O+Cu and 16O+Ag compared to 16O+Au, a considerably larger
target dependence than observed by E802 (fig. 12)
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5. "Nuclear Stopping", and the Fireball Model

The issue of "nuclear stopping" continually surfaces in discussions of the data from
relativistic heavy ion interactions because the degree of "nuclear stopping" is a paramount
element in estimates of the temperature, energy density and baryon density of the large
volume of hot, compressed, nuclear matter remaining after a "central" nuclear collision.
Pseudorapidity distributions of transverse energy emission play an important role in the
discussions of "nuclear stopping" because one of the simplest concepts of stopping is that
the projectile and target "participants" merge into a hadronic "fireball", which then decays
isotropically [20,26,27,25]. This would be quite distinct from the normal behavior of the
"soft" multiparticle production processes that predominate in high energy collisions, in
which produced particles have limted transverse momentum (< pr >?± \ GeV/c) and very
broad and flat rapidity distributions, a situation usually described as "longitudinal phase
space".

5.1 The Fireball Model and pseudorapidity distributions

The "fireball model" contains three distinct assumptions:
• The number of participants is calculated assuming a head-on collision, in which the

projectile interacts with all nucleons in a cylinder of the projectile diameter "cut through
the center of the target nucleus".

• The center-of-mass system and the available cm. kinetic energy, Tjm, are calculated
as if the projectile, and the target nucleons in the "cut cylinder", were both solid objects.

• The total available cm. energy, Tjm, is dissipated by isotropic emission in the fireball
rest frame.

Thus, in the fireball model, the relevant symmetry point is the rapidity of the fire-
ball center of mass, ylm, and not the rapidity of the N-N cm. system, y%J?. Also, the
"isotropic" assumption has a particularly neat and striking consequence: the pseudora-
pidity distribution of transverse energy emission is a universal curve about the symmetry
point, 77 = yim, for all projectiles, targets, and incident energies.

A cultural division between nuclear and particle physicists arises when it comes to dis-
cussing the pseudorapidity distribution of charged multiplicity in the fireball model. The
particle physicist says that < pr > is constant, so that

dnfb/dr} = dE

i.e. the dnfdr] and dEx/dr} distributions are identical. The nuclear physicist says that the
temperature is constant, which implies that the < E > per particle is constant, so that

— sech2 (77 - y&

This latter point of view is correct in the strict thermal model.

56



A less unique conseqence of the fireball model is that the maximum of the distribution,
dEij> /dri\max, which occurs at the symmetry point, yim, should move systematically back-
wards in a B + A interaction, as the target atomic mass A increases. The prediction of
the shift in the position of dEi j dr\\ma7. is quantitatively precise in the fireball model; but
is qualitatively predicted in all multiple collision models, since the rapidity of an excited
nucleon will decrease, as its effective mass or transverse momentum increases, even without
any loss of energy [28].

5.2 The Fireball model fails, but proves to be useful

Although the fireball model will turn out to have little applicability in the regime of
relativistic heavy ion collisions presently under study, its predictions serve as a guide on
how to characterize and evaluate measured pseudorapidity distributions. It is convenient
to characterize the pseudorapidity distributions by i]\max and dET/dt)\max, the position
and value of the maximum of the distribution, and by ATJFWHM, the full width of the
distribution at half maximum. In the fireball model, dET/dri\max = T^ /2 , and the FWHM
of the ET distribution is universal: ATJFWHM—^-AI. For the "particle physicist" the
multiplicity distribution has the same FWHM as the ET distribution; for the "nuclear"
physicist, dn/drj has Ar]pw\ffM=l-75.

A direct comparison of pseudorapidity distributions for 16O interactions at 14.5 GeV/c
per nucleon (1), 60 GeV/nucleon (2) and 200 GeV/nucleon (3) is available, for charged
particle multiplicity, from E808 [29], an emulsion experiment at the AGS and CER.N (see
fig. 14). The distributions of shower particles (v/c > 0.7) measured in central collisions
(~30 % of interaction cross section) of 16O with AgBr are shown. There is approximate
scaling in the target fragmentation region and the distributions show a longitudinal ex-
pansion to larger r\ as the projectile energy increases. These distributions appear to be
very symmetric about y^, for all 3 incident energies, and do not indicate any backward
shift of T)\max, as seen in comparable results from p+A interactions [30], although perhaps
the effective nuclear thickness for the emulsion, i>=2A absorption mean free paths [30],
is not sufficiently large for the effect to be visible. The principal disagreement with the
fireball model comes from the systematic increase of AT}\F WHM from 2.4 to 3.0 to 3.6 with
increasing projectile energy, and the fact that all of these values are considerably wider
than the universal fireball model predictions of 1.41, or 1.75.

The lack of validity of the fireball model at AGS energies was first shown by Fatyga [25],
at Moriond, in 1988, for 10 GeV/nucleon 28Si interactions, by examination of the relation-
ship between the total energy, ETOT, and the transverse energy, Ej1, observed in a test
setup of the E814 detector, which covered the pseudorapidity region (1.8 < T\ < 2.5), well
forward of y*?J? = 1.53 at this energy.

A more central measurement of the pseudorapidity distribution was obtained by E802
from the small early setup with a 14.5 GeV/c per nucleon 16O beam, using a full azimuth
lead glass Cerenkov electromagnetic calorimeter (the setup used for figs. 9, 10 11). The
transverse energy flow, dE^/drj, was obtained [31,11] in four broad rj intervals (fig. 15,
diamonds). Data for Au and Cu targets are shown, for two windows of total energy,
Ej<0T, observed in the detector, corresponding to peripheral (E° < 10 GeV) and central
collisions. The PbGl detector responds only to relativistic particles (v/c > 0.8), so the
distributions in fig. 15 should be directly comparable to the emulsion data in figure 14.
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The PbGl distributions are approximately gaussian, with ^TI\FWHM —2-0 for 16O+Au and
16O+Cu, in agreement with the emulsion results; and the distributions are roughly peaked
at y^=1.7, except for the 16O-(-Au data, where the peak shifts steadily backwards, from
y\max ~1.6 for peripheral collisions, to ~1.4 for the most "central collisions". These data
show that the flow in energy gets more transverse with increasing target atomic mass,
and with increasing observed total energy ET0T, particularly for the Au target. This is
indicative that there is some, albeit small, effect of more than one collision of the projectile
in the target nucleus, even at AGS energies.

5.3 Is all the interesting Physics just outside the E802 Acceptance ?

This refrain has been heard several times during the HIPAGS meeting (and previously)
with respect to both the E802 Etp** and spectrometer data. Hence it seems fair to use
both these data sets to complement each other. This is shown in the lower left panel
of figure 15, where the dET/d7j from central O+Au collisions (diamonds) is compared to
E802 dn{K~)/dy from central Si+Au collisions [10](squares). The agreement of the two
distributions is excellent and confirms that the estimated rj\max, dE? j dr]\max and ArfpwHM
from the PbGl data are reasonable, and that nothing exceptional is occurring outside of
the PbGl acceptance.

It is clear from these results that the Fireball Model inspired parameters:
V\max, dET/dr]\mat and ATJFWHM

are an excellent method to characterize the measured ET and dEf/dy distributions in a
relatively acceptance-independent and model-independent fashion.

6. Systematic, Acceptance-Independent Comparison of all Experiments

The simple characterization of pseudorapidity distributions, illustrated above, allows
a systematic way to compare the ET distributions from all the RHI experiments, in spite
of the fact that the detectors cover nearly disjoint regions of pseudorapidity: WA80 [27],
E814 [25]—forward; NA34(Helios) [26]—backward; E802, NA35—central. It is possible to
compare these experiments independently of acceptance by first estimating ET

enl, the Ex
observed in "central collisions", using the NA34-Helios [26] definition (a factor of two in
cross section down from the "knee" of the distribution), for all experiments. Then, the value
of dET

ent/dTi\max at the maximum in the pseudorapidity distribution can be estimated [13].
The results are shown in fig. 16, as a function of the nucleon-nucleon c.m.energy -y/sjfj^
for 160+Au(W) reactions. The broken line on the figure is dn/dri\ VJV for p — p collisions

If cm

[32](see fig. 17). If geometry were the only nuclear effect, then the <JSNN dependences
would be identical in the p — p and the 16O-f-Au reactions. However, dET

ent/dT)\max in
160+Au increases by a factor of 3 from </JJVJV= 5.4 to 19.4 GeV, which is much greater than
the corresponding increase of a factor of 1.31 of the multiplicity density in p — p collisions.
The relative increase of 3/1.3 = 2.3 is roughly equal to (1 + v)/2 ~ 2.4 for Au, which is
consistent with the observation of "energy stopping" at the AGS, in contrast to the full
"transparency", at ,/spfflf = 19.4 GeV, where all the successive collisions in an Au nucleus
are likely to be equally effective in producing transverse energy. Although, the estimates
of E"nt are clearly dominated by systematic effects, the most notable being between the
two NA35 measurements [20], a similar conclusion on the relative -JsJfJi dependence of
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nucleus-nucleus and p — p collisions can be drawn from the emulsion data [29] in figure
14. dn/dr}\max increases by a factor of 2.4 from ^/spfiv =5.4 to 19.4 GeV, an increase of a
factor of 1.8 relative to p — p, which is again close to the value of (1 +u)j2 ~ 1.7 for AgBr.

It is evident from these considerations, that systematic comparision of the data from
nucleus-nucleus, p + A, and p — p interactions at AGS and CERN energies can lead to
quantitative conclusions, without detailed recourse to particular models; and that the
data cannot be explained by nuclear geometry alone [33].

7. Old and New p+A results

PbGl measurements in the 1/2 azimuth configuration from the full setup of E802 have
already been published [9] for proton interactions with targets of Au, Cu, Al, and C (fig.
18), and for Si interactions in Au and Al targets (fig. 19). These data hare been target-
out corrected and are plotted in cross-section units. The protons were identified with a
Cerenkov counter in a positive hadron beam. The p+A results (fig. 18) are particularly
striking, since the shapes of the spectra are virtually the same for all the targets. This is
quite different from what would occur in any multiple collision model [34] and is consistent
with the "energy stopping" observation at AGS energies [8].

As noted above, because of the excellent segmentation in the full setup of E802, mea-
surements of the energy flow in the PbGl can be presented interchangeably in terms of
either the total energy, E^^., or the transverse energy £ y W observed in the detector.
These variables axe highly correlated: the distribution in E^^/Ej^^. =< s*n^ >«// *s

Gaussian, with an rms width of ~ 10% . Note that for the case when dE^fdr] is constant
over the acceptance, < sinfl >eff =0.281. If the rapidity distribution of the transverse
energy does not change over the spectrum, then the shapes of the spectra in Elp** and
•̂ TOT should be identical, just related by a simple scale factor of <sin# >eff- This had
also been shown at QM87 and is reproduced in figs. 20 and 21, where the EjibG and Ej$fr
distributions in Si+Al (fig. 20) and Si+Au (fig. 21) are plotted in units normalized by
the average value in each case. The fact that the shapes of the spectra agree so well was
taken as evidence that the granularity of the detector preserves the resolution in going from
energy to transverse energy. It was also noted in the publication that careful inspection
indicated that the JS7j> spectrum was slightly lower than the Ej.OT spectrum in Si+Al, but
slightly higher in Si+Au, and it was conjectured that this meant that the energy flow was
at slightly larger angles for the Au target than for Al, and was a gauge of the small size of
the effect.
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7.1 Troubling features of the April 1087 data

Although these data appear to complete the "energy stopping" picture at AGS energies,
the p+A data of fig. 18 exhibit a troubling feature. It was pointed out [9] that the data
could be fit to gamma distributions, all with the same value of b=1.29 GeV"1. However the
p parameters of these data exhibit a "perverse" A dependence, varying from p = 1.81 ±0.13
for p+C, p = 1.7 ± 0.1 for p+Al and p+Cu to p = 1.52 ± 0.13 for the p+Au data. This
means that the average observed energy <E^OT>= p/b ~ 1.32 ± 0.08 GeV for the three
lighter targets and 1.18 ± 0.10 for the Au target.

This effect is really perverse. In any multiple collision model, the high energy tail
would widen with increasing atomic mass A of the target [34]. However, for the data of
fig. 18, the high energy tails are all identical, as indicated by the common value of the
"asymptotic slope" b=1.29 GeV"1, while the low energy regions of the spectra increase
relative to the high energy tails, with increasing A. This is the effect that causes the
slight reduction of < E^OT -> *°r P+Au. In summary, the specra (fig. 18) are roughly the
same for all targets, which is consistent with "energy stopping"; but in detail, the p+Au
spectrum is relatively enhanced at low values of energy, leading to ~10% lower average
observed energy than the lower A targets.

In the strict sense, the effect is not statistically significant. However, there appears
to be a systematic variation with the atomic mass of the target, which illustrates the
difficulty of making A dependent comparisons with this data set to better than ~10% .
This uncertainty limits the precision of further analysis of the data; so it was decided to
repeat the measurements.

7.2 Extracted proton run of November 1988

In November 1988, £802 obtained a 3 week run with extracted protons of 14.6 GeV/c.
In marked improvement to the brief run of April 1987, with secondary protons, in which the
singles rate in the PbGl (from muons) was one million per pulse, the running condiditions
in this extracted proton run were very clean. Also, the full E802 detector, including the
magnetic spectrometer, was in operation. The targets used were Be, C, Al, Cu and Au.
In brief, the results of the previous measurement were confirmed for the PbGl, and a very
interesting set of spectrometer data was obtained [35].

7.3 E$hG distributions

The E%hG distributions for p+Be, p+Al, p+Cu and p+Au interactions at 14.6 GeV/c
are shown in figure 22 [36]. The data have been target-out subtracted and are in cross
section units, da/dE^bG in barns/GeV . These data are quantitatively superior to the
QM87 data [9] both statistically and systematically. The new data extend essentially to
zero in energy, so that the maxima in all the spectra can be seen, and cover ~6 orders of
magnitude in cross section, roughly twice the sensitivity of the data in fig. 18. However,
the qualitative conclusions of the previous data are confirmed: the high energy tails for all
targets are identical, while the in low energy region, E^bG ^ 0.6 GeV, the p+Au spectrum
is relatively enhanced compared to the spectra from the lower A targets.

The integrals of the observed cross sections are approximately 80% of the inelastic cross
section for all targets, although a small (< 10%) systematic increase of this percentage
with A can not be excluded at this preliminary stage. The average energies < E^Q^ > are
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approximately 1.28 GeV for the three lighter targets and 1.14 GeV for p-f-Au, which agrees
exceptionally well with the previous measurement. The level of the systematic and stastical
uncertainty of these numbers is still under study, but can be gauged by the comparison to
the previous results. The average energy < E£Q%> > for p+Au remains ~10% less than for
the lower A targets.

7.4 Correlations and Pseudorapidity Distributions dE^/drj

Further indication of "perverse" effects in the p+A data come from correlations with
the TMA and spectrometer. For the Si+Au data (Figs. 1, 2, 3), the correlations are
relatively straightforward: the charged particle multiplicity (TMA), the pion dnfdy and
Ej,hG are all correlated, and all increase with increasing centrality. For the p+Au case,
the situation is considerably more puzzling. When a charged particle is detected in the
spectrometer, the TMA and E^or exhibit an anti-correlated behavior: with the maxi-
mum TMA corresponding to zero E^^,, and the TMA decreasing as E£Q%. increases [37].
Perhaps this is related to the "perverse" increase with A in the low energy regions of the
E£bG spectra. Further study is merited.

The pseudorapidity dependence of the transverse energy flow dEip** fdr\ has been mea-
sured for the new p+A data of fig. 22 as a function of the observed Ej<*** in the detector
(see fig. 23). A variation in the angular distribution of the transverse energy flow with A
can already be inferrred from the average values of <E^bG/E^Q^, >=<s in0> e / / which
vary from 0.281, 0.284, 0.291, to 0.299 for p+Be, p+Al, p+Cu and p+Au reactions. This
would imply a constant value of dEx/di] for p+Be and a different shape for the other
targets. The pseudorapidity distributions are presented in fig. 23 for p+Au and p+Be
for 4 windows, with increasing "centrality", of JS^*6 observed in the total acceptance

1.25 < q < 2.5, normalized to the value of the observed E^3*-"-2^. For all cases, the
p+Au distribution is relatively depleted forward of y*?J? compared to p+Be and enhanced
for TJ < y*?J*. In all the windows except the lowest, dET/dij\max is clearly within the PbGl
acceptance and is 10% to 20% lower for p+Be than p+Au.

A detailed comparison of dE^^ jdq for p+Au and p+Be is warranted in the lowest
range of 0.1 < E^bG < 0.2 GeV (see fig. 24), since the principal A dependence of the
p+A Ej!bG spectra is the relative enhancement with increasing A which occurs in this
region. It is interesting to compare dE^^/drj (fig. 24) with the similar measurement in
the spectrometer for pions, as done previously (recall fig. 15). In fig. 25, the spectrometer
measurement of dn(-nr+)/dy is shown for p+Au and p+Be [35], and exhibits the same
behavior as the PbGl data (fig. 24) within the PbGl acceptance. Since the PbGl is
unable to make any determination outside its acceptance, the information in this region,
particularly r\ < 1.25, will have to come from spectrometer data [35].

7.5 Conclusion-the p + A data is interesting but requires more work

It is clear that the new PbGl p+A data from E802 confirm the previous measure-
ments [9] and support the "energy stopping" observation at AGS energies [8]. However,
there are still quite a few interesting and surprising effects in the data which remain to be
sorted out. This will be greatly facilitated by correlating the PbGl results to measurements
from the other detector systems in E802; and work is continuing in this regard.
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Abstract: In this talk I will summarize the recent results from the EMUOl-collabora-
tion on heavy-ion collisions at both AGS- and SPS-energies. I will focus on the
global observables like multiplicities and pseudo-rapidity distributions, and espe-
cially look at fluctuations in particle densities, the energy dependence and the
importance of the nuclear geometry.
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1. Introduction

In this talk I will summarize the recent results from the EMUOl-collabora-

tion. The collaboration has measured heavy-ion induced interactions with emulsion

nuclei at three different energies; 14.6 A GeV from the AGS at BNL and 60 and 200

A GeV from the SPS at CERN. I will focus on results obtained by oxygen projectiles,

but will also show some data where heavier projectiles were used.

I will start in section 2 by giving some experimental details and defi-

nitions which are necessary for what is to come. In section 3 the observed energy

independence in the fragmentation regions will be discussed, and we will look at the

rather limited cascade which is observed in the fragmentation of the target nucleus.

In section h I will discuss the energy dependence of the multiplicity distributions

in terms of geometric scaling. In the next section we will look at the local

fluctuations in particle densities and their dependence of the global fluctuations.

This section will also contain some results on scaled factorial moments from a

central sample of 32S+Au interactions at 200 A GeV. In section 6, finally, I will

conclude.

2. Experimental details and definitions

A discription of the experimental details can be found in Refs 1 and 2, and

here I will only briefly give a few details which are of interest for this talk.

Two different techniques are used by EMU01. One technique is the convention-

al emulsion stacks, with a horizontal exposure, which allows for an angular resolu-

tion corresponding to about 0.1 rapidity units at mid-rapidity. This technique is

used to obtain unbiased samples; the detection efficiency for events with only a few

produced particles is close to 100£. The other technique is emulsion chambers, with

a vertical exposure, providing a minimum of material in the path of the projectiles.

Here the angular resolution corresponds to about 0.01 rapidity units at mid-rapidi-

ty. The drawback with this technique is that only charged particles with an emission

angle smaller than ~30° with respect to the beem direction can be meassured and that

the efficiency for events with a small overall multiplicity is limited. Some of the

emulsion chambers are equipped vith a thin gold foil for studies of interactions

with gold target.

In emulsion experiments we normally distinguish between projectile frag-

ments, black, gray and shower particles, depending on the ionization of the particle
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in question. Shower particles are produced particles .,

(mainly pions) with a velocity greater than 0.7-c. Gray

particles are mainly protons (40 - 400 MeV) knocked out of

the target nucleus and black particles are evaporation

products from the spectator parts of the target nucleus.
40

The number of gray, Ng, and black particles, Nb, are often

given as the number of heavy particles, Nh.

The angular distributions of shower particles are 30

normaly given in terms of pseudo-rapidity (f| =-ln tan 6/2)

but in this talk I shall not make any distinction between 20

real rapidity and pseudo-rapidity. I will, for instance,

apply a Lorentz-boost to the pseudo-rapidity distributions 10

although this is strictly speaking only possible if the

true rapidity is measured. I will throughout this talk use

rapidity in this broad sense.

160 + Em
_200 A GeV

nA

:
L - r f * * l 1

EMU01

— O:o<3

- - Nh>22

-2 2 *

V

due

For essentially a l l the data discussed here events ng i: Rapidity distributions of
charged particles for two different

to electro-magnetic dissociation and quasi-elastic centraiity cuts.
scattering have been removed. The procedure for this is

described elsewhere2.

Different methods to define the centraiity of the interactions have been

used in emulsion experiments. One possibility is to use the Nh-value of an event,

due to the strong correlation between the impact parameter and the number of slow

target associated particles. Another way is to use the forward charge flow, Q Z D, i e

the number of observed charges in a narrow forward cone, in analogy with E 2 D, often

used in counter experiments. In this experiment the angle of the forward cone is

determined by T\zu =
 v
Proj

 + 0-44. In fig 1 we compare rapidity distributions from
160+Em collisions at 200 A GeV with the two different ways of defining the centraii-

ty. Both cuts correspond to approximately 11% of the minimum bias cross section, and

both methods give almost the same distribution. It can be seen that the Q2D is some-

what more efficient, since the central densities are a few percent higher. The Q Z D-

based centraiity determination is also preferred, since this number is easily ob-

tained from most of the current models.

The data is often compared to samples generated by different Monte Carlo-

based models. Two models will be mentioned in this talk; FRITIOF3 based on the pic-

ture of independently fragmenting strings; and the RANFT-code4 based on the Dual

Parton Model. While the cascade in the spectator parts of the nuclei is totally
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neglected in FRITIOF, the RANFT-code

has a free parameter t0, which is re-

lated to, but not equal to, the proper

time for the formation of hadronic

matter.

3. The fragmentation regions

When the particles in the

fragmentation regions are studied many

energy independent features are re-

vealed. In fig 2 I show the rapidity

distribution of He-fragments from the pro-

jectile measured in 160+Em collisions at

200 A GeV. In the same figure the extra-

polated curve from 2.1 A GeV is shown to

be in good agreement with the data. This

not only shows that the fragmentation as

seen from the rest frame of the projectile

is energy independent, but also shows the

nice accuracy we have in the chambers. At

ll = 9 the accuracy is 0.03 mrad, corre-

sponding to 0.1-0.2 rapidity units. Also

the correlation between the number of

Fig 2: Pseudo-rapidity distribution o£ Helium fragments £rora
the projectile produced in "0*E» collisions at 200 A GeV.

n
'0 + Emulsion
O - 200 A GeV
D - 60 A GeV
O - H.6 A CeV
O - 2.1 A Cev

K
Fig 3: Multiplicity distributions of gray particles.

charges carried by projectile fragments and the target activity, as measured by Nh,

is the same, independent of energy, in the range 2.1 to 200 A GeV5.

Examples of the energy independent features in the target fragmentation

region are given in figs 3 and 4. Fig 3 shows the observed Ng-distributions for

160+Em interactions at four different incident energies. As seen from the figure the

distributions are the same within the experimental errors. When these distributions

are compared to the outcome of FRITIOF, one observes that the tail for large values

of Nq is absent in the model. The RANFT-code, however, with a suitable choice of the

parameter x0 (5 fm/c, approximately equivalent to a proper time of 1 fm/c), co-

insides with the data. On the other hand, when Ng-distributions from proton-induced

interactions a n investigated, it is revealed that also the RANFT-code fails to re-

produce the tails'. This is interpreted as an indication that the cascade is less
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developed when nuclear projectiles are used as com-

pared to proton projectiles, and can be understood in

a geometric picture where, in a central collision,

only relatively small parts of the target remains as

spectator. Both models fail to reproduce the Nb-

distributions. In fig 4 the angular distributions of

gray particles are shown. The energy independence is

evident from the figure which also includes a linear

fit to existing proton+Em data. The same angular

distribution is also obtained for different centrali-

ty cuts7.

Also the particles produced in the fragmenta-

tion regions show energy independent features. In fig

5 the rapidity distributions from oxygen-induced

interactions from three different energies are com-

©
O
O

1.0 -

o -
D -

r o -

i i
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1 1 1 1 1
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pared in both the lab-system, 5a, and in the r e s t Fig *= The angular distribution of gray
" particles in ls0»E» collisions, coapared to

C a n b e S e e n t h e t h e s a M distribution froa p«Ea collisions.frame of the projectile, 5b. As

distributions coincide around the target

projectile rapidity, respectively. A si-
it

milar result is observed when rapidity
i

distributions for central event samples

are compared2.

The obsereved energy independence

in the fragmentation region indicates

that the nuclear geometry is energy inde-

pendent. There are two important facts to

keep in mind in this context- The elemen-

tary production cross sections are almost

constant in a large range of energies;

1 GeV to 1 TeV, and the proper time for

and the

.EMU01

Fig 5: Rapidity distributions of charged particles in a)
the target rest fraae and in b) the projectile rest frane.

the formation of hadronic matter seems to be rather long.

4. Scaling and energy dependence

In the previous section we found that particles emitted in the fragmentation

regions show many energy independent features, which we took as an indication of an
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energy independent nuclear geometry. Together with

the long formation time, this points in the direction

of a clean cut participant-spectator picture. In such

a picture the final observables (in this case ns, but

also ET in experiments where the transverse energy is

measured) of an event can be seen as the sum of

contributions from several essentially independent

sources.

If w denotes the number of sources, n the

observable and mt , i=l,2,..,w, are the contributions

from the sources, we find

c*
V

10

10

<n> = <m>*<w> and <x(n) = <m>-
g(m)

<w>-Q(w)

where 5(z) = <r2(z)/<z>2, z = w or m. Provided that

the dispersion in the number of sources is large

enough we will generally have scaling, i e

10

EMU01
160 + Em

: — 200 A GeV
- - - - 6 0 A GeV

—-14.6 A GeV

Fig 6: Scaled aultiplicity distributions
fron '*0»E» collisions.

• 200 A GeV
o 60 A GeV
« 14.6 A GeV

independent of whether energy scaling is fulfilled for

the the individual sources or not. In fact, if the dis-

tributions from individual sources fulfil exact scaling,

so will the distribution of the observable.

In fig 6 scaled multiplicity distributions from

1&0+Em collisions at three different energies are shown.

Within the experimental errors the three distributions

are the same. Vhen the scaled multiplicity is plotted

versus QZD for different energies, the scaling is again

revealed as seen in fig 7. Also the QZD-distributions

themselves seem to be energy independent8.

It is argued that the sources can be taken either Fig 7: the normalized average mul-
tiplicity as a function of 0z0-

as the number of binary collisions between the nucleons

from the two nuclei, or as the number of participating or wounded nucleons from the

two nuclei. A nice result is obtained when ET-spectra from NA35 is compared with the

calculated distribution of participating nuclei9. In fig 8 I show that both these

numbers are relevant. The number of produced particles in 160+Em are found to depend

'•:'•..
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linearly on the same number in proton-proton collisions

at the corresponding energy. A similar observation for

proton-induced interactions can be extrapolated in two

ways, depending on the definition of the sources10. As

can be seen the data falls in between.

5. Stochastic emission, fluctuations and intermittency

Due to the many sources expected in heavy-ion

collisions, one can expect that most of the correlations

between the produced particles will be washed out. Let

us consider a rapidity interval AY, within which we look

at the small rapidity window Sy. The probability that a

particle produced in

given by

*v H I r 1 1 ,• _ -A*. I.. 4- .!,„„ Fig 8= The average nuiber of chare-

AY will fa l l inside Sy is then * i c les . ,f _ co l l i , i ons !,
ed particles in "0»E« collisions at
various energies plotted versus the
corresponding nultiplicities in pp
collisions.

P =
Sy <p(Sy)>
AY-<p(AY)>

i e if correlations between particles can be neglected. Here <p> is the avererage

particle density in the considered region. If one also assumes that the shape of the

rapidity distribution is independent of the multiplicity (or centrality), the nor-

malized variance Q = <r2/<n>2 for the multiplicity distribution in the window 6y

centered around y is given by11

5y<P($y)>
c o n s t a n t

which can be rewritten

F?(y.Sy) = constant

independent of the size and location of the region. F2 is the second normalized

factorial moment of the distribution. If the window, Sy, is not too small, i e that

the average multiplicity in the window is larger than 1, we find12

i e we have a linear relationship between a and <n> for different windows in rapidi-

ty, where both intercept and slope are determined by the value of F2.

In fig 9 this is tested for oxygen-induced data at three different energies,
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for y-windows centered around mid-rapidity. The F2-

values are determined for Sy = 2, and given in table

1, where also FRITIOF has been utilized. We find

that for all energies the linear relationship is

well established as long as the fragmentation re-

gions are excluded. We see that the F2-values as

well as the slopes increase with energy, indicating

a scaling violation. The scaling discussed in sec-

tion 4 is however only asymptotic due to the energy

independent contributions from the fragmentation re-

gions. The asymptotic value of F2 can be found in

the same plot, given by the slope of the line con-

necting the three points representing the total

phase-space. This gives the value F2(asymptotic) =

2.30, in good agreement with the general trend in

table 1.

Table 1

• 200 AGeV
• 60 AGeV
• 14.6 AGeV

1.095 <n,>-0.46
l.K0< r> >- 6.0

0" 40 -

<ns>
Fig 9: o versus <n,> Cor different rapidi-
ty windows. The errors in each data point
are in the range 4-6 X in both directions.
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do-rapidity.

Fig 10: Normalized factorial moments calculated with the
"vertical" «ethod. Also shown are results fro* the "correc-
ted horizontal nethod" and a M C simulation using a model
with built in intermittency.

We can thus conclude that with this kind of stochastic emission we can de-

scribe the local fluctuations as a result of the global ones. If we would like to

see deviations from this simple picture we need to develope other methods and look

at higher moments of the distributions. Such a method is devised by Bialas and

Peschanski13. Using their method different experiments have established a power-law

dependence of Fq on the size of the window Sy. Most of these experiments have a

resolution in y of about 0.1 units, and when EMUOl-data is analysed in the 8y-region
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6y > 0.1, our results are the same. With our chamber technique we can however go

down to windows of about 0.01 in size, and the results of such an analysis is given

in fig 10. Here two somewhat different methods have been applied, both giving essen-

tially the same results. To test the reliability of the method for very small

windows the results of a simulation using the oc-model by Bialas and Peschanski13, a

model which has the power-law behaviour built in, is also shown in the figure. It is

evident from the figure that the slope rolls off, and the dependence is essentially

flat for 6y < 0.1.

6. Conclusions

The above discussion shows that the nuclear geometry is essential for our

understanding of ultrarelativistic heavy-ion collisions; whatever signals for new

physics that we are looking for, we vill always have to deal with this kind of back-

ground. It is therefor extremely important to understand exactly how the geometry

will effect these signals. There are however observations, which not easily lend

themselves to an explanation along the lines which are outlined in this talk, and

some of them, if not all, will be the topics of this workshop.
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reactions induced by beams from the CERN SPS would offer the highest attainable
energy densities (in the laboratory) and largest proper time duration of the ex-
cited hadronic matter created for the near future, until RHIC begins operation. Of
course, it was argued at the beginning of the program and again during the present
discussions about a lead-beam injector that if a quark-gluon plasma is formed in
collisions at presently-attainable energies, then maximizing its energy density and
proper time duration should enhance the probability for observing measurable con-
sequences of its creation.

CERN has accelerated ions of mass 16 (oxygen) to energies of 60 and 200
GeV/nucleon and of mass 32 (sulfur) to energies of 200 GeV/nucleon. This yields
total energies of 960 GeV and 3.2 TeV for the 18O and 6.4 TeV total for the 32S .
This is done using a new 15 GHz ECR source from Grenoble plus a RFQ from LBL
to inject the old Linac-I of the Proton Synchrotron. This Linac delivers a beam
of 12 MeV/nucleon either 16O6+ or 3 2S1 2 + . After being fully stripped following
Linac-I, the ions pass through, in order, the PS Booster, which takes them to 500
MeV/nucleon, the PS, which takes them to 5 GeV/nucleon, and finally the SPS. The
SPS could accelerate the ions to 225 GeV/nucleon, but the decision was made at
the beginning of the program to limit the energy from the SPS to 200 GeV/nucleon
in order to increase the duration of the flattop from 2.2 to 4.4 seconds. Beams
of ions are then extracted and transported simultaneously to the North and West
Halls, where they feed six (eight starting in summer 1990) large electronic experi-
ments after passing through a series of magnetic and electrostatic splitters. Most
of the experiments utilize less than 108 ions/spill, with the exception of the dimuon
experiment NA38, which nominally takes 10 times that and is the only experiment
located in a high-radiation bunker. Upgrade plans for CERN call for construction
of a high-frequency ECR source capable of producing 208Pb in charge state 25-30+.
This new ion source would be followed by a new RFQ and then a new Linac capable
of furnishing the lead ions to the PS Booster/PS/SPS complex. There are ancillary
upgrades needed, particularly regarding the vaccuum system in the PS Booster.
The coexistence of this program with LEP operation depends upon the vaccuum
recovery time of the PS following acceleration of the electron and positron batches
needed for the frequent refills of LEP. An investment of 30MSF is needed outside
of the normal CERN budget. This project was recently endorsed by the Director
General, and the process of securing funding was begun. Completion of the new
injector and commencement of experimentation is anticipated for 1993-1994. The
outcome of the even longer-term plans depends upon the fate of the Large Hadron
Collider at CERN.

A first round of experiments with high energy nuclei began at CERN with a
3 week run in December, 1986, using E/A = 60 and 200 GeV 16O beams and
continued with a run of similar duration in September 1987 utilizing E/A — 200
GeV 32S beams. A reference run using 200 GeV protons was performed during
1988. The program will take data again in August of 1990 and again in August
of 1991, both times using the E/A = 200 GeV 32S beams, and possibly a E/A =
60 GeV 32S beam. There are presently 8 large electronic experiments mounted
together with more than one dozen smaller, typically emulsion, experiments. Most
of the electronic experiments recuperated the bulk of their equipment from earlier
setups, with the exception of WA80 and NA36, which constructed most of their
original equipment prior to the 1986 run (multiplicity counters and calorimetry
in the case of WA80, a TPC designed for heavy ion work in the case of NA36.)
The existing experiments have all undertaken major upgrades during the past two
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years; for example, NA35 is adding a downstream TPC, WA80 has added two larger
lead-glass spectrometers, NA34/3 has reconfigured their muon spectrometer's front
end and NA38 has reworked their entire target/calorimetry/absorber zone. Two
new large electronic experiments (NA44 and NA45) and one smaller atomic-physics
experiment are being prepared "from scratch" for the 1990 and 1991 runs. The
program involves some 300 physicists and students drawn from nuclear physics and
high-energy physics backgrounds. A brief listing of the present experiments, ordered
by type of measurement performed and the type of information about the collision
thus obtained, is presented in Table 1.

2. GLOBAL EVENT PARAMETERS

One can obtain information on the global distribution of energy and produced
particles in such reactions by measuring the transverse energy and number of pro-
duced particles as a function of pseudorapidity and azimuth over a large region cen-
tered at mid-rapidity. The energy measurements are accomplished in the usual way
via a set of calorimeter towers divided into electromagnetic and hadronic compart-
ments. The multiplicity measurements are performed using large acceptance track-
ing devices (streamer chambers or TPCs) or large arrays of Iarrocci-type streamer
tubes with pad readout. Using a suggestion of Bjorken (Ref. 1), it is possible to
relate the measured transverse energy per unit rapidity, dEr/dy, to the energy
density produced in the reaction, modulo an uncertainty arising from an imperfect
knowledge of the proper time required for the final state particles to hadronize. If
the particle multiplicity proved to be a linear function of the transverse energy (or
vice versa), as it is found to be, it is also possible to estimate the energy density from
the particle multiplicity. It should also be possible to relate the entropy density to
the >bj.erved particle multiplicity.

It has also proved useful to measure the residual energy that appears in a region
witliii a few tenths of a degree of the incident beam direction but well downstream of
the target; the devices used to do this are often referred to as Zero Degree Calorime-
ters. This is particularly useful in the case of heavy-nucleus induced reactions as
opposed to proton-induced reactions due to the fact that one can relate the observed
energy at zero-degrees to the number of nucleons in the incident projectile nucleus
that did not participate in the reaction. That is, one can obtain a measurement of
the impact parameter of the collision. This occurs because nuclei are loosely bound
assemblages of nucleons - those projectile nucleons not coming within a strong ab-
sorption radius of a target nucleon will continue along their intial trajectory nearly
unperturbed by the violent collision suffered by their former neighboring nucleons
in the projectile that did interact with a target nucleon. This feature has proved
useful in selecting nearly head-on collisions of heavy nuclei, which are the collisions
expected to exhibit the largest energy density over the largest spacetime volume for
a given bombarding energy and are thus those expected to offer the best chance for
observing formation of a quark-gluon plasma.

Schematic layouts are shown in Figures 1,2 and 3 for the calorimetry in those
CERN heavy-ion experiments which measure transverse energy using devices which
can sum up nearly all of the electromagnetic and hadronic energy about mid-
rapidity. The coverage is most nearly complete in NA34: their present setup covers
-0.1 < 77 < 5.5. The GSI/LBL Plastic Ball is used by the WA80 group to have an
additional look at energy appearing at target rapidity, —1.7 < 77 < 1.0.
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An example of the observed spectrum in a zero-degree calorimeter is shown in
Figure 4 for E/A = 200 GeV 32S collisions on Al, Cu, Ag and Au nuclei as measured
by the WA80 group. This experiment had an upper electronic cutoff at 89% of the
beam energy; otherwise the "peak" at the upper end would be observed to rise a
factor of a thousand above the data shown, since a target equivalent to 0.1% of a
nuclear absorption length was used. An increase in the cross section for the lowest
energy events is observed for increasing target mass, and therefore increasing target
thickness, as the relative probability that the relatively small 32S projectile can
dive completely into the target increases with target radius and therefore target
mass. The fact that no cross section is seen for near-zero energies in the zero-degree
calorimeter cannot necessarily be taken as evidence that some fraction of the center
of mass energy supplied by the projectile is unavailable for particle production (i.e.,
that the target does not "stop" all the nucleons of the projectile). Rather, for
the acceptance of the particular experiment, a fraction of the created particles are
emitted into the acceptance of the zero-degree calorimeter. The scaling with target
mass at E/A = 60 GeV and for a different acceptance of the ZDC is shown in
Figure 5 from the NA35 group. Again the increase in cross section at low values
of EZDC is observed for the thicker targets. The scaling with projectile mass can
be seen in Figure 6 which compares ZDC energy spectra for E/A = 200 GeV lflO
and 32S induced reactions. The solid lines correspond to the spectra for 16O + Ag
(upper) and 16O + C (lower), which are seen to be similar to those for 32S + Au
and 32S + Al, respectively. The projectile/target mass ratio is similar for each pair
of cases.

The correlation of energy appearing in the zero-degree calorimeter vs that ap-
pearing as observed energy in the calorimeters placed about mid-rapidity is shown
in Figure 7 for E/A = 200 GeV 19O + Au as measured in the WA80 setup. This
correlation is (unsurprisingly) observed to be quite strong. A more interesting
correlation, of EZDC VS the transverse energy, ET, measured in the midrapidity
calorimeters is shown in Figure 8 for the same experiment. Again a strong correla-
tion is seen, showing that either experimental device can be used to select central
collisions.

A similar correlation to that found for EZDC VS ET is found when one examines
the observed charged particle multiplicity as a function of ET- Figure 9 shows
the results for E/A = 200 GeV 16O and 32S induced reactions measured in a
hybrid experiment employing the NA34 calorimeters to measure ET and emulsions
to measure charged-particle multiplicity. As expected, the correlation has a similar
shape but exhibits the opposite sign as a function of ET- An analysis of all three
quantities together is shown in Figure 10 for E/A = 200 GeV 18O + Au events
measured in WA80. In three dimensions the correlation is found to resemble nothing
so much as a good cigar. An analysis of the widths of these distributions would then
appear to be best performed in a coordinate frame rotated to have one coordinate
describing the distance along the long axis of this "cigar". One can understand the
widths of the correlations obtained by slicing this cigar along its long axis as arising
in major part from fluctuations in the numbers of participating nucleons in a given
collision folded with the known experimental resolutions of the detectors used.

The distribution of cross section according to the transverse energy produced is
shown in Figure 11 for the reaction E/A = 60 GeV 16O + C, Cu, Ag, and Au as
measured in the WA80 midrapidity calorimeters. Before ascribing any particular
significance to the observation that the cross section appears to "saturate" for the
heavier targets at an ET of 55 GeV, especially conclusions as regards "stopping"
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of the incident projectile kinetic energy into the midrapidity range, it must be
pointed out that these calorimeters were kept at the same angular positions as used
in the earlier E/A = 200 GeV runs on the same targets, and that the position
of the calorimeters was optimized for the E/A = 200 GeV runs. That is, the
calorimeters were placed so as to capture the peak of the (expected) distribution
of ET as a function of pseudorapidity, dEx/drj , and cover at least half a unit of
77 on each side of the peak. As midrapidity at E/A = 60 GeV corresponds to
more backwards laboratory angles than it does at E/A = 200 GeV, one must worry
that acceptance effects might be significant and bias any conclusion drawn from a
plot of dtr/dEr alone. That this is indeed the case can be seen from Figure 12,
which shows similar results for E/A = 60 GeV 18O induced reactions as measured
in the NA35 experiment. In this case, however, the midrapidity calorimeters are
located on a carriage movable along the beam direction, and could be (and were)
centered about the midrapidity point (actually, mid-pseudorapidity point) for each
bombarding energy. Thus one is led to be quite cautious about making conclusions
concerning totality of stopped energy based solely on distributions of d<r/dEi'- it is
crucial to have information about dEr/dr], as discussed below.

A representative set of distributions of da/dE? for E/A = 200 GeV 32S bom-
barding various targets as measured with the NA34 setup is shown in Figure 13.
This experiment has the most complete calorimetric coverage of all the heavy-ion
experiments, covering —0.1 < 77 < 5.5 with good tower segmentation. Similar dis-
tributions are measured by the other groups: the NA34 result is significant in its
breadth of coverage, which is useful for extracting the behavior of rms widths in r\
of the observed distributions as a function of reaction centrality. The general shape
of the da/dEr distribution is also observed in the d<r/dNcp distributions, where
Ncp is the observed number of charged particles emitted, as seen in Figure 14 from
the WA80 experiment for E/A = 200 GeV 1 80 induced reactions. One of course
expects this if the shape of the charged particle multiplicity and ET distributions
is determined by the same principle considerations. Both distributions are seen to
cut off at small values of ET or multiplicity, as the minimum bias triggers used
discriminate against such events. The modelling of these distributions by various
authors seems to indicate that the geometry of the collision is responsible for the
gross features. The many "fits" of Monte Carlo vs measured ET distribution will
not be inflicted upon the reader here, except to point out that difficulties still exist
even for the dar/dET distributions when regions of phase space near the projectile
or target are included when there is a large amount of spectator matter. An exam-
ple is shown comparing FRITIOF and IRIS fits to NA34 data for E/A = 200 GeV
32S+W collisions over various angular regions in Figure 15.

There has been considerable discussion about how the ET distributions scale
as a function of projectile mass and energy. An example is given in Figure 16
of E/A = 200 GeV 18O and 32S reactions on tungsten as measured by NA34.
There is an increase in the length of the "plateau" in ET by about a factor of 1.7.
Though the exact factor depends on acceptance and method of extracting it, no
group finds a factor of the projectile mass ratio. A possible point of view is that
the number of participant baryons from the projectile and target is the governing
factor. The WA80 group have argued this point based on the calorimetry results
for their acceptance. Figure 17 shows the result of dividing the observed ET in
their acceptance by the calculated number of participant nucleons (as given by
FRITIOF) for a given residual energy observed in the ZDC. The resulting ratio is
rather flat as a function of EZDC- AS will be discussed below, the actual situation



is more complicated and is better addressed by examining distributions of
in various pseudorapidity intervals.

Examples of (he distribution of ET with pseudorapidity are shown in Figure
18 for E/A = 200 GeV 32S incident on various mass targets, for minimum-bias
triggers, in Figure 19 for minimum bias collisions of E/A — 200 GeV 16O and 32S
with Au, and in Figure 20 for E/A = 200 GeV 3ZS incident on Au for various
cuts on centrality. (The centrality cuts are expressed here as impact parameters
- they are determined by assuming a direct mapping of da/dEzDC onto partial
cross section as a function of impact parameter, with the additional assumption
that EZDC decreases monotonically as impact parameter decreases.) Examining
Figure 18 and 19 in particular demonstrates that any arguments about how ET
scales require careful statement of the kinematical region considered.

One can try to describe the scaling of the observed ET in a given pseudorapidity
region by fitting the observed ET values to a functional form Aa. Here A could be
the target or projectile mass, or some combination thereof. The results of such a fit
to the target mass dependence for the various projectiles used to date by the WA80
group is shown in Figure 21. There the value of a extracted from such a fit as a
function of target mass is shown on the left side of the Figure vs the pseudorapidity
at which the fit is made. At forward pseudorapidities, a weak dependence upon
target mass is observed, with a < 0.3, as expected for a region of phase space near
the projectile rapidity. At pseudorapidities near 1.5-2.0, values of a near 0.5 - 0.6 are
observed, as might be expected if the number of participants from the target were
the important variable for determining overall scaling of the observed ET at those
pseudorapidities. In contrast, on the right side of the Figure the result of fitting to
a function of the projectile mass is shown. There it is observed that for 77 < 2.0, the
value of a extracted is less than 0.5, while for 77 values near the projectile rapidity
(6.06 for these reactions), values of a near one are found. One might expect such
values for a, were the number of particles produced in this rapidity range dominated
by the number of projectile participant baryons.

It is of some interest to quantify the rms width of the distribution in 77 of the
observed transverse energy as a function of reacting system and reaction centrality.
Figure 22 shows distributions of dET/drj as a function of 77 measured by the NA34
group for reactions of E/A = 200 GeV 16O and S2S with tungsten targets subject
to various cuts on the total ET observed in the range —0.1 < 77 < 5.5. The peak
in dET/drj is observed to move from the cm rapidity for nucleon-nucleon collisions
for the lower ET windows (peripheral collisions), for which case the number of
participant baryons from target and projectile are nearly the same, to the rapidity
expected for a sulfur nucleus colliding with the core of a tungsten nucleus that
covers the same transverse area as a sulfur nucleus for the highest ET, i.e., most
central, collisions. Again, one is seeing that the numbers of participant baryons
from the two initial nuclei set the gross features of the observed distributions.

The distributions are observed to narrow as the total observed ET increases.
The distributions never develop quite so small an rms width as one would expect for
a isotropically emitting fireball, however, as can be seen in Figure 23. In that Figure
the values for mean pseudorapidity, < 77 >, rms width of the dETJdr\ distribution,
<rn, and the maximum observed dET/dr\ value are plotted vs total ET in the same
r) range as above.

What one would like to have of course are (pseudo)rapidity distributions for
the produced particles to compare with models for the expanding system produced
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at and around central rapidity. Unfortunately such information does not yet ex-
ist, but there has been a start in the form of measuring the rapidity distributions
of baryons and hyperons. Figure 24 shows the distribution in rapidity of protons
and A hyperons produced in collisions of E/A — 200 GeV 32S with a sulfur target
as measured by the NA35 group. The protons are seen to exhibit mild peaks 1.5
units away from the projectile and target rapidities, while.the A hyperons exhibit
a plateau covering the central three units (the beam rapidity is 6.06). In principle
one could then correct the observed charged particle distributions at midrapidity for
the participant baryons. One would thus like to know the distribution of "original"
baryons, that is, where the participants went. A difference of the proton and an-
tiproton distributions would be a start, although interesting questions would have
to be treated (how many protons suffered charge-exchange and made neutrons? do
the lambdas that appear arise from the initial interactions or are there final state,
e.g, K+ + n —> A + 7r+ reactions?) One could also measure the pions directly, but
again would have to answer to one's theoretical colleagues about how many of the
pions arose from final state decays of resonances. Perhaps a better way would be to
measure the distributions of the resonances themselves, but this has not been done
so far.

Finally, some distributions of transverse energy and baryon production in the
region near the target are presented. Figure 25 shows the ET distributions measured
in the Plastic Ball for the pseudorapidity range —1.7 < r\ < 1.0 by the WA80 group
for E/A ~ 200 GeV collisions of 18O with Cu, Ag and Au targets. This can be
compared to ET distributions at midrapidity at AGS energies; considerable violence
is done to the target at SPS energies. The distribution of the observed baryons
(measured using the particle ID capabilities of the Ball) as a function of r\ is shown
in Figure 26, along with calculated baryon distributions using the Ranft code under
various assumptions about formation time.

3. ENERGY DENSITIES

It has become a tradition, fortunate or otherwise, in giving talks concerning ET
distributions measured in relativistic heavy ion reactions to quote some estimates of
attained energy densities, often following the suggestion made by Bjorken (Ref. 1),
which at least attempts to use boost-invariant quantities, or some other prescription
involving a variant on a fireball picture, possibly with formation time taken into
account. Plenty of theoretical critiques of any such number can be found in the lit-
erature (see the Proceedings of Quark Matter '87 and '88 for discussions and further
references.) An important thing to bear in mind when viewing anyone's quoted es-
timate is that the energy density will vary over the reaction volume and with proper
time during the course of the reaction. An experimentalist can at present only hope
to quote a number related to the asymptotic distribution of transverse energy with
(pseudo)rapidity, remind his theoretical colleagues to regard this as something to
compare among different systems, and duck the ensuing fireworks.

The above cautionary notes nonwithstanding, the results of an exercise are
presented here to give an estimate of the improvement that might be obtained in
energy density attained by changing from the light projectiles presently used at
the AGS and SPS to truly heavy ions such as gold or lead. This seems useful to
present as the present workshop is motivated by the anticipation of the availability
of gold ions from the AGS in 1992, and much of tlie present SPS program is looking
forward to the availability of lead ions at E/A = 160 GeV by 1994. The point of
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departure is the observation in the Quark Matter '87 meeting by Sorensen et al.
(Ref. 2) that the observed ET in the two units of rapidity about midrapidity at
SPS energies appears to scale as the sum of the the number of projectile and target
participants. By then noting that the dE^jdr] distributions have quite similar
shapes and widths for different systems (see Figure 22 above from NA34), one can
argue that the transverse energy per unit rapidity per participant baryon is observed
experimentally to be roughly a constant, for a fixed value of y/s. If one then applies
Equation 8 of Reference 1 (the Bjorken estimate for energy density), replacing the
term dEr/dy by the above constant value times the number of participants expected
for a given reaction, one can obtain energy density estimates for any given reaction
at the same ^/s.

Going further, one can also choose to estimate the energy density in a cylinder
with its axis along the direction of relative momentum (by taking advantage of
the fact that the estimate in Reference 1 is normalized per unit transverse area of
the colliding partners). A nucleus contains more nucleons per unit transverse area
through its center than near its edge, meaning that if the above ideas about ET
per participant baryon are correct, a higher value of dEr/dy/unit area will obtain
for those collisions involving the nucleons in the center than for those involving
nucleons near the edge, so a higher energy density will obtain there. One thus
expects a gain in energy density in the region near the center axis, particularly
if very heavy projectiles are used, compared to what is found when one averages
over the entire transverse area of the colliding partners, as is usually done. The
result of applying these ideas to the observed values of dEr/drf for E/A = 200 GeV
collisions to the case of 16O , 32S and 197Au projectiles colliding with Au target
nuclei are shown in Figure 27, which was presented earlier in Reference 3. If one
regards e = 2.5 GeV/fm3 as a good line of demarcation, then the use of gold nuclei
looks much more promising than the use of either 18O or 32S for creating collisions
favorable for achieving deconfinement over a reasonable volume. One would expect
that this can only enhance the chances for observing signals of deconfinement, as
now a larger fraction of the reaction volume enjoys the necessary conditions for
achieving deconfinement. If the line of demarcation is instead at e = 3.0 GeV/fm3,
then the present experiments would fail to achieve the necessary conditions for
deconfinement, while reactions of Au with Au would provide a cynlindrical volume
some 10 fm across that would be above the critial energy density. This argument
should be useful at other values of y/s, both lower and higher.
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Table 1. Present CERN SPS High-Energy Heavy-Ion Experiments (circa 1990)

Measurement

Transverse energy spectra
NA34, NA35, WA80

Multiplicities and Spectra
NA34, NA35, NA36, NA44
WA80, WA85

Emulsions
EMU01,02,03,...

Particle identification
NA34 7r,iir,pfory <ycm; /i+/*"
NA35 A,E,K°S, K^
NA36 A,H,... tracking TPC
NA38 fJ,+fi~ pair spectrometer
NA44 n,K,p focussing

spectrometer
NA45 e+e~ pair spectrometer
WA80 7,7T°; p,d,t,a £01 ytarget
WA85 A,E,K°S in Omega

spectrometer

Pion (kaon) interferometry
NA35, NA44, WA80

Photon, lepton pair production
NA34, NA38, NA45, WA80

Information

Estimate of achieved energy density
Propagation and collisions of
nuclei and nucleons in nuclear matter

Propagation and collisions of
nuclei and nucleons in nuclear matter

Pseudorapidity distributions of all
charged partcles, small angle
correlations of charge particles

Selective information on stopping
hydrodynamic expansion or
signals of quark-gluon plasma

Volume/lifetime of system
at hadronization

Selective probe of deconfined phase
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WHAT DO WE LEARN FROM TRANSVERSE ENERGY DISTRIBUTIONS?

Gordon Baym, Gerald Friedman, and Henning Heiselberg
Loomis Laboratory of Physics, University of Illinois

1110 W. Green St., Urbana, Illinois 61801

1. Introduction

Transverse energy measurements1"7 provide a wealth of information on the physics of
ultrarelativistic heavy-ion collisions. To begin with they tell one the degree to which the
colliding nuclei transfer energy and stop each other. With information about the space-
time dynamics of the collisions, transverse energy data enables one to estimate the evolving
energy density in the collision volume, a quantity needed to assess the likelihood of quark-
gluon plasma formation. Furthermore, since the transverse energy distribution is to a large
extent determined by the geometry of the collision, transverse energy is a useful indicator
of centrality of collisions. It also provides considerable evidence for the rescattering of
secondaries in the medium. Finally, fluctuations in the tails of the transverse energy
distributions are an important probe of the independence of or possible coherence among
the nucleon-nucleon subcollisions that constitute the first stage of heavy-ion collisions.

Since the experimental talks in this workshop have done a rather complete job of
presenting the transverse energy data from both BNL and CERN, our focus, as we discuss
these topics in turn, will be on the theoretical interpretation of the data.

2. Energy deposition and stopping

One immediate and important revelation of measurements of transverse energy, ET,
is the strikingly large energy deposited in collisions. Fig. 1 shows a characteristic total
transverse energy distribution, da/dEx, for S on Pt at 200 GeV/A for "backward" (—0.1 <
r\ < 2.9) and "full" rapidity coverage (-0.1 <rj < 5.5), from NA34. Note that in the tail
one sees events with up to 450 GeV deposition. To place this number in context, recall that
the transverse energy produced in a B on A collision is limited kinematically by the total
kinetic energy in the center-of-mass of the participant nucleons (denoted by the subscript
p):

m{Bp + Ap), (1)

where Ap is the number of participating target nucleons, Bp the number of projectile
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Figure 1. dcr/dEr in full and backward rj regions for 32S+Au at 200 GeV/A. From ref. 7.

participants, and the participant cm energy squared is

sp = 2mBApEiab + (Bl + A2)m2. (2)

Here m is the nucleon mass and Eia;, the lab projectile energy per nucleon. At ultrarela-
tivistic energies the projectile drills a tube through the target nucleus leaving the spectators
in the target nucleus initially undisturbed. For a central collision the number of projectile
participants is B, and the number of target participants in this tube is

,3/2
= A-B[(A/B)2/3-l] "IBV'A1'*, B<A. (3)

For the case shown in fig. 1, eqs. (1) and (3) imply a maximum energy of 1 TeV, so that
hah7 the available energy is deposited. One effect not included in (3) is the rescattering of
secondaries on target spectators (and participants), which tends to increase Ap towards
A, thus increasing E™ax. This effect decreases with increasing projectile energy.

One can characterize the energy deposition in terms of the degree of stopping, mea-
sured by the ratio, £, of the observed E? to that in an isotropic fireball of total energy

S = ET/Epp
reba" (4)

where EprebaU = (sind)E^ax - (ir/A)E^ax. Experimentally,8 the maximum stopping
tends to decrease with increasing lab energy, roughly linearly with y/s, and to increase
with target size, roughly as A1/3, the target thickness. From the maximum observed
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one finds from (4) that 5 varies from 100% for Si+Au at1-2 14 GeV/A to ~ 40% for S+Al
at3"6 200 GeV/A.

The estimates above are based on rare events in the tail of the distribution, which are
suppressed by a factor ~ 10~4 compared to the plateau (cf., fig. 1). Estimating the average
stopping for central collisions by taking a typical value, E^, of the transverse energy at
the shoulder of the distribution, just before da/dE? starts to fall drastically, we find S ĉ
65, 35, and 30% for Elab = 14, 60, and 200 GeV/A, respectively, in the case of 16O on a
heavy target. For 32S at 200 GeV/A, typically 5 ~ 40-50%, and for 28Si at 10 GeV/A,
5 ~ 60-70%. Note that since rescattering increases the observed E™ax, these numbers
represent upper limits for the stopping in the initial collision.

3. Estimates of energy densities
Crucial to assessing possible formation of a quark-gluon plasma is to estimate the

energy density, e, in the collision volume. The energy density decreases as the system
evolves; thus, in order to carry out an estimate of it, one must know the underlying space-
time evolution of the collision volume. Since we have at present only various approximate
model descriptions, the results are considerably model dependent.

The simplest approach is to assume a strong correlation between the rapidity distri-
bution and the space-time structure of the collision volume, i.e., that final particles of a
given rapidity, y, arise from the same longitudinal slice of the collision volume. Such a
correlation would result approximately from a one-dimensional hydrodynamic flow. In this
case the energy density at a point in the system, at any time, is given by

J_dydEr , ,
€ dz dy ' { '

where the transverse area of the collision volume is assumed to be determined by the
projectile radius, RB\ dy/dz describes the change in rapidity with longitudinal position,
and dE-p/dy is the density in rapidity of the transverse energy in the collision, at the
given time. The problem is that both dy/dz and dEx/dy decrease with time as the system
expands. The one-dimensional Bjorken expansion,9 provides the relation that dy/dz = 1/r
in the local rest frame, where r is the local proper time. Generally, dy/dz will be of this
order, even if the detailed scaling assumption of the Bjorken model is not valid. For
free expansion, dE-r/dy is constant, and equal to the final measured value, while in a
hydrodynamical expansion, in which the local pressure drives the expansion, dEr/dy falls,
e.g., as r"1/3 in the one-dimensional Bjorken hydrodynamics with an ideal equation of
state. Employing the measured value thus gives a lower bound for the estimate (5) of
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the energy density. For S+Pt at 200 GeV/A one finds that for events in the tail of the
distribution e ~ 3.5/r GeV/fm2.

The question is the relevant value of r. On the one hand, the time r must be greater
than a characteristic formation time for the excitations, whether mesons or a quark-gluon
plasma. On the other, one is eventually interested in the energy density after the system
has had time to equilibrate. Unfortunately, we do not yet have a good description of
equilibration times in strongly coupled plasmas. The viscous relaxation time in a plasma
has recently been calculated exactly10 to leading logarithmic order in the weak coupling
limit, with the result TV = 0.24/Ta2log(l/a)> 1 fm where T is the plasma temperature
and a = g\l$x is the qcd fine structure constant. Stopping times for two interpene-
trating plasmas are very similar.11 In a strongly interacting non-perturbative plasma, the
equilibration times could be considerably shorter than the weak coupling result.

The estimate (5), with r ~ fm/c, implies that one is seeing events with energy densities
an order-of-magnitude beyond that in equilibrium nuclear matter, a value that augurs well
for producing quark-gluon plasmas in future experiments with heavier beams at higher
energies.

How good is the estimate (5) of the energy density? The assumed correlation of
rapidity with geometry can be valid only if dExfdy varies slowly over a rapidity interval
Ay ~ 1, the typical width in rapidity from thermal spreading, a condition not well met
at present beam energies. [Note that the intrinsic Fermi motion in the colliding nuclei
produces a characteristic spread Ay ~ 0.1.] At RHIC energies, on the other hand, the
available rapidity interval will be considerably greater than the intrinsic thermal spreading
in rapidity, so that the assumption of a correlation of the space-time behavior with rapidity
becomes more applicable.

It is useful to compare the estimate based on eq. (5) with those from numerical
simulations that keep track of the space-time geometry. One example is the extension by
the Budapest-Copenhagen collaboration12 of the Fritiof model for heavy-ion collisions to
follow the space-time evolution of the produced particles. In string models, excitations
are formed by string fragmentation over the first few fm/c after the collision, in the local
rest frame; the number density of produced on-mass-shell particles increases during the
first few fm/c, eventually falling because of longitudinal, and then transverse, expansion.
Taking into account only the energy of the produced particles (which interestingly turn
out to have a distribution close to thermal, even though there is no rescattering in the
model), the Budapest-Copenhagen calculation finds, as shown in fig. 2, that the energy
density increases up to a proper time r ~ 3 fm/c and drops thereafter. The maximal
energy densities obtained are 0.5 GeV/fm3 for Si+Au at 14.5 GeV/A and 0.8 GeV/fm3
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Figure 2. Local energy densities at times 3, 5 and 7 fm/c as a function of the longitudinal
position z in the participant cms, for an O+Au collision at 200 GeV/A. From ref. 12.

for O+Au at 200 GeV/A, values consistent with those obtained from eq. (5) at the same
times.

Toneev et al.13 have also calculated the energy density, as well as the transverse energy
density, in a simulation based on the dual-parton model. They find that in O+Au the latter
rises rapidly up to 3 GeV/fm3, but falls well below 1 GeV/fm3 before a few fm/c elapse,
results qualitatively similar to those of ref. 12.

The above simulations assume the formation of excitations to take place through
fragmentation of independent strings. The energy densities inferred from string models
are likely to be considerably larger when the formation of excitations becomes collective,
as is expected with larger projectiles and higher energies.

Another approach, discussed in detail in Stachel's talk, is to assume that the dynamics
are described by the one-dimensional hydrodynamic Landau fireball model,14 with initial
conditions close to that of full stopping.15 The initial energy density for a central collision

is

(6)

where ps is the "stopping fraction" parameter, extracted from fits to transverse energy
spectra, and VJ ~ Vcoii/yCm is the Lorentz-contracted collision volume in the participant
cm frame. The parameter ps is generally close to unity, decreasing slightly with increasing
lab energy and decreasing target mass. Stachel and Braun-Munzinger obtain, with eq. (6),
energy densities, e,, of 0.85, 1.17, 3.6, and 8.1 GeV/fm3 for 16O on heavy targets at Etab=
10, 14.5, 60, and 200 GeV/A respectively. These values are substantially higher than one
finds in string models or from (5). The reason is that not only does this model assume
that practically all the incident energy is transferred to the fireball, but it also assumes
the stopping of the colliding nuclei to be very rapid compared with that in the Bjorken
or string models; the energy density extracted here is that at a very early time, before
formation of excitations through string fragmentation.
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It should be noted that the stopping fraction ps is generally larger than the stopping
S defined in eq. (4). The lack of isotropy of the Landau fireball results in a greater
fraction of the "stopped" energy driving later longitudinal expansion in the model, so that
to produce a given ET one must assume a greater initial energy to be stopped.

One can also attempt to extract the initial temperature, assuming thermalization,
in the Landau model from the width of the multiplicity distribution in rapidity. In the
Landau hydrodynamics, the observed multiplicity distribution, assumed proportional to
the final entropy distribution, is given by

dn/dy~e-y*/2°2, (7)

where n is the charged particle multiplicity, and <r2 = 31og(7i/T/), with T; the initial
temperature and Tf the temperature at freezeout. With the assumption of a freezeout
temperature (~ m*), and a relation between the temperature and energy density initially,
e.g., e = (TT2/10)T4 for an ideal pion gas in the initial state, or e = (16+21iV//2)(7r2/30)T4

for a (baryon-free) quark-gluon plasma with Nf quark flavors, one can extract an initial
energy density. The quark-gluon plasma form turns out to agree better with numbers
obtained from eq. (6) above. However, the question of the applicability of the Landau
model to the collisions examined does not permit one to conclude that this coincidence
provides evidence for the formation of a plasma.

4. Centrality and transverse energy
To a large extent the form of the transverse energy distribution in a high energy

nucleus-nucleus collision is determined by the geometry of the collision. The relation is
well illustrated in the NA34 geometric model,3'4 where the ET distribution is obtained by
folding the ET contribution from N sources (a Gaussian for sufficiently large N), multi-
plying by the distribution of sources da/dN, and summing over N:

da f da e * l
j d N

Here eo and o/o are the mean and width of the single source ET distribution, two parameters
extracted by fitting to data.*

The source distribution function dcr/dN is shown in fig. 3 for the NA34 geometric
model4 in which the sources are assumed to be individual binary collisions. Since peripheral

* While we do not defend the assumptions underlying this formula, it does provide
a useful fit to the data; we return to the question of the understanding the extracted
parameters when we discuss rescattering and fluctuations.
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da/dET, —0.1 < 77 < 2.9. From ref. 4.

collisions in which only few binary collisions occur have highest probability, da/dN peaks
at low N. As the impact parameter b decreases the number of binary collisions increase
and a plateau develops up to the very central collisions, where the maximum number of
binary collisions is reached; beyond this point da/dN drops to zero. For nearly central
collisions (6 <C RA) and B <C A, the average number of binary collisions is

N(b)~2BappP0y/R\-b*. (9)

where p0 is nuclear matter density. By contrast, the wounded-nucleon model, in which the
number of sources is the number of participant nucleons, N(0) = B + T-B^A1/3, gives a
considerably lower N(Q). Although the scale of da/dN changes, its shape is similar to that
in the binary collision model, and one obtains very similar transverse energy distributions,
albeit with larger e0 and smaller w0.

The average source distribution obtained from eq. (9) is

da da/db2

dN(b) " \dN(b)/dP\ (10)

we see that for nearly central collisions the average source distribution in fact increases
linearly with the number of sources up to JV(O) ~ 1.1BA1/3. To find the actual source
distribution da/dN from the average, eq. (10), one must include a statistical distribution,
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e.g., Poisson, of the number of binary collisions around the mean N(b); as a result one

finds a "shoulder" around JV(O) (see fig. 3) and a tail for JV > N{0).

The Gaussian in the integral in eq. (8) also tells one the distribution of sources for

given ET- For ET smaller than the shoulder value, E% = JV(O)eo, the fluctuations in

the number of sources is AN = ({N2} — N2) cz y/uoN which, for binary collisions, is

<20 for 1 6 0 on Au. Sufficiently beyond the shoulder only central collisions contribute.

In particular, for ET — Ej. > ET\/WO/N(Q), the Gaussian distribution falls rapidly for

JV > iV(0); for the case of 1 60 on Au this point in ET is ~ 15 - 20% beyond the shoulder.

The far tails in the minimum-bias ET distribution thus correspond to purely central events,

a more precise centrality criterion than, e.g., measuring the residual energy in a zero-degree

calorimeter.

5. Correlation of dE^/dr) with total transverse energy-
One interesting feature of the observed distributions in pseudorapidity, dEr/di), illus-

trated in fig. 4a, is a definite shift towards lower TJ as the total transverse energy of the

event, Etp*, increases, i.e., as the events become more central.7 The mean fj and width of

dEr/dij as function of Ey?ck, the average value of ET in the back-half rapidity range, is

shown in fig. 4b. Such an effect is expected on purely kinematical grounds. The participant

cm rapidity, for large beam rapidity, yubi 1S given by

[ylabln(Ap/Bp)]; (11)

with increasing centrality the number of target participants increases, thus pushing the

cm rapidity backward. For a peripheral collision Ap ~ Bp and ycm — \yiab =3.06 (at 200

GeV/A) as for a pp collision. For a central collision of S+Pt, where ET — 200 GeV, the

corresponding number of target participants is Ap a 100, which implies ycm ~ 2.5, in nice

agreement with the data.

The slope of the mean fj in fig. 4b can also be simply estimated, in terms of a wounded-

nucleon model. In such a model, the produced ET is approximately proportional to the

number of participants, which, for B <C A, is Ap; thus from eq. (11) we find,

L_ no)
dET ~ 2£ r ' l '

in good agreement with the data.

The decrease of dispersion with increasing ET reflects the fact that the collision be-

tween the projectile and target nucleons (or strings more generally) decelerates the projec-

tile and accelerates the target, thus shifting their rapidities towards the cm rapidity ycm-
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To calculate the detailed behavior of the distribution requires that one takes into account
effects of rescattering of secondaries, which deposits more ET in the target fragmentation
region, as well as degradation of the projectile and target nucleons.

6. Rescattering and formation time
Transverse energy distributions show strong evidence for rescattering or "cascading"

of secondaries in the nucleus. The first indication is that simple fits to pA and AA dis-
tributions, using wounded-nucleon or binary collision models within the framework of a
geometric model, eq. (8), require, with energy degradation taken into account, eo's larger
than those inferred from pp scattering, especially at target rapidities.16 Further evidence
is provided by the Budapest-Copenhagen group analysis17 of WASO and E802 multiplicity
data in the target fragmentation region; they find that while the Fritiof model, which does
not include rescattering, substantially underestimates the multiplicity at target rapidities,
they are able to account for the larger observed multiplicity by including a statistical
equilibrium description of spectator fragmentation.

These theoretical indications are confirmed by the WA80 study6 of the (average)
multiplicity distributions as a function of pseudorapidity and target mass. With the data
parameterized as dnch/dr) oc A*^, the scaling exponent a{rf) has the behavior shown in
fig. 5. In the absence of rescattering one would expect the multiplicity to be proportional
to the target thickness, i.e., a ~ 1/3, in the target fragmentation region (77 ~ 0). As seen
however in fig. 5, a(rf ~ 0) ~ 0.8, which shows that a considerably larger part of the
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target nucleus is involved in the collision. In the projectile fragmentation region (JJ>4)

only fast particles from the projectile are found and consequently a ~ 0 there. Emulsion
experiments, reviewed in Stenlund's talk,18 provide further evidence for rescattering via
the abundance of slow particles observed at target rapidities. In addition, the pion excess
observed by NA34 and NA35 at low p? likely results from rescattering in the target.19

Rescattering of secondaries in the target increases the transverse energy and multi-
plicity primarily through generation of tertiary (and further) particles; two-body elastic
scatterings tend to be forward-peaked and lead to little gain of transverse energy. Through
rescattering, fast-forward particles become more isotropic. High-energy hadrons typically
have an inelastic cross section of ~ 20-30 mb, and thus a mean free path in nuclear matter
of order a few fm, small compared to the size of the target. A secondary produced near
the center of a large target will thus be able to rescatter a few times.

Formation of a secondary takes on average a finite time, r0, in the frame in which its
rapidity vanishes. Thus, from Lorentz time dilation, excitations at large rapidity are formed
primarily outside the target, and their rescattering from target nucleons will be suppressed,
while those at smaller rapidity undergo rescattering after formation. Unfortunately, owing
to theoretical uncertainties in the nature of the hadronization process, the formation time is
not precisely defined. [See reviews in ref. 20 and 21, and references therein.] The simplest
estimate is based on the uncertainty principle: in the frame in which the excitation moves
solely transverse to the beam, the time for the excitation to appear as an entity distinct
from the source is r0 ~ I/TUT, where m^ is the transverse mass of the excitation. For
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mT ~ 400 MeV, one has r0 ~ 0.5 fm/c. In the lab frame, in which the excitation has
rapidity y, one would estimate in this way a formation time

Tform = TO COshy ~ - ^ - . (13)

The formation time within the Lund model, which takes into account the internal structure
of the hadrons in their formation, is larger for slower excitations than (13).21

To estimate the rapidity range for formation outside the target, consider an excitation
resulting from a collision at the center of the target; then with (13) we see that if y >yc =
ln(2iJyimr) ~ 3.3 (for RA ~ 7 fm, and TUT ~ 400 MeV) the secondary will be formed
outside, and with y<yc, inside the nucleus. Note that the NA34 calorimetry covers the
range y < yc, and thus will be sensitive to tertiary excitations produced by rescattering
of secondary particles formed in the target fragmentation region; the NA35 calorimeters,
measuring at more forward angles, should detect fewer such tertiary particles. At AGS
energies, rescattering should always be important.

Rescattering effects have been included in a variety of simulations, which are thor-
oughly reviewed here by Werner22 to whom we refer for details. These simulations are
based on various dynamical models, e.g., dual-parton, Fritiof, Hijet, RQMD, as well as
hydrodynamics. The number of rescatterings included varies from model to model, and
they employ a variety of assumptions for the formation time. The fact that the simulations
generally do well in fitting the data reflects the present uncertainties in our understanding
of the physics of hadron formation and rescattering in heavy-ion collisions.

7. Fluctuations
Event-by-event fluctuations in ET serve as a valuable probe of the internal dynamics

of heavy-ion collisions. As we discussed earlier, the tails of the dafdE-r distributions arise
from central events. The widths of the tails, and hence the fluctuations in central collisions,
are in fact considerably larger than expected on the basis of independent nucleon-nucleon
subcollisions. The question we turn to here is to understand the physics that can be
revealed by these fluctuations.

The NA34 geometrical model, independent of the validity of its underlying assump-
tions, provides a useful parametrization of the minimum-bias ET data, from which one can
extract the fluctuations. In the tail, the distribution of ET is fit by the form of eq. (8),
and the scaled variance of the fluctuations in central collisions is given by

_ (ET) - (ET)2 O,Q

(ET)2
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the average here is only over central events.'Typical measured values of U>Q, with the
convention of using the binary collision model values for iV(0), are3 2.5 for 0+W, 3.3 for
S+Pb or S+Pt, and 4.5 for S+W, in the rapidity range -0.1 < TJ < 2.9, at 200 GeV/A;
in the full rapidity range, where more degrees of freedom are included, with consequently
smaller relative fluctuations, w falls to 1.4 for S+Pt.7

The expected sources of fluctuations of transverse energy are the following23: a) While
impact parameter fluctuations can be important in data taken with a centrality trigger,24

they become, as we have discussed, vanishingly important in the tails of the minimum-bias
distributions. Since the NA34 geometrical model extracts u>o from the data by explicitly
taking the impact parameter averaging into account, their extracted wo's measure fluctua-
tions other than those in the impact parameter, b) A second source is the fluctuations from
individual sources in subcollisions. To set the scale for these we note that the fluctuations
in pp scattering at energies and rapidities comparable to those in the heavy ion experi-
ments correspond to u?o ~ 0.5. c) The fluctuations in the number of sources, if Poisson,
obey ((JV2) — (N)2)/(N) — l/(N), which implies an additive contribution, wpoisson = 1-
Actually, short range correlations in the target and projectile nuclear wavefunctions re-
duce these fluctuations to ~ 0.7. d) As noted by NA34, possible deformation of the target
also contributes to the fluctuations, since the transverse energy produced should be larger
when a deformed target is aligned along the beam axis than perpendicular. For example,
in S+W deformation contributes ~ 0.8 to wo. Adding together the sources of fluctuations
b-d, we rind that without rescattering an independent-collision model implies fluctuations
uis+w ~ 2.3, about half that measured in target rapidity range, e) Rescattering, by allow-
ing a greater range of ET and multiplicity in final states, tends to increase the fluctuations;
on the other hand the increase of number of degrees of freedom involved tends to reduce
the fluctuations: the net effect of rescattering is small.19

The measured fluctuations thus provide immediate evidence of the inadequacy of a
model based on independent nucleon-nucleon subcollisions. String models, on the other
hand, are more satisfactory, since they involve fewer sources, iV(0), than a binary collision
model, and thus require a smaller UQ, for given £1.

Binary-collision models break down in their assumption that the individual subcolli-
sions are statistically independent. One correlation effect is that of "longitudinal" coher-
ence between the subcollisions of a single nucleon. Such coherence is intrinsic in wounded-
nucleon or string models, such as the Lund model, in which strings become further excited

* In the absence of a comparable parametrization for data sets cut according to some
centrality criterion, which inevitably distorts the spectrum, extraction of the fluctuations
of central collisions from "central" data is in fact more difficult.
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in subsequent collisions. Longitudinal coherence is always present when there is a finite
formation time for producing secondary excitations, in the sense that if the primary under-
goes multiple collisions during the formation of the secondary, then the secondary must be
considered as coming from more than one collision coherently. This phenomenon is analo-
gous to the Landau-Migdal-Pomeranchuk effect in the interaction of high-energy charged
particles with matter. Because of relativistic dilation of the formation time, the fastest
particles in the target frame display this effect the most strongly.

When experiments are done with larger projectiles, with consequent increase in string
density, a further "transverse" coherence between side-by-side subcollisions of different
nucleons will come into play. As the density of strings or flux tubes in a cross-section
transverse to the beam increases sufficiently, they begin to overlap and no longer frag-
ment independently. Such coherence should manifest itself as a further increase in the
fluctuations in ET as well as multiplicity. In an independent-string model of a central BA
interaction, the mean number, £, of strings per unit transverse area is ~ (Ap + B)/TTR2

B ~
0.35(Aa/3 + (2/3)B1^3). For example, for O+Au, C is ~ 2.7/fm2, in agreement with the
Lund-model result,24 2.3/fm2; strings would begin to overlap if their cross-sectional area
is greater than about 0.5 fm2. Even though the average density of participant strings
depends only weakly on B, the density near the central axis grows with increasing B; in a
central AA collision, the density on axis is ~ Q.lA^^ffvn1. The limit of complete overlap
would lead to a giant flux tube,26 or "color rope."27 The statistical fluctuations in the
fragmentation of such a system is an important theoretical problem; since the fluctuations
depend on the number of independent sources, the fluctuations should provide a measure
of the transverse coherence lengths in the tube.

Generally, study of the rapidity dependence of the fluctuations, which requires mini-
mum bias ET data in smaller rapidity bins, is an effective probe of the possible coherence
among the sources in the collision. Longitudinal coherence, which implies that the number
of independent emitters is smaller for faster particles (in the target frame), should lead to
greater relative fluctuations for particles measured in high-rapidity bins than low. On the
other hand, few strings produce particles at high rapidities. When transverse coherence
is important in a BA collision, the strings that produce particles at the nucleon-nucleon
cm rapidity or somewhat below (for B<A), will have the highest transverse density, and
greatest degree of overlap, implying the largest increase in fluctuations from transverse
coherence in that range. As data binned by rapidity becomes available, comparisons of
these ideas with experiment can be carried out.

We thank Michael Murray for kindly furnishing us with a copy of his thesis. This
work was supported in part by NSF Grant PHY89-21025.
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1. Introduction

An important method to explore new domains in physics is to compare new results
with extrapolations from known areas. For heavy ion collision this can be done with string
models, which extrapolate from light to heavy systems and which also may be used to
extrapolate to higher energies. That does not mean that these string models are only
background models, one may easily implement new ideas on top of the known aspects,
providing much more reliable models than those "formed from scratch".

All the models to be considered in this paper have in common that they consist of
three independent building blocks:

(a) Geometry
(b) String formation
(c) String fragmentation

The "Geometry" aspect is treated quite similar in all models: nucleons are distributed
inside each nucleus according to some standart parametrization of nuclear densities. The
nuclei move through each other on a straight line trajectory, with all the nuleon positions
being fixed. Whenever a projectile and a target nucleon come close, they interact. Such an
interaction results in "string formation". In the last step these strings decay into observable
hadrons according to some "string fragmentation" procedure.

Model

String Gas

VENUS1

IRIS

MCM 2

FRITIOF 3

ATTILA *

RQMD5

HIJET

Refs.

[1,2]

[3]

[4]
[5,6]

m
[8]

[9]
[10]

String Formation

Rearrangement

Colour Exchange

Colour Exchange

Colour Exchange

Longitudinal Excitation

Longitudinal Excitation

Longitudinal Excitation

ISAJET [11]

Fragmentation

Artru-Mennessier

Artru-Mennessier

Lund

Field-Feynman

Lund

Lund

Lund

Field-Feynman

1 Very Energetic NUclear Scattering
2 Multi Chain Model
3 Nordic Barbarian
4 All Type Target Independent Lund Algorithm
5 Relativistic Quantum Molecular Dynamics

Table 1: Some string models for nuclear collisions and the procedures for string
formation and fragmentation they use. We consider "string" models in a very
general sense.

117



The three building blocks are independant, so one can combine different methods in
an arbitrary manner. Therefore rather than treating the models one after the other, we
discuss the procedures for "string formation" and "string fragmentation" as used by the
models (we do not discuss "geometry" here, which is in principle, as discussed earlier,
treated very similar in all models). In table 1 we list several string models together with
the formation'and fragmentation procedures they use, to be analysed in the following
chapters. We consider "string models" in a very general sense, so we include models where
the authors never use the word string, but which may be most naturally interpreted as
string models and show strong similarities with "real" string models.

Although very important we do not discuss — for time and space reasons — recent
developments concerning secondary scattering.

2. Some facts about strings

The common "language" to be used later to analyse models is the concept of classical
relativistic strings. We are now going to summarize basic properties of strings, in particular
of the simplest possible kind of strings: "yo-yo" strings (for details of how to derive these
statements from string theory, see ref [12]):

(1) A string is completely characterized by the trajectory of one endpoint (directrix).
This trajectory is periodic, so even one period of the directrix defines the string for
ever. Correspondingly the string is completely given by less than a period of the
directrix, however supplemented by the complementary part of the antidirectrix
(trajectory of the other endpoint). The simplest possible (1-dimensional) so-called
yo-yo string is correspondingly completely defined by an "elementary rectangle"
OACB (in space-time), see fig. 1, with OAC and OBC representing a half period
of directrix and antidirectrix, respectively.

(2) The trajectories in fig. 1 are parallel to the light-cone directions, so it is convenient
to use light-cone coordinates a:± = t ± X3 and momenta p* = E ± j>%. The
endpoints moving along OA and OB can be identified with partons (massless
relativistic point particles), starting at O with momenta p+ and p~ respectively.
These momenta are related to the width and length of the rectangle in fig. 1 via

=x+ = £; \\OB\\ = x-= £- ': (1)

So we have a mapping from momentum to real space and vice versa via Ap = KAX,
and therefore the elementary rectangle OACB in fig. 1 has a meaning both in
space-time and in momentum space (often we do not have to specify what space
we are •forking in).
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\z \z P3

Pig. 1. An "elementary rectangle" characterizing a yo-yo string. 0AC and OBC
are the trajectories of the endpoints, and the string stretches in between. These
trajectories may be periodically continued into future or past.

(a) / (b)
Fig. 2. A yo-yo string with small mass (a) and zero mass (b).

Fig. 3. String breaking at D. The hatched areas Si and 52 represent the
two substrings, the areas F and P are absolute future and absolute past of the
breakpoint D.

119



(3) The area 5 of the rectangle is proportional to the string mass:

S_P+P~
_ _ ( 2 )

/v rV rV

This relation also implies that for a "fast" string with p+ >> m we obtain a very
small p~ i.e. p~ << m, so the rectangle looks almost linear, as demonstrated in
fig. 2a (we consider a fast forward-moving string here). In the limit of p+ —> oo
(or equivalently m —» 0), the rectangle degenerates into a line, being thus identical
to the trajectory of a point particle (see fig. 2b).

(4) A break of a yo-yo string into two substrings is completely determined by speci-
fying a breakpoint D inside the rectangle OACB (see fig. 3). The two "subrect-
angles" for the two substrings are constructed as shown in fig. 3. So the original
rectangle 5 is divided into four rectangles: Si and 52 representing the two sub-
strings, the absolute past P and the absolute future F. The relative size of these
areas measures the relation of potential (=mass) and kinetic energy production.
If for example a break occurs early, close to 0, the areas Si and S2 are small, F
however is large. This means that the two strings were formed with a small mass
but with a large relative kinetic energy.

3. String formation procedures

It is generally assumed that a high energy interaction of two hadrons results in (at
least) two strings which are oriented along the beam axis. Only a small transverse mo-
mentum component is allowed, of order of r^1 with rjy being the size of the nucleon. We
restrict ourselves first to the case of exactly two strings. To be more precise: by string
formation we mean the production of strings with large mass (being much larger than the
mass of the original hadrons). In this sense we would also talk about string formation in
a model where the incident hadrons are already considered as strings — low mass strings
however.

In this chapter we want to introduce and compare three different models for string
formation: (a) "String Rearrangement" which seems to be the natural method to form
massive strings in a model where all objects — in particular the incident hadrons — are
considered as ideal classical strings (String Gas); (b) "String Flip" or "Colour Exchange"
which is the method used in VENUS, IRIS and MCM; (c) "Longitudinal Excitation"
which is employed by FRITIOF, ATTILA and RQMD. These methods differ considerably
concerning the ideas behind them and in particular concerning the "language" usually
used to introduce them. Therefore we try in this chapter to find a common language —
the string language introduced in chapter 2 — to learn about real differences between the
models.
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"String Rearrangement"

We already discussed string breaking, i.e. the division of a string 5 into two substrings
Si and ^2:

S -> Si + S2 (3)

which provides the mechanism of particle production from a massive string. The inverse
process, namely fusion of two strings Si and S2 into one

Si + S2 -> S (4)

provides a possible interaction mechanism of two strings. Fusion requires however that the
two strings meet exactly at their endpoints which from a purely geometrical point of view
is not very likely. More frequent is the case that the two strings meet at interior points,
as indicated in fig. 4. A possible local interaction would be a combination of breaking
and fusion: each of the two strings Si and S2 breaks at the interaction point into two
substrings Sn , Si2 and S21, S22 (see fig. 4). Then two substrings from different original
strings fuse together, say Sn and S22 and correspondingly S12 and S21. The whole process
(breaking and subsequent fusion)

Si + S2 —» Sn + S12 + S21 + S22 —* Si + S2 (5)

with
S[ = Sn + S22; S2 = S12 + S21 (6)

is called "Rearrangement" (see [13,1, 2]) and sketched in fig. 4.
From now on we restrict ourselves to yo-yo strings, which are fully denned by one

rectangle in t-xs space (t: time, 23: longitudinal space coordinate). We assume the
two incident strings to be aligned, otherwise we would no longer have yo-yo's after the
"Rearrangement" process. We furthermore assume the two strings to have small masses
and large momenta (in opposite directions in the string-string centre-of-mass system. The
situation is then as shown in fig. 5a: the forward string is represented by a rectangle
S2 elongated along the x+ axis and the rectangle Si representing the backward moving
string is elongated along the x- axis. The first stage of the interaction — string breakup
— is indicated by the hatched areas Sn and Si2 representing the breakup of Si and
correspondingly S21 and S22 representing the breakup of S2. The space-time diagram of
fusion is just the same as for breaking, so we construct from the rectangles Sn and S22 a
greater one S[ as shown in fig. 5b. In the same way we construct S2 from S12 and S2i-
Since we fuse the strings at their turning points, the fused strings are simple yo-yo's again,
which is not guaranteed for fusion of two yo-yo strings, even if they are aligned.

An important feature of the above "Rearrangement" process can be seen from fig.
5: although we started, with two strings (Si and S2) with small masses, the resulting
strings {S[ and S'2) may have a very large mass. The areas representing Si and S'2 are in
particular large when the original strings break up somewhere in the middle (concerning
the elongated axis); this is realized in fig. 5.

Let us consider the limit of massless incident strings. As seen from fig. 6 the rectangles
degenerate to lines, and the string breaking procedure amounts to dividing each line into
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(a) (b) (c)
Fig. 4. "Rearrangement" interaction: two strings approach each other (a), touch
at an internal point with the effect of cutting each string into two substrings (b),
and fusing the pieces from different original strings together (c).

S21

Fig. 5. "Rearrangement" interaction for yo-yo strings: breaking (cutting)
procedure (a) and fusion (b).

/ 1-X2

Fig. 6. "Rearrangement" interaction for massless yo-yo strings: breaking (cut-
ting) procedure (a) and fusion (b). Compare with fig. 5 for the case of finite
masses.
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two segments. We may now characterize the substrings (segments) simply by their lengths
relative to the length of the corresponding original string, so we introduce fractions x\
and 1 — xi for Sn and S12 and fractions xi and 1 — x2 for S21 and 522- For simplicity
of notation we work in the S1-S2 centre-of-mass system, so the lengths corresponding
to these two strings are the same, and they may be rescalcd to 1, so we only have to
care about fractions for the following discussion. The second stage of the interaction —
fusion — amounts now simply to constructing a rectangle of lengths 1 — i i and 12 for
S[ and correspondingly a rectangle of lengths 1 - i 2 and x\ for 5 2 , as shown in fig. 6.
In this figure we see that even having incident strings with zero mass produces in general
strings with large mass (provided of course the momenta of the incident strings were
large). So "Rearrangement" provides the possibility to transform relative kinetic energy
into string mass ("potential energy" in the sense that this energy might be used for particle
production).

"String Flip" or "Colour Exchange"

The interaction principle to be discussed in the following was introduced in connection
with the Dual Parton Model [14]. For pedagogical reasons we use a somewhat different
approach, motivated by studies of the Strong Coupling QCD expansion [15]. Let us for
simplicity first consider interactions between two mesons with large relative momentum
(>> mw). The situation before the collision is shown in fig. 7a (lhs): the projectile quark
qp and antiquark qp are linked together by a string; a corresponding picture applies for the
target meson. We are not considering gluons explicitly; they are replaced by strings, since
we think that soft processes are represented better by an effective theory of (anti)quarks
and strings rather than (anti)quarks and gluons. On a lattice, a link (or string) U between
two neighbouring lattice sites is related to the gluon field A via [15]

U = exV{iag¥-Aa}, (7)

and the theory is then formulated in terms of U rather than A, so the lattice world is
another example where (anti)quarks and strings rather than (anti)quarks and gluons are
the basic constituents.

Let us specify the meson-meson interaction: we assume that "some effective string
interaction" acts in such a way that as the final result the two strings are "flipped", i.e.
after the interaction two strings link the (former) projectile quark qp and the (former)
target antiquark q~t and correspondingly qp and qt, see fig. 7a (rhs). On the lattice the
plaquette operator tiUUUU provides such a transition [15]. This "String Flip" interaction
may be formally represented as

(WP) + (<?<?«) -> (?P?t) + (qtqv) (8)

where a bracket () indicates that the objects inside are linked by a string, i.e. they form
a colour singlet. Since the rhs and lhs of eq. (8) differ by the exchange

qp *-> qt (9)
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(a)

II
(b)

Fig. 7. The "String Flip" or "Colour Exchange" principle for meson-meson (a)
and baryon-baryon (b) scattering. The momenta of all partons are unchanged, just
the strings linking them together are modified ("flipped").

la) H-x,)P

c.e.

x,P

-P

-X2P

-11-X2)P

(bl

Fig. 8. (a) Quark line diagram of "String Flip" or "Colour Exchange" (c.e.)
interaction for baryon-baryon scattering. Due to the interaction, partons from
different incident barybns are grouped together to singlets (closed lines). Also
indicated is how the partons (quarks and diquarks) share the initial momenta ±P.
(b) Representation in momentum space — renormalized to P = 1 — of the situation
in (a): the lhs represents the incident baryons and how their momenta are shared
by the quark and diquark; the rhs represents the putting together of partons from
different original baryons.
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the interaction eq. (8) is also referred to as "Colour Exchange" (between the quarks qp

and qt). It is not a particle or momentum exchange, just colour exchange: since eq. (8)
represents the colour singlet structure, all the momenta of the partons are completely un-
changed. We know that hadron-hadron interactions are mostly "soft", little transverse
momentum is transferred (few hundred MeV); "String Flip" or "Colour Exchange" pro-
vides an interaction mechanism which is also "soft" longitudinally, since no longitudinal
momentum is transferred at all (rearrangement of strings does the job), so the picture
seems to be consistent.

The "Colour Exchange" ("String Flip") principle can equally well be applied to
baryon-baryon scattering, just the antiquark in the meson has to be replaced by a di-
quark, see fig. 7b. Here the string which keeps the diquark together is not involved in the
interaction. Formally the baryon-baryon interaction may be written as

{9piPqp) + {itqtqt) -> {qPqPqt) + (qtqtqP) (10)

Here the last of the projectile and target quarks have been exchanged.
Another useful representation of the "Colour Exchange" process is the quarkline dia-

gram, shown in fig. 8a: quarks (dots) surrounded by closed lines are meant to be coupled
to colour singlets. Due to a colour exchange (arrow), singlet structures are changed, lead-
ing to singlets consisting of a quark and a diquark from different original baryons. We
also indicate the momentum balance in fig. 8a: in their centre-of-mass system the baryons
initially have momenta +P and —P. These momenta are shared between a quark and
a diquark, so the quarks have momenta x\P and — x^P and the diquarks (1 — xi)P and
—(1 — X2)P, with xi, X2 being numbers between 0 and 1. The new singlet structures (qq-q
strings) are now composed each of a diquark and quark moving in opposite directions —
having momenta (1 — x\)P and — x2P for one string and — (1 — x-i)P and x\P for the other.

We are now going to plot the situation from fig. 8a in a momentum space diagram.
Since for the moment we ignore transverse momenta, we consider the po-ps plane (po:
energy, p3 : longitudinal momentum) or equivalently the p+-p~ plane (p± = po ±£3) .
Neglecting baryon masses we get for the forward-moving baryon p + = 2J°, p~ = 0 —
represented by the dashed line parallel to the p + axis in fig. 8b. The backward-moving
baryon fulfils p+ = 0, p~ = 2P — represented by the solid line parallel to the p~ axis
in fig. 8b. The momentum sharing between quark and diquark as discussed in the last
paragraph is indicated by splitting the two lines into two segments each, with fractions
xi, (1 — x\) and X2, (1 — x2). Putting together diquarks and quarks with momentum
fractions (1—ij), x2 and(l — X2), xi is indicated on the rhs of fig. 8b. Comparing with fig.
6 we realize that the two diagrams are completely identical, the only difference being that
fig. 6 represents space-time (xo-^3) whereas fig. 8b represents momentum space (po-pz).
However, we mentioned earlier that because of the mapping Ap = K AX it does not matter
which space we are considering, in particular since we are using renormalized lengths and
momenta. This means that "Colour Exchange" is identical to "Rearrangement", however
giving structure to the endpoints: we have diquarks and quarks at the endpoints.

We have not yet specified in either case the momentum (or length) sharing distribution
f{x\,X2). In the VENUS model — which uses the "Colour Exchange" mechanism — we
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use
g{X)
xa

with a > 0 and 0 < g(0) < oo. Different options for / are possible which may lead to quite
different predictions concerning distributions of measurable quantities.

"Longitudinal Excitation"

"Longitudinal Excitation" [7] means the following: the interaction between two hadrons
with large relative momentum results in a transfer of longitudinal momentum between the
hadrons such that the result is two longitudinally excited objects (strings), see fig. 9a,b.
Each string contains exactly the quarks of one of the incident hadrons, so the singlet
structure of the hadrons is not changed like for "Colour Exchange" interaction, see fig.
9c,d.

For the following we restrict ourselves to yo-yo strings (in this chapter we are in general
not so much interested in giving a complete description of the model, but rather want to
understand the basic ideas). The interaction is defined in momentum space. Let us again
consider two incident baryons in their centre-of-mass system, having momenta ± P , and
correspondingly the light-cone momenta p+ = 2P, p~ = 0 (dashed line in fig. 10a) and
p + = 0, p~ = 2P (solid line in fig. 10a). The prescription for "Longitudinal Excitation"
can be formulated as follows (see fig. 10): divide the lines into two segments each with
fractions xj , 1 — xi and x2, 1 — X2 according to some distribution function / (x i , x 2 ) .
Construct rectangles (representing the new strings) with lengths 1 — xi,X2 and 1 — X2, xi
(see fig. 10b). This looks like the "Rearrangement" (fig. 6) or "Colour Exchange" (fig. 8b)
diagram, but there is a substantial difference (see fig. 10b): the right string consists of only
dashed parton lines, the left one only of solid ones. This indicates: all the partons (quarks
and diquarks) of each string are coming from one original baryon. This implies that the
energy in the (dashed) segment of length xi in fig. 10a is used to bend one end of the
solid line representing the other baryon (fig. 10c). This is obviously a very violent process
in momentum space, contrary to "Colour Exchange" where no longitudinal momentum is
transferred. Although the physical picture of the two approaches is very different, they
are quite similar since the momentum space diagrams (figs. 8b,10ab) are so similar; a
measurable difference is provided only by the different flavour content of the strings.

A substantial difference occurs of course through the fixing of the splitting distribu-
tions f(xi,xz), which in [7] is given as

One has to keep in mind that not only the choice of / is important but also the cut-off
procedure to avoid small x values.

126



(a) (b)

coo

(c) (d)

(s.
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Fig. 9. "Longitudinal Excitation" (a,b) requires all partons in a string to
originate from one baryon, whereas "Colour Exchange" (c,d) provides strings with
partons from different baryons.

/ 1-X2

Large
momentum
transfer

Fig. 10. Momentum space picture of a "Longitudinal Excitation" (again original
momenta are renormalized to one): the incident momenta are split into two parts
(a); one momentum share is then transferred to the other string and vice versa (b),
so the straight line representing an incident baryon is bent by a massive momentum
transfer acting on one end of the string (c).
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4. String fragmentation procedures

We are going to discuss in this chapter fragmentation methods employed in models
for heavy ion collisions. First we introduce a class of models based on a concept suggested
by Artru-Mennessier [13] and referred to as AM models. VENUS uses this scheme as well
as String Gas models. We then treat the Lund fragmentation model [16] being used of
course in FRITIOF and also in ATTILA, IRIS and RQMD. Both models — AM and Lund
— use the concept of classical strings. That implies that the evolution of string fragments
is completely determined once the breakpoint on the string surface is known (see chapter
2). There is however additional input required in order to determine the location of
the breakpoint on the string surface (breaking law), which amounts for yo-yo strings to
determine a point within an elementary rectangle (point D in fig.3). We restrict ourselves
to yo-yo strings for both models, although extensions towards more complicated strings
exist. We finally discuss the Field-Feynman (FF) method, the ancestor of all iterative
fragmentation procedures, used in MCM and HIJET. This approach does not us the string
concept, it considers two partons fragmenting independently into two "jets" of particles.

Artru-Mennessier (AM) models

A detailed discussion of a AM model can be found in [12] or [17]. In the AM models
the concept of classical strings is taken seriously in the sense that the breaking law (to
fix the location of a breakpoint) is determined from the same arguments which led to the
string action being the basis of classical string theory [18]. Requiring invariannce under
reparametrization of the string surface (gauge invariance), covariance and locality, the
simplest possible action turns out to be simply an integral over the string surface:

d2A (13)

with d2A being a surface element. Using the same arguments one obtains for the probability
dP for a string break to occur within an area element d2A of the string surface:

dP ~ d2A, (14)

i.e. the break probability is proportional to the surface element ("area law"), see fig. 11. A
very attractive feature of this AM approach is the fact that both dynamics (eq. (13)) and
fragmentation (eq. (14)) are derived from the same invariance requirements as discussed
above. Another nice feature is the fact that only one free parameter occurs in eq. 12: a
proportionality constant.

The iterative method proceeds as follows (see fig 12): starting with the original string
So we first determine according to eq. (14) randomly a breakpoint which splits the string
into Si and 52- At the breakpoint also tranverse momentum is created which is small and
ignored in this discussion (not in real calculations) for pedagogical reasons. We then break
the substrings Si and 52 according to the same prescription. This break-up procedure
is continued till all fragments have masses below some cut-off and these light objects are
then identified with resonances.
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\z
Fig. 11. Area-law for string fragmentation in AM (Artru-Mennessier) fragmen-
tation models: the probability dP lot a string breaking to occur within an area
element d2A on the string surface is proportional to the area element: dP ~ d2A.
We indicate that it does not matter whether we consider space-time or momentum
space.

Fig. 12. Successive string breaking in AM models: S —<• Si + S2 and Si -+
S\\ + Si2y S2 —* S21 + S22 and so on. A string breaks in two arbitrary substrings,
there is no mass-shell constraint for one of the substrings like in the Lund model.
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We want to stress that a break-up of a string into two substrings is completely arbitrary
in the sense that the substrings have no mass constraints, whereas in the Lund model to
be discussed below, one fragment has to an on-shell hadron. For the sake of comparison
we may ask ourselves: assuming that in the AM procedure it happens by chance that the
rightmost hadron (mass TO) has been formed in the first iteration, what is the probability
dP(x, m2) for It to have a fraction x of the light cone momentum p+ of the original string?
We obtain from eq. (14) [12]:

dP(x,m2) ~ exp — ao m
L (15)

with ao some constant. We will come back to this formula later.

The Lund fragmentation model

As for AM models we also restrict our discussion of the Lund model to the very basic
features, referring the reader to [16] for details. Here also we ignore (for the discussion)
transverse momenta. We also restrict ourselves to the simplest possible string: the yo-yo.
As for AM models everything is determined once the breakpoint is known (see fig. 3). The
method of how to determine the breakpoint is, however, quite different (see fig. 13). For
each string breaking into two pieces it is required that one of the pieces is a hadron on
its mass-shell (string —• string + hadron). In fig. 14 we sketch the iterative procedure:
the original string So is split into the first hadron hi and a remaining string Si, the latter
then decays into hadron fi2 and the remaining string S2 and so on, till we "reach the other
end", i.e. a remaining string Si has a mass below some cutoff. So in the Lund model
hadrons are cut off from the string end, whereas in the AM method a string in general
breaks into two strings, hadrons occurring usually only later after several iterations (as
end-branches of a tree). The actual breakpoint at each iteration is determined according
to the following procedure (see fig. 13): one determines the fraction x of the hadron's
momentum pf relative to the string's momentum p£ according to

— . (16)

with m being the particle mass and a0 a parameter. This is the so called symmetric
fragmentation function, obtained (in a little bit more general form) from the requirement of
right-left symmetry. Having determined z and knowing the particle mass m, the breakpoint
is fixed.

It is certainly from the beginning a major similarity between AM models and the Lund
model that both models use the concept of classical relativistic strings. However, there are
more similarities which are not so obvious from the definitions of the models. We wrote
down in eq. (15) for AM models the probability dP(x, m2) for a particle of mass m to have
a momentum fraction x of the original string — provided it has been produced first. The
expression for P(x,m2) is remarkably similar to the Lund fragmentation function dP(x)
in eq. (16). It does not surprise too much that particle spectra from the two models are
not very different.
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Po

Fig. 13. String breaking in the Lund model: one of the two fragments must be
an on-shell hadron.

Fig. 14. Succesive string breaking in the Lund model: at each step we have the
process: "string -+ string + hadron", contrary to AM models (see fig. 12), where
we have "string —> string + string".

Fig. 15. String fragmentation in FF (Field-Feynman) models (schematic, no
space-time plot!): two partons fragment independently, into two "jets" of particles.
Considering the right jet: starting with the original parton (momentum po) one
produces a hadron (qi) and a remaining parton with reduced momentum (pi),
from this parton a hadron (?j) and a parton (pi) and so on.
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Field-Feynman (FF) models

The FF models do not use the concept of relativistic strings, so they are in principle
not string models, like AM models or the Lund model. Field and Feynman [19] originally
designed a model in order to describe e+e~ scattering, where a quark and an antiquark
fragment into two "jets" of particles. In the FF method it is therefore assumed that a quark
and an antiquark (or diquark) fragment independently, so instead of string fragmentation
one considers the fragmentation of two partons. The fragmentation of a parton (let us
first consider a forward moving quark) proceeds as follows (see fig. 15): starting from
the original quark (momentumpo) a. hadron is formed (momentum q\) which contains the
quark and an antiquark (diquark) from a q-q {qq-qq) pair creation. In a similar way also
an antiquark, diquark or antidiquark fragments into a hadron and a remaining parton.
This parton (momentum pi) then again splits into a hadron and a parton and so on.
The process is finished when the momentum of the remaining parton is below some cutoff
value. The fraction x of a hadron momentum qf relative to the momentum pi_2 of the
corresponding parent parton is generated according to some scaling distribution dP which
in the original FF model [19] has the form

dP(x) = 1 - a + 3a(l - x)2. (17)

A backward moving parton fragments correspondingly, just p~ momenta are used instead
ofp+.

Comparing this prescription with Lund's method, we observe large similarities: in
both cases one fragmentation step is determined by distributions dP(x) of momentum
fractions of produced hadrons relative to corresponding parent partons. In both cases
scaling of these distributions is assumed (no momentum scale). In both cases hadrons are
chopped off from the ends.

The FF approach has, however, serious disadvantages compared to the two "real"
string models: due to the independent fragmentation there is no energy-momentum con-
servation, no flavour conservation, no covariance, there are even isolated partons left at the
end (which are ignored). At high energies, for which this model was constructed, all these
violations are not too serious, in the hadronic string models we have to deal, however, with
relatively low mass strings, and one has to apply correction procedures. In "real" string
models however all the above mentioned conservation laws are fulfilled from the beginning,
without questionable correction procedures being necessary.

Another advantage of "real" string models is that a full space-time development is
provided. This is very necessary for rescattering to be implemented and also for theoretical
studies on energy and particle densities. One may, however, obtain a space-time picture
also for the FF model by "steeling" the mapping property (momentum to real space, see
chapter 2), this has been"done in [20].
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Secondary Interactions in HIJET*

Presented at

HIPAGS Workshop

by

R.S. Longacre

March 5, 1990

This talk deals with the investigation of secondary interactions in proton-nucleus and
nucleus-nucleus collisions using the Monte Carlo event generator HIJET.

The HIJET generator considers p-A and A-A collisions to be a sum of independent N-
N collisions, with the N-N cross section and scattering dynamics not dependent on whether
the nucleon has previously participated in an interaction. It is very reasonable to assume
that each collision should be well represented by an independent N-N collision, however the
cross section for the forward going struck nucleon may be different. For each primary N-N
interaction, a call is made to the MINBIAS routine of the program ISAJET1 - an event
generator for high energy N-N interactions. MINBIAS computes the energy loss of the
colliding nucleons and production of particles. MINBIAS is based on inclusive high energy
N-N interactions forming multi-pomeron chains, with each chain fragmenting according to
the Field-Feynman algorithm2.

HIJET has been restructured in order to take into account more correctly the geometry
of nucleus-nucleus collisions. HIJET populates nucleons in the target and projectile system
according to a Woods-Saxon distribution. Each nucleon is given a Fermi momentum which
has a Gaussian distribution with a cr of 200 MeV/c. The nucleons are off the mass shell,
with the average binding energy being 8 MeV. An interaction between a projectile and
a target nucleon occurs when the distance of closest approach is less than yJ<TpP/ir with
<Tpp = 33mb.

Secondaries produced in the collisions have a finite formation time given by the dis-
tribution

FMcxexp\-( —.—) ,
[ Vr0cosh y/\

* This research was supported by the U.S. Department of Energy under Contract Nos.
DE-AC02-76CH00016, DE-AC02-83ER40107, DE-AS05-81ER40032 and DE-AC02-
76ER03274, and the City University of New York PSC-BHE Research Award Program.
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where To is the proper formation time given by T0 = hF/ < Mt >, and < Mt > is the
average transverse mass of the particles, and y is the rapidity of the produced particle
in the target (or projectile) frame. The constant F is a variable parameter which will be
adjusted to obtain the optimum formation time. The secondary particles materialize along
the trajectory of the CM system of the parent particles. If a secondary is formed within the
volume of either the target or projectile nucleus, it may interact with nucleons in its path
if the closest approach is < y/(rtec/ir where £rsec is the total meson-nucleon cross section.
Near the thresold regions of 7r-nucleon and K-nucleon an energy dependent cross section
is used. An important peak in 7r-nucleon cross section is A formation, irN —> A. Delta
formation is important for the mechanism of pion absorption which will be discussed later.
Once a secondary interacts, the forward leading meson continues to interact while the
backward leading baryon is placed in either the target or projectile arrays. The produced
particles, which form the next generation of secondaries, may reinteract depending on their
formation time and trajectory. In the current version of HIJET, p-mesons, w-mesons and
77-mesons are not allowed to decay until after nuclear collisions are finished.

Figures 1-3 show a comparison of experimental results for p-A collisions with HIJET
calculations without secondary interactions (dotted histogram). The Et distribution in the
target pseudo-rapidity region3 clearly shows a need for secondary interactions. However,
the calculations of negatives for p-Xe and p-Ar collisions almost saturate the experimental
data. This indicates a need to include the mechanism of pion absorption. Pion absorption
in effect transfers the energy of the pion to the nucleons. We employ a mechanism for pion
absorption similar to that used by Cugnon et al.4. We keep track of the A's produced
in the primary N-N collision. Deltas are not allowed to decay until after the nuclear
cascading. Low energy pions which materialize in the nucleus may be absorbed by the
reaction irN —* A. During the nuclear cascade, A's may be asborbed by the mechanism
AN —* NN. Although the cascading process is slow, a A that decays in the nuclear
medium will produce a low energy pion that will invariably be absorbed, so the assumption
of the A not decaying until after the nuclear cascading is a safe assumption. The cross
section for both of the above reactions are very large when one is dealing with low energy
pions.

When a secondary interaction occurs, a routine is called which combines a low energy
parameterization of meson-N and baryon-N which smoothly interfaces with a high energy
modified version of MINBIAS which handles mesons as well as baryons. Some of the more
important scattering processes are: Nir —> NIT, A, ATT, Np, NTJ, AK, £if, ...; Air —» NTT,
AIT, Np, NV, AK, £tf, ...; Np -*_ Nn,_Np, AK, XK, ...; KN -> KN, KA, KNir, ...;
KN — KN, AT, Err, ATTTT, STTTT, KA, KNrr, ...; NN -> NN, NA, AA, ...; AN -» NN,
AN, AA, ... .

We have run HIJET simulations for p-nucleus collisions with various values for param-
eter F controlling the formation time of produced secondaries. We obtain best agreement
for the value F=3.25, although a variation of 30% will not drastically affect the results.
Figures 1-3 show a comparison of HIJET calculation with data for p-nucleus collision at
200 GeV in momentum (where the solid histogram is HIJET calculation with the optimum
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value for the formation time and the dotted histogram represents HIJET calculations with
no secondary interactions). Figure 1 shows the Et distribution in p-Pb collision obtained
by the NA34 Collaboration3. Also for comparison is the HIJET calculation with F=1.0
(dashed histogram).

A comparison of HIJET calculation (solid histogram) with Et spectra from lflO +
nucleus collisions at 200 GeV/A is shown in Figs. 4 and 5. Figure 4 shows the Et distri-
bution as measured by NA34 (diamonds) in a pseudo-rapidity interval covering from the
target region to the mid-rapidity region5. Also shown in Fig. 4 are the HIJET calcula-
tions for no secondary interactions (dotted histogram). Figure 5 shows the Et distribution
measured by WA80, in the pseudo-rapidity range from mid-rapidity to projectile-rapidity
(diamonds)8. The HIJET distributions (solid histograms) fall off at slighty smaller values
of Ef The HIJET calculations without secondary interactions clearly show that secondary
scattering is most important in the target region and is much greater for heavier targets.

We have also made a comparison of HIJET calculations for A and K, production
coming from p-p, p-A and A-A minbias collisions (NA35 collaboration7). Figures 6 thru
9 show ratios of average A or Kg multiplicities divided by the average negative particle
multiplicity within specific Pt and rapidity (y) cuts at 200 GeV/A. The experimental data
presented by NA35 are plotted with x-axis indication of (1.0), while HIJET calculations
with secondary interactions are indicated as (2.0) and without secondaries indicated as
(3.0). From Fig. 6 and 7, we see that secondary interactions are necessary in order to
explain the A production (Fig. 6 shows that p-p collisions are well described by ISAJET).
Secondary interactions do not improve the comparison of Kt generated by HIJET with
that of the data (Figs. 8 and 9). We believe that the absence of meson-meson scattering
from our HIJET program is the main reason that K, production lies below the data.

For a final comparison, we have computed the A and Kt yield arising from 32S-32S
events at 200 GeV/A as a function of charged particle multiplicity. Figures 10 and 11
show the detected A's and K/s using Ref. 7 for accceptance of NA35's streamer chamber.
This comparsion leads to the same conclusion, that secondary interactions are necessary
if one wants to explain the A production, but for the Kt production one will need to add
meson-meson scattering in order to increase its yield.

I wish to thank Asher Shor for the first part of this paper; we had its contents published
earlier8. I also wish to thank Chang Chan for helping add the many strange particle
channels to the secondary interaction routine SECINT and helping with the A and K,
comparison.
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FIG. 1. Transverse energy distribution for p + Pb at 200 GeV for pseudo-
rapidity covering from target to mid-rapidity. Experimental data (diamonds) com-
pared to HIJET calculations with secondary interactions (solid histogram: optimum
value formation time; dashed histogram: shorter formation time as described in the
text), and without secondary interactions (dotted histogram).
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FIG. 2. Rapidity distributions of positive and negative particles for p-Xe, p-Ar,
and p-p collisions at 200 GeV. Experimental data (diamonds) compared to HIJET
calculations with secondary interactions (solid) and without secondary interactions
(dotted)
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FIG. 3. Multiplicity distribution of charged particles and negative particles for
p-Xe, p-Ar, and p-p collisions at 200 GeV. Experimental data (diamonds) compared
to HIJET calculations with secondary interactions (solid) and without secondary
interactions (dotted).
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NA34 - O+Nucleus 200 GeV -0.1<77<2.9

200

FIG. 4. Transverse energy distribution for 16O + nucleus at 200 GeV/A,
for pseudo-rapidity covering from target to mid-rapidity. Experimental data (di-
amonds) compared to HIJET calculations with secondary interactions (solid) and
without secondary interactions (dotted).

WA80 - O+Nucleus 200 GeV 2.4<?7<5.5

150

FIG. 5. Transverse energy distribution for 16O + nucleus at 200 GeV/A,
for pseudo-rapidity covering from mid-rapidity to projectile rapidity. Experimen-
tal data (diamonds) compared to HIJET calculations with secondary interactions
(solid) and without secondary interactions (dotted).
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FIG. 6. The average A multiplicity divided by the average negative particle
multiplicity for rapidities (y) 1.4 thru 5.0 and Pt greater than 0.1 GeV, for p-p
and p-Au at 200 GeV. X-axis indication: (1.0) is the experimental data; (2.0) is
the HIJET calculation with secondary interactions; (3.0) is the HIJET calculation
without secondary interactions.
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FIG. 7. The average A multiplicity divided by the average negative particle
multiplicity for rapidities (y) 1.5 thru 2.8 and Pt 0.5 thru 2.0 GeV, for p-Au and
O-Au at 200 GeV/A. X-axis indication: (1.0) is the experimental data; (2.0) is
the HIJET calculation with secondary interactions; (3.0) is the HIJET calculation
without secondary interactions.
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FIG. 8. The average Ks multiplicity divided by the average negative particle
multiplicity for rapidities (y) 2.2 thru 5.0 and Pt greater than 0.1 GeV, for p-p
and p-Au at 200 GeV. X-axis indication: (1.0) is the experimental data; (2.0) is
the HIJET calculation with secondary interactions; (3.0) is the HIJET calculation
without secondary interactions.
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FIG. 9. The average K, multiplicity divided by the average negative particle
multiplicity for rapidities (y) 1.7 thru 2.8 and Pt 0.7 thru 2.0 GeV, for p-Au and
O-Au at 200 GeV/A. X-axis indication: (1.0) is the experimental data; (2.0) is
the HIJET calculation with secondary interactions; (3.0) is the HIJET calculation
without secondary interactions.
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FIG. 10. Detected A multiplicity as a funtion of charged particle multiplicity for
32S-32S at 200 GeV/A. (X) is the experimental data; (•) is the HIJET calculation
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with secondary interactions; ( )l( ) is the HIJET calculation without secondary
interactions.
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Formation and Break-up of Hadronic Fireballs

Johanna Stachel
Physics Department, SUNY
Stony Brook, NY 11794

1. Fireball Models

The idea to describe particle emission from a thermalized system, called
"fireball", goes back to E. Fermi*, who considered isotropic emission of
particles from such a thermal source. In the following this scenario will be
referred to as the "isotropic fireball". In this model, particle spectra
both longitudinally and transversely are determined by the temperature Tf of
the system at the time when particles are emitted. The 3-momentum spectra of
particles are given by

da/dp « exp(-EZTf) = exp(-mtcosh(y)/Tf),

where mt is the transverse mass

mt = i|(pt
2+m2).

Integrating over rapidity or transverse momentum, the transverse and
longitudinal distributions are obtained. The rapidity spectrum is, for
m«p t,

dff/dy * 2Tf
3/cosh2y « C exp(-y2/2ay

2)

with <rv = 0.88. The rapidity integrated transverse momentum spectrum is

d2<r/dpt
2 = Jmt exp(-mt/Tf).

The slope of the transverse momentum spectrum or the apparent temperature
depends on rapidity as Tf/cosh(y) for such an isotropic system. Note that in
this model, there is no "memory" for the initial condition. In general, this
can be considered as the low energy limit for a thermalized system. Since
this model has been applied frequently it is discussed here for
completeness, although it turns out to fail seriously eyen to reproduce
global observables from relativistic heavy ion reactions. Some of the most
blatant failures will be mentioned below.

A picture that is more appropriate at higher energies, when initially
large compressions and therefore pressure gradients are achieved, was put
forward by Landau2 in 1953. In this model the system expands, at first
longitudinally and later in three dimensions and finally "freezes out",
emitting particles. The expansion is treated by solving the relativistic
hydrodynamic equations for the system assuming some equation of state. The
general solutions to this problem are complicated. It has been shown,
however, that there is an approximate solution consisting of a factorization
of longitudinal and transverse motion such that the invariant cross section
is

<Tinv = Edff/dp = f(y)-g(pt).
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This factorization is a good assumption at high energies, when the first
stage of longitudinal expansion dominates, but was shown to work
approximately even taking into account three-dimensional expansion
(Milekhin, ref. 3). In the following, only this approximation will be used.
The reader is referred to the article by M.Prakash and R.Venugopalan^ (and
references given there) for a more detailed treatment. Using factorization,
the longitudinal distribution f(y) is a Gaussian in rapidity with a width oy
determined by the initial condition of the system and "thermal" transverse
momentum spectra determined by the freeze-out temperature Tf. This freeze-
out temperature, which is thought to be of the order of the pion mass, plays
the same role as in the Fermi model. The application of this model to
relativistic heavy ion reactions has been proposed in refs. 5,6 and is
reassessed here in view of the more complete body of data available now.

The two parameters of this model are chosen as follows: The freeze-out
temperature is fixed at Tf=0.15 GeV. The width of particle pseudo-rapidity
distributions is found empirically^'^ to scale proportional to log(-Js) and
to depend little on the centrality of the collision (10-15% decrease from
peripheral to very central collisions) and even less on the target-
projectile combination. Therefore, ay is chosen as a free parameter for each
beam energy, following the experimental results, and not varied otherwise.
Doing so, one accounts for the experimentally observed kinematic situation
determining particle spectra and the philosophical background of the Landau
model is secondary. It would enter the discussion if one tried to assign a
physical meaning to the parameters discussed above. It should be noted here
that the Shuryak-Bjorken scaling model** can be considered as the high energy
limit of a hydrodynamic model. In that sense the Landau model takes a
position intermediate between the Fermi and the Shuryak-Bjorken models.

For the present discussion the following, commonly used but rather crude
assumptions will be made to establish the fireball size and kinematics. In a
nucleus-nucleus collision at impact parameter b the overlapping target and
projectile nucleons Af and Ap form a fireball moving with velocity

PfC = gpC (ApYp/(ApYp+Af))

in direction of the projectile with incident velocity ftjC. In its own
restframe the fireball has the energy

Ecmf = mnc2 J<Ap2
+Af

2+2YpApAf).

The energy

can be considered as "excitation energy" of the fireball available to emit
the constituent nucleons with some kinetic energy and to create new
particles. This refers to the case of full stopping, which in this scenario
would be defined as transformation of the kinetic energy of all
participating projectile nucleons Ap into fireball cm. motion and fireball
excitation. For incomplete stopping the simplest ansatz is that of ref. 5,
where

Ecm •* PsEcmf» Ap •* PsAp a n d Af "* PsAf
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leaving the kinematics unchanged. The parameter ps stands for the stopping
fraction and is to be determined from experimental data.

2. Comparison to experimental data from relativistic heavy ion collisions

2.1. Global observables at AGS and CERN energies

Charged particle pseudorapidity distributions dNc/dn. are by now available
from a large number of experiments at Brookhaven and CERN covering the range
js s 5-20 GeV. The distributions are found to be Gaussian in shape and are
typically peaked at a value of n. consistent with the simple fireball
kinematics assumed above. Figure 1 shows a summary' of the width a^ as a
function of Js. Two features should be noted here: i) The width is by no
means constant and equal to 0.88 as expected if the Fermi model were
applicable, ii) The data are consistent with a simple scaling a^ <*> loĝ ls
and, for each value of -is, the average values <TM as obtained from fig. 1
were used for all Landau fireball calculations. It should be noted that,
while (Tfi is treated as parameter here, the Landau model predicts2 the type
of scaling with Js as observed experimentally. For 14.6 and 60 GeV/nucleon
beam energies the integrated charged particle multiplicities are described
well by the Landau model assuming full stopping (see e.g. refs. 5,6). At 200
GeV/nucleon values for ps of 0.75 to 0.85 are required to reproduce data for
Cu to Au targets.

With the same parameters, in general transverse energy distributions
da/dEt are reproduced very well for all target and projectile combinations.
Figure 2 shows as an example the measured Et spectra^'™ from E814 together
with Landau fireball calculations. While for the data corresponding to the
forward hemisphere in the cm. frame (top, fig.2) the agreement is
remarkable, for a heavy target and backward angles (fig. 2, bottom) the
model underpredicts the data somewhat. Qualitatively very similar features
appear at 200 GeV/nucleon as shown in Figure 3. Again, one set of
experimental data covering the forward hemisphere^ in the cm. is shown as
well as data at much more backward angles*2. Here also more transverse
energy is seen experimentally in the case of a heavy target as compared to
the Landau fireball calculation. This deviation is not too surprising
keeping in mind that in this simple model no reseattering involving target
spectators is considered. Concluding this discussion, in the Landau model Et
spectra are described assuming a very large stopping fraction. In contrast,
using the isotropic fireball one would conclude that stopping is much
smaller. For example, for 200 GeV/nucleon 0 + Au the isotropic fireball
would reproduce the experimental Et spectra under the assumption of about 45
X stopping.

Considering one more piece of experimental information, the energy
measured in a small cone around zero degrees, one can easily distinguish
between the two scenarios. The experimental data" > 14 obtained both from
WA80 and NA35 are in line with the "large stopping" hypothesis of the Landau
fireball (see e.g. fig. 4 in ref.5), again ruling out applicability of the
isotropic fireball.

Another interesting question to be asked in connection with Et spectra is
whether there is evidence for unusually large fluctuations in transverse
energy production. In the calculations shown in figs. 3,4 the fireball size
and excitation energy is fixed for a given impact parameter and the only
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type of fluctuations contributing to the tail in Et is due to the sampling
of multipartide phase space in the Honte-Carlo procedure. The fact that
this reproduces quite veil the tails of the experimental distributions, at
least in the forward hemisphere, suggests that this may be the dominating
type of fluctuations.

2.2. Initial energy density and temperature of the fireball

Since the isotropic fireball fails so obviously in reproducing the
experimental widths of pseudorapidity distributions as well as the
correlation between transverse and zero-degree energies in the following
only the Landau fireball will be considered. In this model the width <Ty = a^
is related to the initial condition and, using the equation of state tor an
ideal gas with speed of sound cs=c/<l3, one obtains

<ry = 3 ln(Td/Tf),

where Tj is the initial temperature of the system at the stage of highest
compression. Using the experimental values of a^ of 0.9 and 1.5 for EiaD/A
14.6 and 200 GeV and Tf » 0.15 GeV initial temperatures Tj of 0.20 and 0.30
GeV are obtained. While such values are encouraging in view of the potential
formation of a quark-gluon plasma, one should keep in mind that i) such
conditions may prevail only for a very short time making it questionable
whether the system can thermalize so quickly,and ii) the assumption of an
ideal gas is probably too crude and therefore a more realistic equation of
state should be used (see again ref. 4).

Knowing the stopping fraction ps, it is, in principle, straightforward to
calculate the energy density in a thermal model by using

£fire = PsEcmf/vi-

The difficulty here arises in computing the initial fireball volume Vj, in
particular for an asymmetric target-projectile combination. In choosing a
volume one obviously also decides at which time thermalization is reached,
an estimate of the same type and arbitrariness as the choice of a formation
time when using the Bjorken formula to obtain energy densities. Following
the approach of ref. 5 and using the arithmetic mean of the Lorentz
contracted volumes of the overlapping target and projectile matter, both
evaluated in the fireball restframe, values for the initial energy density
of the order of 1 and 10 GeV/fm^ are obtained for 14.6 and 200 GeV/nucleon
collisions, respectively. However, such estimates are uncertain easily by a
factor 2, even of one assumes complete thermalization.

2.3. Transverse momentum spectra

Both at Brookhaven and CERN energies transverse momentum spectra from
relativistic heavy ion collisions are available for a variety of particles
and different ranges of acceptance in rapidity and pt (see contributions
from experiments E802, E810 and E814 to these proceedings and, for CERN
experiments, the very recent review of ref. 15). While, to some extent, the
basic assumptions of the Landau model are confirmed by the data, it is also
apparent that many subtle effect observed experimentally are not accounted
for by the simple approach used here.
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Leaving aside for the time being the experimentally observed deviations
from exponential behavior at very low and high pt, in connection with a
fireball model two features have to be discussed:

i) The decoupling hypothesis (see above) that pt spectra do not depend on
rapidity. Both at BNL and CERN energies data are available (refs. 16,17)
for pions to address that question. In both cases the slope of the pt
spectra is found to be not exactly constant as a function of rapidity. In
the E802 data for Si + Au a decrease of about 30 X is observed^ between y=l
and 2. Part of this is, however, due to a somewhat changing acceptance in pt
as a function of y and the remaining effect is estimated to be about 152.
Also, the slopes are not symmetric about central rapidity but rather keep
rising towards more backward y. It is therefore suggestive to attribute the
change in slope to reseattering effects involving target spectators. From
the data of NA35 a 16 X drop of the p^ slope is observed over 1.7 units away
from central rapidity. Note, that in the same rapidity interval the slope
constant for an isotropic fireball would fall to 1/2 in clear disagreement
with the data. The effect seen could again be due to reseattering but also
to an incomplete decoupling of transverse and longitudinal motion.

ii) Do slopes of pt spectra reflect a temperature? In first order one would
expect, in a thermal model, that different particle species exhibit the same
pt slopes for pt » m. Again, experimental data show deviations from this
expectation. One should keep in mind, however, that the condition of pt
being large as compared to the particle's restmass is usually not met
experimentally for particles as heavy as protons. Experiment E802 (ref.16)
reports, at mid-rapidity, apparent temperatures for pions and protons of 126
and 185 MeV. A similar trend is seen for S + S data from NA35 at 200
GeV/nucleon1^. There the respective values are 160 and 200 MeV. Again,
reseattering effects could lead to such differences. This would be supported
by the fact that E802 reports^ for antiprotons in the same reaction Si + Au
a slope significantly steeper than that for protons. Rescattering effects
inside a thermalized system should obviously not change the particle
distributions (which are equilibrated already), on the other hand,
surrounding spectator nucleons have to be taken into account in addition. On
a slightly different note, even in a thermalized system that emits particles
as it cools and expands not all particle species necessarily reflect the
same temperature. The individual cross sections relevant to keep different
particle species in equilibrium are different and therefore, most likely,
also the freeze-out densities and -temperatures.

2.4. Baryon rapidity distributions

One other, and maybe the most crucial, test for thermalization is the shape
of the baryon rapidity distributions. While one can argue, along the same
lines as given in section 2.3., about the width of the rapidity distribution
for different particle species, the baryon rapidity density has to be peaked
at central rapidity in a thermal model. Pronounced peaks at target and
projectile rapidities with a low (zero) central baryon density would clearly
defeat such a picture. Unfortunately, the experimental observations of this
quantity are still limited.

At Brookhaven energies data for the proton rapidity distribution have
been obtained from the E802 spectrometer*" for the system Si + Au in the
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rapidity range y « 1.0-1.8 and for pt > 0.44 GeV/c. Extrapolating back to
Pt=O central rapidity densities dN/dymax of about 15 per unit rapidity are
found with values rising backwards of central rapidity. In the cm. system of
the participants as defined in section 1. one would expect a peak-value
dN/dymax = 25 at y=1.25. One can therefore ask whether the central baryon
density is too low and, if this is so, whether that indicates incomplete
stopping. Some information concerning this question comes from another AGS
experiment. E814 measures proton and neutron distributions for more forward
rapidities, y>1.5 and including beam rapidity, and for very small transverse
momenta, pt<0.35 GeV/c down to zero. First results-1^'0 indicate the
following: i) For central Si + Pb collisions there are practically no
nucleons of beam rapidity found (less than 1 for 350 incident nucleons). ii)
The invariant cross section at pt»0 rises steadily towards central rapidity
without any indication of a peak structure (see ref. 20). Keeping in mind
the results on the (weak) rapidity dependence of the slopes of pt spectra
this indicates that, if there are any nucleons missing at central rapidity,
they are not found in the forward hemisphere. Of course, in a system like Si
+ Au with a large number of "spectator" nucleons and the independent
indication for rescattering effects as discussed above (2.1.) one would
expect a backward shift of the nucleon distributions. On the other hand, it
can at present not be excluded that there may be some low pt enhancement in
the nucleon transverse momentum spectra similar to the observation, at CERN
energies, for pions. This is relevant, since dN/dy as available at present,
involves extrapolation to low pt at central rapidity.

At CERN energies the only data over a large range of rapidities are
obtained in a somewhat indirect way, i.e. without positive particle
identification. Comparing positively and negatively charged tracks in a
streamer chamber the NA35 collaboration obtains a rapidity distributional
for (presumably) protons which is remarkably flat (within ± 20 %) over the
entire rapidity range y=l-6. While not peaked at central rapidity it also
doesn't exhibit a baryon depleted central region, and is therefore in line
with the interpretation of a large degree of nuclear stopping producing high
baryon density.

3. Conclusions

Experimental data presently available for beam energies of 14.6 to 200
GeV/nucleon support the picture of a large degree of nuclear stopping that
forms the basis of fireball models. While the data clearly exclude the
picture of a system emitting particles isotropically, many of the
experimental features are in line with predictions from the Landau model. To
what extent this indicates the formation of a thermalized system in such
relativistic heavy ion collisions is unclear at present. While the amount of
experimental data available has grown very much, there are still missing
links. At present, the systematics of transverse momentum spectra is not
understood well enough to distinguish between the various theoretical
conjectures made in the literature". For instance, in order to study the
rescattering hypothesis and its impact on the slopes of transverse momentum
spectra of different particle species, one would like to see the rapidity
and target mass dependence of pt spectra for various particles. We still do
not know to what extent slopes of pt spectra reflect the temperature of a
system at all. One alternative test would be to measure excited state
populations of e.g. the nucleon, by determining for instance the abundance
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thermalization and stopping are nucleon rapidity distributions. There,
experimental measurements over the full range of rapidities and as large a
pt range as possible are needed. In particular, to sort out the question of
rescattering effects, comparison to symmetric target-projectile combinations
is needed. Vhile obviously not all of the observed experimental features are
as expected based on the, admittedly very much simplified, assumptions of a
thermal model present data certainly do not rule out such a scenario. In
that spirit, we await future experimental data, in particular, obtained
using the heavier beams that will be available soon both at Brookhaven and
at CERN.
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Introduction

The transverse momentum (pj.) distributions of the secondaries produced in high

energy heavy ion collisions may be sensitive to the collective fluid flow of the hot hadronic

matter initially produced by the colliding nuclei. Recently these distributions have been

measured at BNL and CERN, so that a comparison with theoretical models is now

possible. In this paper we calculate these distributions from a longitudinal boost invariant

transverse hydrodynamical model which has a deconfining phase transition incorporated in

the equation of state. Essentially, this is done by solving numerically the transverse

hydrodynamical equations, coupling them with the exact longitudinal scaling solutions and

thereby obtaining the evolution of the matter's energy and velocity profile. From these one

can calculate the decoupling surface where the matter reaches T$ec (the decoupling

temperature ~ 140 MeV) at which point we assume the system breaks up instantly into free

streaming hadrons. Once we know the space-time location of the decoupling surface and

the collective fluid velocity (or rapidity) of the matter on this surface, the calculation

(essentially an integral of Bose-Einstein or Fermi-Dirac distributions) of the transverse

momentum distribution of the emitted particles can be performed and a comparison with

experiment can then be done. The hope is that these p j distributions are sensitive to the

thermal and collective nature of the expanding matter.

There will be several shortcomings (and therefore avenues for further progress) to

the calculations presented here when compared to the present data set: they assume zero

impact parameter for all events, equal A colliding nuclei, an infinite central rapidity plateau,
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a smooth phase transition and no energy fluctuations are put into the individual event

generated. The first two assumptions are used to simplify the geometry of the system

which becomes then cylindrical, the third so that we may use the analytical scaling

solutions in the longitudinal direction, thereby reducing the problem from 3 + 1

hydrodynamics to the 1 + 1 dimensional hydrodynamics of the transverse expansion of the

matter. The fourth rules out supercooling. The fifth simplification we have used stems

from the fact that once the initial energy density and other boundary condition parameters

are fixed, the resulting evolution of the system is completely determined by relativistic

hydrodynamics. Quantum and statistical fluctuations (two collisions with the same energy

and impact parameter can generate very different multiplicities) have been totally ignored in

this quasi-classical approach. But these effects might be washed away anyhow by the large

multiplicities and the averaging over events. We also note that viscosity has been set to

zero in our calculations and the role of baryons and resonances completely ignored, which

is perhaps somewhat justifiable for the CERN energies at central rapidity, but not for the

AGS data, where the colliding nuclei are probably stopped in the center of mass system.

I. An Exploding Firetube

Before considering any detailed hydrodynamical computations, let us see what a

thermal fireball model with a fluid flow velocity P [1] predicts for the spectrum of emitted

particles. This was done in [2] for cylindrical geometry and P = constant and in [3] for a

spherical fireball with p = P(r), where r is the radial direction.

Detector

(p.p=p(3)

** Firetube
i\\w\\\ \ \ \ \ \\\ \\ \\\\

I lip
Fig. 1.1- A cylindrically expanding firetube with a transverse explosion velocity p.
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The main result is that the thermal distributions (for massless particles) acquire a

concave shape due to the fluid flow Doppler shift in the direction transverse to the collision

axis. This can clearly be seen by the following simple considerations [4] (see figure 1.1).

The energy of the particles as viewed from the lab frame E* will we be modified by the

outward flow velocity p, which should not be confused with the particle velocity, ( P =

tanh y and 7 = (l-p2)"1/2 = cosh y ) so that E* = Y(E - p«P), where E is the energy and p

the momentum of the particle in the local fluid rest frame (where P=0). Assuming m = 0

and p«P = pP = Ep (parallel case, high p^) the Boltzmann factor (exp(- E*/T)) has the

following argument

so that the effective temperature Teff = Tey > T (blue shifted). For m = 0 and p«P = 0 (low
Pp), one gets

Y(E - p-p) YE E
T ~ T "T/coshy (LZ)

so that now the effective temperature Teg = T/cosh y < T (red shifted). If we then set

- ° - E 7 r

and plot this on a semi-log graph as a function of p j we obtain the concave shape shown in

figure 1.2, since the curve is basically composed of two exponentials whose different
arguments give rise to different slopes for the distribution at low and high pp (slopes =

1/Teff). We emphasize though that this argument relies heavily on the masslessness of the

emitted particles. For massive particles one obtains instead a convex curvature (shoulder
arm) for the p j distribution at small Pp values.
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(Large Slope
=> Small Temperatur^)

(Small Slope
* Large Temperature)

Fig. 1.2- The pj. distribution for masslcss particles from an expanding firetube or

fireball. Temperature here is an effective temperature modified by the flow of the matter.

We now ask whether the data confirms the naive expectations of this simple picture.
In figure 1.3 we plot the preliminary NA35 Pj. distributions for central sulfur on sulfur

collisions at 200 A GeV (or GeV/n) [5]. This is the distribution of negatively charged

particles in the rapidity range 2 < y < 3. Around 90% of these will be %'. This is a nice

feature of the streamer chamber data since it means that these are produced particles and

that there are no unidentified protons present (emulsions cannot identify the charge of the

particles (no magnetic field) and therefore are subject to some proton contamination).

Notice its two-fold structure: the first three points are convex and the rest assume a

concave shape, which can be well fit by two exponentials. A model with two or three free

paramsters should do reasonably well in fitting this curve. In figure 1.3 we have plotted

two curves: a single exponential [ bexp^pj), with b=1000 (GeV/c)*2] and the sum of two

exponentials. There clearly is some positive curvature to this data, the two exponential fit
being much better. This same concave shape is observed by the WA80 Collaboration [6],
which measures %°. This therefore rules out the possibility that the upbend at high p j is

due to the presence of K" and p in the NA35 data [7].
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Fig. 1.3 - Negative particle r>j. distribution in central S + S collisions at 200 GeV/A.

From our fit using two exponentials one can obtain two temperatures or inverse

slopes from the data. Although this might suggest at first sight the use of a two-fireball

model, we consider this not an attractive physical explanation since it is hard to imagine

that the system would thermalize to two different temperatures (especially since this data is

over one central unit of rapidity; fireballs with different temperatures in the fragmentation

and central regions would not be so unreasonable). Furthermore, although we have

followed the usual practice of identifying an inverse slope with temperature, this

"temperature" is probably not the physical temperature of the system. It may very well turn

out that the temperature for these collisions fluctuates considerably (especially for smaller

systems) and is modified by the presence of different particle species such as p, t| and 0).

Caution is in order here.

A more attractive set of parameters for this data would be the use of a transverse

collective flow velocity and an average temperature associated with the pressure causing

the firetube to explode. A very crude estimate of these parameters can be obtained from our
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simple firetube picture. Labeling the inverse slopes of the two exponential fit by Tj and T2

and identifying them with the effective fireball temperatures Teff = Te3' and Tcff=T/cosh y,

we are led to the following set of coupled equations (y is the flow rapidity and Tj > T2)

2 cosh(y)

(1.4)

These can easily be solved for the flow velocity and T, which are equal to

I P = tar

T =
""~\T2,

Substituting Ti = 261 MeV and T2 = 167 MeV (our eye-ball fit parameters), we find P =

0.36 and T = 175 MeV. These numbers of course cannot be taken seriously since we have

assumed all along that the pion mass is negligible, which is not a good approximation at

low p j . A more accurate treatment (with the necessary integration over azimuthal angles

leading to Bessel functions) of this same firetube picture (still with m* = 0) is given in

reference [2]. A more detailed analysis by Lee and Heinz [3], which includes the effects of

hadronic resonances and a velocity profile that depends on r, finds for the same data <P>

= 0.4 - 0.5 , To = 152 MeV (initial temperature) and T ^ = 110 MeV. Although this model

fits the data quite well (except for the first few low p j points) it is not a relativistic

hydrodynamic approach and, moreover, uses a spherical geometry for the fireball, with an

ad hoc velocity profile which is fit to the data. The velocity profile should not be an input

parameter in a hydrodynamic calculation but instead its output, once the initial boundary

conditions are given. Furthermore, it doesn't integrate over the full space-time extent of the

decoupling surface [9].

A suppression of strong transverse collective expansion effects is thus clearly

evident, the curvature of the data points being very slight. A lack of positive curvature is

prominent in pp collisions at lower energies and has led Shuryak [27] to suggest that

perhaps this is due to the vacuum bag pressure counterbalancing the fireball thermal

pressure. But unlike the pp minimum bias distributions, the p-nucleus and nucleus-nucleus

p T distributions have enhancements at p T < 0.1 GeV/c and p T > 1.0 GeV/c. These

enhancements are also present in high multiplicity pp and oca collisions [5]. We know that

at high momentum transfer hard parton scattering will dominate the distributions and a
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power law behavior is expected instead of the low p T exponential behavior. This is a

consequence of QCD parton models, which for very large momentum transfers has no

• • • u J- i J c A d g dN 1 ,.intrinsic scales, so that on dimensional grounds one finds = c i n e l = —- (i.e.,
dPx dPT PT

Rutherford scattering). Experimentally, for p j > 3 GeV/c, a power law pfn, with n = 6-8

is actually observed (higher twist effects). But at low p j the parton sub-structure of these

collisions should not matter and soft effects will dominate the cross section

Motivated by this tentative indication of flow in the data we have calculated from our
transverse hydrodynamical model with a first order phase transition the Pj distributions of

the secondaries emitted in these nucleus-nucleus collisions. Calculations of these

distributions within the context of the Landau model have also been performed in

references [10] through [13] and with 3+1 hydrodynamics in [14] (see also [15]). To

understand the results that were obtained here (using the transverse hydrodynamics and

equation of state of refs. [17,18]) one must first understand the decoupling algorithm we

have used to perform these calculations. This is the subject of the next section.

II. Decoupling

The decoupling mechanism we have used is the one proposed by Cooper and Fry

[16,17, 18]. This mechanism essentially equates the total energy and multiplicity of the

final state hadrons with that of the fluid when the temperature of the system has reached

the decoupling value. No extra energy or particles are therefore generated by the

decoupling process (with a phase transition shocks at the interface of the hadronic and

mixed phases produce some extra entropy, and therefore particles). One assumes the

system is still thermal at T ^ and described by a Bose-Einstein or Fermi-Dirac distribution.

The distribution of particles in phase space is then

dN ( 2 1 )

(27t)3 exp(E/Tdec) ± 1

with a plus sign for fermions and a minus for bosons. Here gdof is the number of degrees

of freedom of each species of particle (gdof = 3, for pions), E2 = p 2 + m2 and the

temperature T depends on the space-time coordinates of the fluid elements. At T = T(r,x) =

Tjjgg = constant (which defines the decoupling surface) the final state hadronic gas instantly
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freezes out of the system and the decoupled particles free stream towards the detectors, no

longer interacting thermally or in any other way with each other. A natural value for T^. is

m^ = 140 MeV, which translates to an energy density edec = 0.05 GeV/fm3. The locus of

space-time points where the energy density of the matter reaches this value is the

decoupling surface. To obtain a Lorentz invariant distribution from (2.1) divide it by d p

and then multiply it by E. The right hand side will then be invariant. On the left hand side

substitute E d3x by the invariant expression p^dOy. One finds thus

/

a

where g^ = 3 and E is substituted for p^u^ in f(p), where u» is the fluid 4-velocity

m1 = Yr(t,r) - ( 1 , (x/t) vr(T,r), 0, z/t) (2.3)
x

x the proper time, r the radial coordinate, vr the radial velocity of the fluid and yr(x,r) its

corresponding Lorentz gamma factor. The quantity do^ is a four-dimensional hipersurface

element, which for a fixed proper time is just d x. Expanding f(p) in a power series and

using T and r as integration variables over the surface o, this expression can be written,

due to the cylindrical symmetry of the problem, in terms of the Bessel functions L, and K^

(2.4)

where y is the rapidity, pj. the transverse momentum and mj. = V p T
2 + m2 the transverse

mass of the decoupled particles, whereas 8 = tanh"1^) is the transverse rapidity of the

fluid. The transverse velocity of the fluid vr on the surface a and the space-time

coordinates of the decoupling surface are thus the crucial inputs into this integral from the

hydrodynamics. Notice that this surface varies considerably over the space-time volume of

the system, since different parts of the system will decouple at different space-time
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coordinates. This can clearly be seen in figure 2.1, where plot the decoupling surface for
Fe + Fe collisions with an initial energy density eo = 1.5 GeV/frn3, To = 1.25 fm/c, T ^ =
120 MeV, Tc = 160 (deconfinement temperature) and radius RA = 4.6 fm. For details on
the hydrodynamical model used here (which uses a Stefan-Boltzmann Bag model equation
of state) see refs. [17,18,19]. Also shown are the last collision points of the pions
according to the cascade code of Bcrtsch et al [20]. This code dispenses with the hadronic
phase of the expansion by explicitly following the individual trajectories of the pions and
thus does not need our ad hoc T ^ parameter. We see that our phenomenological approach

for the decoupling is a good average treatment of what actually happens (a smeared-out

decoupling surface due to the gradual break-up of the system) as it freezes out, providing

confidence that our hydrodynamical results, at least in this aspect, are not too far from

reality. It is also interesting to note that the cascade results give a modest increase in the

entropy of the system (about 20%) at the final hadronization stage of the nucleus-nucleus

collision, and the same kind of <Pj> versus dN/dy behavior as the hydrodynamical

calculations. Isentropic hydrodynamics seems therefore to be a good first approximation to

the dynamics of these collisions.
30.00
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20.00 -

0
\

15.00 -

10.00

5.000 -

0.000
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Fig. 2.1 - The decoupling surface (solid line) and the last collision points of pions

obtained by treating the mixed phase according to a cascade code [21].
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Before concluding this section it is instructive to look at the weak and strong flow

limits of expression (2.4). In the case of vanishing radial flow velocity (vr = 0) and roj. »

Tdec expression (2.4) reduces to the well known Hagedom thermal model [22]

AVm^exp() (2.5)
d p | dm*. T

where A is a constant with respect to pt. This expression can fit the high nvj. part of the

pion spectrum (rrtj. > 0.8 GeV) and the Ko, A and proton spectra, which have only been

measured for noj. > 0.8 GeV. The value of T , ^ = 200 MeV [23]. One can therefore rule

out the presence of a strong transverse flow in this data, but not the presence of a weak

flow due to a mixed phase scenario, as we will see in the next section. For strong flow (vr

» 0) and pj » Td e c one can show, using the saddle point method [24] to evaluate

expression (2.4), that

-dN. = Ap-^exp(:Ez^) (2.6)
dpj T T^

where T|max is the maximum fluid transverse rapidity (vr = tanh TJ). This is just the

l+v
1exponential behavior we encountered in formula (1.1), with Teff = T^.^ = T

Tdec (k*ue shifted)- Thus, a strong collective transverse flow affects the "slope" of the pt

distributions, as we discussed in section 1, and these slopes cannot be naively interpreted

as just temperatures of the system in this case. Notice also the different pre-exponential

factors in the above two expressions, which cause a slight convex curvature for the

thermal model and a slight concave one for the strong flow case.

In view of this it is interesting to view the velocity profile of the expanding matter as

a function of time along the decoupling surface. We plot several decoupling surfaces in

figure 2.2a for a pion gas with initial energy density e0 = 3.0 GeV/fm3, initial formation

time To = 1.25 fm/c, radius RA = 3.0 fm and with decoupling temperatures Tdec = 200,

140 and 100 MeV. Notice that for Tdec = 100 MeV the system initially spews particles

almost at a constant radius of 4.0 to 6.0 fms (black-body stage [25]) and then at the proper

time 10 fm/c breaks up as a whole. The corresponding radial flow velocities along the

decoupling surfaces of figure 2.2a are shown in figure 2.2b. As emphasized in rcf. 13, a
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Fig. 2.2a - The decoupling surface for Tdec = 200 (a), 140 (b) and 100 (c) MeV.
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Fig. 2.21? - The radial flow velocity along the decoupling surfaces of figure 2.2a.
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Fig. 2.3a - The decoupling surface for Tc = 220 (a), 160 (b) and 120 (c) MeV.
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Fig. 2.3b - The radial flow velocity along the decoupling surfaces of figure 2.3a.
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clear anti-correlation between Tdec and maximum flow velocity is seen. In figure 2.3a, we

plot decoupling surfaces for a quark-gluon Stefan-Boltzmann gas with an initial energy

density eo = 0.8 GeV/fm3, initial formation time to = 1.25 fin/c, radius RA = 3.5 fin, Tdec

= 120 MeV and with deconfining temperatures Tc = 220,160 and 120 MeV. The presence

of a finite deconfining temperature thus tends to make the system last longer as a thermally

connected unit From figure 2.3b we notice another important consequence of the presence

of a first order deconfinement phase transition : small values of Tc tend to reduce

considerably the maximum flow velocity attained by the expanding matter. This is due to

the longer influence of the longitudinal flow in this case, which therefore attenuates the

flow in the radial direction.

III. Flow and Transverse Momentum Distributions

We come now to the comparison with the experimental p j distributions. Before

presenting our results, we mention that the Na35 data was taken over the central rapidity

range 2 < y < 3, where dN/dy is approximately constant as we assume in our longitudinal

boost invariant hydrodynamics. The fact that the overall dN/dy distributions are Gaussian-

like [26] should therefore not affect our results too much.

We start first by trying a pure pion gas expanding without a phase transition. To

estimate the initial energy density one uses the experimentally known total multiplicity per

unit rapidity dN/dy and entropy conservation. Since dS/dy = 3.6(dN/dy) (massless boson

gas) and dS/dy = TCR2 Toso (where t0 is the initial formation proper time and so the

corresponding entropy density) one finds that

dy ~ 3.6

from which an estimate of the initial entropy density can be obtained. Assuming a bag

model equation of state, the initial energy density can then be estimated from this value of

the entropy density. The NA35 S + S events have a dN/dy at mid-rapidity (y = 3.03)

approximately equal to 30 for negatively charged particles (90% pions), so that the total

dN/dy = 90. With a t o = 1.25 fm/c and R = 3.5 fm, one finds that so = 6.7 fin"3 = g ^ j -

T3, which leads to T = 334 MeV and an initial energy density e0 = | s0T = 1.6 GeV/fm3.
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These temperatures are already too high for us to consistently consider a pure pion
gas (extra hadronic resonances like p, to and rj should be included, thereby reducing the
initial pressure and temperature of the gas). Nevertheless, we plot in figure 3.1 the p j

distribution for this case and compare it to the NA35 S + S preliminary data. Notice that

the massive pion gas starts out with zero slope and then becomes a straight line, whereas

the massless pion gas has a convex or positive curvature at low py values and then

straightens out, as we discussed in the first section. At high J>J the pion mass is small

compared to other scales and the two curves coincide. The multiplicity per unit rapidity

dN/dy = 91 and the average transverse momentum <pj> = 455 MeV/c, for this flow. The

experimental values for these quantities are dN/dy = 90-100 and <pj> = 350 MeV/c, so

that the pion gas curve underestimates the contribution of the low p j component of the

distribution and overestimates the high p j component.

A pion gas thus has too strong a flow, producing particles with pj's higher then

observed. Inclusion of hadronic resonances would increase the number of degrees of

freedom and thus reduce the initial temperature of the fireball. A complete equation of state

with the effects of hadronic resonances is thus clearly needed to make this scenario more

realistic.

If one assumes a first order phase transition occurs, the critical entropy densities

(3.2)

for the pion and quark-gluon phases are: sn(Jc = 160 MeV) = 0.704 far3 and s (Tc =

160 MeV) = 8.6 fm~3. The initial high density state formed by these collisions is thus a

mixed phase of pions and quark-gluon plasma. From the entropy density equation in the

mixed phase: 6.7 = 0.704(1 - f) + 8.6f, we obtain the fraction of the matter that is in the

quark-gluon phase, f = 0.76 or 76%. The initial energy density can now be calculated: eo

= 8^(1 - f) + eqgf, where en = 0.084 GeV/fm3 and eqg = 1.03 GeV/fm3, which results in eo

= 0.8 GeV/fm3. In figure 3.2 we shown the hydrodynamical flow one finds assuming
these initial conditions and a decoupling temperature of Tdec = 120 MeV.
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Fig. 3.1 - The p j distribution for a pion gas and the NA35 S + S preliminary data.

A reasonable fit is obtained for the massless case (m,, = 10 MeV to avoid divergences in

the decoupling integral) with a corresponding multiplicity of dN/dy = 75 and <pT> = 330

MeV/c. These average values are lower than the experimental ones of dN/dy =90-100 and

<Pj> = 350 MeV/c, since our theoretical curve underestimates the contribution of the low

Pj component of the distribution and to a lesser degree the high component also. When the

pion mass is included in the decoupling integral a disagreement of almost an order of
magnitude with the data is found at low pT. This enhancement of the low p j component

for the massless case is clearly due to the singular behavior of the denominator in the
Bose-Einstein distribution (2.1) in the limit when p and m^ vanish. Compared to the pure

pion gas, a much "softer" flow is obtained here. The striking feature of this curve is its

complete lack of curvature, except at low pt values. We thus conclude that a lack of
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concave shape in the pt spectra is not enough for us to rule out the presence of collective

flow effects in the data. This is a consequence of the deconfinement phase transition,

Eo-0.8 GeV/im3

Tc«160MeV
m 120 MeV

to^i.25fm/c
— m,-10 MeV
- - - m.-UOMeV

1.5 2.0
PT(Gev)

Fig. 3.2 - The p j distribution for a mixed phase scenario.

which makes the velocity of sound in the mixed phase vanish (the temperature T = Tc and

the pressure remains constant in this phase as the energy density varies), causing the

system to last longer and thus making it more susceptible to the p j attenuating effects of

the longitudinal expansion. A suppression of strong transverse flow effects is thus

obtained.

One must now study the sensitivity of these results to the parameters in the model

(we have used a bag model equation of state for the plasma phase and a pion gas for the

hadronic phase, the speed of sound squared is thus either 1/3 or zero). There are four basic

parameters we have studied: the initial energy density e0, the initial formation time xQ, the

decoupling temperature Tdec and the deconfinement temperature Tc. Notice that, except for
Tdcc t h e s e a r e n o t completely independent parameters. The initial energy density eo is
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related to t o and dN/dy by the relationship (3.1) for the entropy density and since the

system starts in a mixed phase eo is also related to Tc, since the fraction of matter in the

mixed phase that is in the form of quark-gluon plasma depends on this parameter. In the

multi-dimensional space thus formed by these parameters we have made a preliminary

search for the best fit to the data. After some trial and error we have settled on the choice:

eo = 0.8 GeV/fm3 (originally obtained from the experimental dN/dy), Tc = 160 MeV, T ^

= 120 MeV and t 0 = 1.25 MeV/c. A radius of 3.5 fm was used for sulfur (there is some

freedom with this too since the radius a strongly-interacting nucleus sees is different from

the radius an electromagnetically-interacting electron sees).

Figure 3.3 shows three values of the energy density (with Tc, Td c c and xo fixed)

which encompass most of the data points. As expected, an increase in the initial energy

density eo increases <pj> only slightly, because we are in the mixed phase in this energy

range for Tc = 160 MeV. In figure 3.4, Tc was increased to 200 MeV, with the energy

density and other parameters kept fixed. A depiction of the low p T region and an

enhancement of the high p j region occurs, since less of the system's initial matter will be

in the plasma phase. Consequently, the mixed phase lasts for a shorter time and the system

resembles more the strong flow of the pure pion case of figure 3.1.

104 Tc-160 MeV
T ^ O M
•to-i.25fntfc

— Ej-0.8 GeV/fm3

- - - e,,-1.0GeV/fm3

e,j-0 G 3

2.5 3.0

Fig. 3.3 - The pj distribution (mixed phase scenario) for various values of e0
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— Tc-200MeV
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Fig. 3.4 - The p j distribution (mixed phase scenario) for Tc = 160 and 200 MeV.

In figure 3.5 we have varied the initial formation time t 0 keeping eo fixed. Since e0 fixed

implies s0 fixed, the behavior of these curves can be understood from formula (3.1) which

says that xQ is proportional dN/dy. The smallest x0 will thus give the curve with the

smallest integral, since the integral of these curves is equal to dN/dy. We next varied Tdcc,

with the other parameters fixed. As can be seen in figure 3.5 the p T distributions exhibit

very little sensitivity to this parameter. At very low Td e c (= 30 MeV) there is a small

enhancement of the high p T region and depletion of the low p T region. This is due to the

fact that the system is taking a very long time to decouple and that therefore the collective

fluid flow can act on the system longer, boosting its P j distribution. Finally, in figure 3.6

we present the preliminary NA35 proton p T distribution, obtained by subtracting the

positively-charged from the negatively-charged particles near midrapidity and assuming the

difference is due to protons. The large errors are due to this distribution being the result of

small differences between large numbers [5]. The solid curve we show is derived from our

best fit to the pion data (see figure 3.2), modified to obey Fermi-Dirac statistics and with a

mass mN = 938 MeV and a baryon chemical potential nB = 0. The dashed line is the solid
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Fig- 3-5 - The p j distribution (mixed phase scenario) for various values of x .

one multiplied by a constant factor = 40, which if we equate to the overall normalization

exp((j.B/Tdec), makes nB = 443 MeV, indicating that interactions of the protons with the

pion medium (the pion-nucleon cross section is around 100 mb) are probably quite

important (dNg/dy = 10, at mid-rapidity for this data) and a phenomenological procedure

has to be devised to incorporate these before one can compare with the data.

We conclude that while the high p T upbend of the pion p T distribution is

understandable in terms of a collective flow of hadronic matter in a mixed phase, the low

p T part of the pion p T distribution is not explainable by this hypothesis. From this

perspective a perplexing enhancement of low pT pions (the bulk of the total multiplicity,

since 75% of the panicles have pt < 500 Mev/c) is observed in the S + S data. This effect
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Fig. 3.6 - The p-p distribution (mixed phase scenario) for various values of Tdec.
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is also seen in p-nucleus collisions. It may be that the nuclear medium is affecting the

hadronization of the secondaries in a way that our simple space-time hadronization pictures

are not accounting for and, as always, it is where our models fail, that interesting, and

perhaps new physics beckons to us.
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Scaling in Fragmentation of Target Spectators

T. Csorgo, J. Zimanyi

Central Research Institute for Physics
H-1525 Budapest 114, POB 49, Hungary

Abstract: The assumption that target spectators fragment isotropically in a gently moving coordinate
system is in agreement with pseudorapidity distributions, measured in central ultraxelativistic heavy ion col-
lisions from 14.5 AGeV to 200 AGeV bombarding energy. Follows an approximate scaling for dn(baryon)/dij.

1. Introduction

The LUND string picture [1] is a remarkably successful phenomenological description of high energy
hadronisation processes, occuring in jet events. The FRITIOF model is a combination of the soft collisions
occuring in high energy hadron-hadron, hadron-nudeui and nucleus-nucleus collisions, followed by string
fragmentation [2]. FRITIOF and also other models for hadronic interaction which try to describe experi-
mental observables as a superposition of nucleon-nucleon collisions describe the pseudorapidity distributions
measured in emulsion experiments well [3], where the angular distribution of relativistic shower particles
are measured. However they fail to describe the pseudorapidity distribution of charged particles at target
fragmentation and midrapidity, see refs. [4] ,[5]. In these experiments the contribution of particles with lower
energy were included in the measurement, too.

2. Motivation and model assumptions

Although the application of FRITIOF at relatively low, 14.5 AGeV, bombarding energy is questionable,
it reproduces the measured pseudorapidity distribution [4] in central collisions of 14.5 AGeV O16 + Au197

within 10 % in the projectile fragmentation region (2 < 77). We note that the pseudorapidity distributions
for T) < 2 measured with different experimental cutoffs differ from each other with more than 100 %! (See
Fig.l., data from refs. [3,4] ). The emulsion data of ref. [3] show the 17 distribution, of relativistic shower
particles defined with the inequalities E%in > 70 MeV, E[in > 400 MeV. After applying these cutoffs to
FRITIOF output, we obtain results also shown in Fig. 1. The width and the shape of the calculated and
measured pseudorapidity distributions agree, although FRITIOF overestimates the normalisation by a factor
of 1.2. On the other hand, data were taken with an £ j j n > 30 MeV cutoff in ref. [4]. Thus protons emerging
from the fragmented spectator parts of Au19T were probably included here, too. If they are included into
the measurement, we have to add their pseudorapidity distribution to that of FRITIOF, which describes the
participant matter.

Let's describe the fragmentation of spectator remnants to nucleons as a thermal emission of classical
Boltsmann particles from a source moving with non relativistic spe^d u in the direction of the s axis. Their
momentum distribution function will be:

(pcos(g) - mil)' + p2 sin(fl)a

/(p) = Ce" 2mT (1)

This momentum distribution leads to the following ideal pseudorapidity distribution of spectator fragments:

M£l_\{a2 + I)erfc(_o) + «
cosh'fa) >> 2' ' VT

where

a = bt&nh(rj) (3)
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and the source temperature and velocity enters eq. (2) only through the combination

(4)

Of course, the number of spectators is to be replaced by the number of charged spectators when only charged
particles are measured. In the real experiments the ideal distribution of eq. (5) is distorted by the efficiency
of the detector. Thus the measured distributions are to be compared with the detection efficiency corrected
distribution.

3. C o m p u l s i o n with E803 data

From the older data of 14.5 AGeV reactions the parameter b cannot be determined directly. The
measurement [4] was not performed in the target fragmentation region, thus particles, emerging from the
participant region, dominate. However, the contribution of the spectator fragments is not negligible. Adding
the thermal model contribution to FRITIOF results we fit b so that we reconstruct the measured pseudora-
pidity distribution.

In Fig 2.a one can see that the FRITIOF output added to an isotropically decaying spectator target
with tf^oT = 148 and 6 = 0.7 ± 0.1 reproduces the experimental data within statistical errors, calculated
for 100 central events of O " + Aulir collisions at 14.S AGeV. At 2 < 17 < 3 there is a tendency to
overestimate the number of produced charged particles by 10 per pseudorapidity unit. A fit to O1 6 +
Cu8 4 data with N ^ = 30 yields b = 0.5 ± 0.2, see Fig. 2.b. We draw attention to the point that
these fits were done in the central and the projectile fragmentation region. The recent £802 data [11],
measured in the target fragmentation region, point out a scaling behaviour in the backward hemisphere.
The pseudorapidity distributions of charged particles are proportional to each other for different targets.
The analysis of the measurement suggested the t&xget charge* as proportionality constants, 79 : 47 : 29 : 13
in case of Au, Ag, Cu, Al targets. From our spectator toy model, neglecting the contribution of pions, one can
guess that the backward pseudorapidity distributions are proportional to the charge number of the spectator
part of the target ZSp * Z/A(A3'3 - B*'3)3", yielding 79 : 47 : 29 :13 for the above rates. The ratio of the
measured points, taken at 77 = - 1 where the contribution of poins is the less, is given by 79 : 37.5 : 21.7 : 3.9.
These values are a little bit more decreasing than the total target charge however they are not decreasing as
fast as the charge of the spectator part determined from clean cut geometry. Clearly, a more careful analysis
is neccessary, with fit in the whole 17 interval, taking into account the pionic degrees of freedom, too.

Comparision with WA80 data

Now let's turn towards older data measured by WA80 collaboration [5],[6] with Plastic Ball detector,
which has a low energy cutoff of 20 MeV for protons [7]. We note, that the pseudorapidity distribution of
relativistic shower particles, measured in emulsion experiments, is very well described by FRITIOF (see e.g.
Fig.l.c.dinref. [9].)

WA80 collaboration has measured the average p\\ and p± for protons in the target fragmentation region.
In case of a thermal source moving with velocity u in the LAB system, these average values are given
as :< p|| > = mu, < p x > = \/rrnT/2. The preliminary < p± > = 500 ± 40 MeV/c [5] decreased to
about < px > « 310 MeV [5a] which corresponds to a temperature T as 66 ± 7 MeV. The reported [5]
< pj| > = 320 ± 5 0 MeV/c corresponds to u = 0.34 ±0.05. These values are in agreement with the transverse
energy epectra of particles around y as 0.14, which was found to be an exponential with slope of 66 MeV
[5a,10]. The reported < p\\ >, < px > are the tune foi Au197, Ag10t and Cu6* targets with 200 AGeV
bombarding O18 projectiles [5]. These values yield the same T, u for Au197, Ag10* and Cu6 4 targets with 60
and 200 AGeV bombarding O16 projectiles. How can this be explained? We give a qualitative explanation
in the next paragraph.

From experiences with cur spacetime version of FRITIOF [8] we know, that particles, emerging from
participant strings, up to the same maximal velocity could hadronise within the target. The most energetic
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particles hadronise outside the target, explaining why the excitation of target spectators is independent of
the large enough bombarding energy. Part of the particles, born within target, crosses the volume occupied
by the spectators and excite the spectator matter. The average length of their path within this volume
is about 3 or 4 fin, which is not much larger than the mean free path in nuclear matter as 2 fin. Thus
the excitation given to the spectator matter is roughly proportional to the volume of this matter, which
is proportional to N$gT. In the spectator sone the average excitation per nudeon is independent of the
type of the target nucleus. Thus < pj. > and < P|| > should be independent of the bombarding energy

5P
and of the target mass number in the above mentioned cases. Follows that — — must be independent of

drj
the bombarding energy if the bombarding energy is sufficiently high ( > 60 AGeV). The proportionality
constant is the only parameter which determines the spectator pseudoiapidity distribution if the projectile
type is given. Thus from eq. (5) follows that gp **V is independent of the bombarding energy and

"TOT '
of the target. Sufficient conditions for this scaling are N$OT 2l 30> &hAB > BOAGeV for oxygen projectile.
The different projectile nudeons transfer different amount of momenta to a randomly chosen "spectator"
nucleon, thus the u and T parameters might depend on the projectile type. In case of proton projectile
WA80 reported smaller average transverse and longitudinal momentum. A possible interpretation could be
that a smaller projectile can transfer only less longitudinal push and less transverse excitation to a given
target, than a bigger projectile.

The u, T par . >rs have significant systematic error due to the mixing of "spectator" and "participant"
baryons in the 0 < 17 < 1.5 interval. They determine 6 through eq. (3) with a rather large error. A more
precise method for determining b is to express b from equation (2) at r\ = 0 as follows

dr, ,7=0

In this equation the contribution of par:icip»nt baryons to **v *• negligible (see Fig.l of ref.[5]).
n I17 = 0

From Fig. 3.b. ofref.[5] = 30 ± 5 for the Au197 target. The detection efficiency of the Plastic

Ball e(ri = 0) is 0.7 for protons [10]. The ideal pseudorapidity density is the experimental one divided by

the detection efficiency: = 45 ± 7. The number of target spectator baryons were determined
j

from clean cut geometry for central collisions to be N^QT ** iA'/3 ~ B 2 / 3 ) 3 / 3 where A and B are the
mass numbers of target and projectile, respectively. For an O16 + Au197 collision we find iVj?£T = 145 and
this yields b = 0.7 ± 0.1. For the Ag10% and Cue* targets we obtain JV££T = 66, 30 and b = 0.5 ± 0.2,
0.6 ± 0 . 1 , respectively. With these parameters we calculated the spectator model prediction and multiplied
it by the TJ dependent detection efficiency, as given in [10]. We have compared our results with data in Fig.
3. We note, that the «(»}) detection efficiency of ref. [10] decreases strongly for rj > 0.6, due to multiple
hits in the forward segments of the Plastic Ball detector. Thus we have restricted our investigation to the
pseudorapidity interval — 1 < 17 < 0.6. Our model describes the measured pseudorapidity density of baryons
in this window within the three standard deviations of the data. In the 0.2 < rj < 0.6 interval the spectator
baxyon contribution calculated from eq. (8) systematically underestimates the data. The contribution of the
participant lone was obtained from the FRITIOF code for the case of the 200 AGeV Oie + Au197 collision.
The sum of "spectator" and "participant" contribution is shown in Fig. 4. Now the data are described by
the model fairly well. We note, that the 20 M«V low energy cutoff, applied to baryons from FRITIOF, had
practically no effect on the pseudorapidity density distribution.

We remark that the spectator fragments generally do not give a negligible contribution to the pseudora-
pidity distribution; in case of b = 0.6 their distribution peaks at TJ « 0.5, and its half width is « 1. Thus their
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distribution descends only for rj > 2.0. This means that the tj distribution of spectators and participants
strongly overlap. However they might be separated by a suitably chosen low energy cutoff, because particles
from the sone of the geometrical overlap emerge from a hot sone with a temperature of T > 100 — 120 MeV
[8], which is much higher than the calculated T as 66MeV for the spectators. Note that a more extended
writeup, without comments on the recent data, can be found in [12].

Conclusions and a note

1. We have shown that the FRITIOF model for soft hadronic processes combined with a moving thermal
source for target spectator fragmentation describes the [4] measured pseudorapidity distribution of produced
hadrons at 14.5 AGeV within 10 % error as well as at 60 and 200 AGeV for different targets and O16

projectiles.

2. At 14.5 AGeV, only the parameter b (eq.(4)) was determined. To obtain the velocity and the
temperature in this case, one has to analyse the recent [11] data. An energy spectrum of particles in
the backward hemisphere would be appreciated. Recent E802 data [11] suggests that the pseudorapidity
distributions are proportional The proportionality constant is a little bit less than the target charge and
higher than the charge of the spectators.

3. Our model explains why the measured baryon pseudorapidity distributions were proportional for
central 60 and 200 AGeV O16+B collisions in the target fragmentation region. They are thermal distributions
with T ss 66 MeV, moving with u as 0.3c. In this case ^ o r " *n e o n ' r parameter which determines the

spectator pseudorapidity distribution for a given projectile. From eq. (2) it follows that gp ™\ is
"TOT '

independent of the bombarding energy and of the target mass number. The scaling function for oxygen
projectile is presented in Fig. 5.

4. We emphasise that the pseudorapidity distribution of the spectators given by eq. (5) peaks at JJ SS 0.5
for b as 0.6 thus the contribution of spectator fragments is not negligible for pseudorapidity rj < 1.5.

It is tempting to note that the peculiar peak in the pion pr spectra, much discussed in this workshop,
has also a slope parameter of « 00 MeV. Maybe some participant pions cool down in the spectator matter
during their trip fiom the participant matter to the detector, meanwhile they heat up and disintegrate the
spectator baryons?
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Fig. I. Pscudorapidity distributions of charged particles for central
14.5 AGc\ collisions. The solid lines, connecting the measured and
calculated points (which have statistical errors) are drawn only
to guide the eye. Lines, marked with different symbols refer to
the following cases: ( - ) Central O " + A u " ' data from [4]. (*)
Central O'*+Cu*4 data from [4], (+ ) Central O t 6 + Ag10* data
from [3]. In case of cuts of [4] this curve should be placed between
( - ) and (*). ( x ) Central O'* + A u ' " given by FRJTIOF with no
cut. («) Central O l* + Ag101 given by FRITIOF with cuts of [3]

Fig. 2a, b. Pseudorapidity distribution of charged particles for cen-
tral 14.5 -4GeV O'*+Au" 7 a and for central O'»+CuM reaction.
It can be seen that the data can be decomposed to contributions
from FRITIOF and from spectator model, a (.) Data from [4]
( x) FRITIOF prediction for 100 events. ( + )(5) with 6-0.7. ACT
-148. (*) FRITIOF prediction added to (5), with ( + ) parametrisa-
tion. b (*M x) , (+) , (•) denotes the same as in a but for the case
of central 14.5 A GcV O l*+Cu' 4 reaction. For the spectator distri-
bution the parameters b » 0.52, A£f=30 were used 3.0

180



80

Fig. 3. Pscudorapidity distributions of baryons in central reactions
of Olt + A at 200/lGeV. Data from [5] arc shown with error
ban. Spectator model predictions are multiplied by nonideal detec-
tion efficiency of [10]. (*) Au" 7 target Aff-145. 6-0.70; ( x )
Ag1Oi target. A£T«66.6-0.60; (+) Cu6* target. N.J-30, 6-0.52

80

-1.0 -0.8 -0.8 -0.4 -0.2 0.0 0.2 0.4 0.6

Fig. 4. Same as Fig. 3 (*), but now the correction for the participant
contribution is included. This contribution is obtained from FRI-
TIOF with 20 MeV low energy cutoff for 300 events. («) Au197 tar-
get data. ( x ) Participant baryon contribution calculated from the
FRITIOF model. (+) Spectator model prediction with A^-145 ,
6-0.70 (function (*) from Fig. 3) added to the participant baryon
contribution ( x )

o.o- 1 0

Fig..". Approximate scaling function for the target spectators in
oxygen induced ultrarclativistic heavy ion collisions. The pseudora-
pidity distribution of baryons is proportional to th> function ((5)
with 6-0.6 and A/£f-1) independently of bombarding energy and
target mass number. The proportionality constant is the mass
number of the spectator part of the target. Sufficient condition
for this type of scaling is E^.^eO/lGcV, N £ > 3 0 for oxygen
projectile. We note that a measured pseudorapidity distribution
of spectator baryons has to be corrected for detector acceptances
by a division with e{tj) detection efficiency before it is compared
with the scaling function
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A topic presently of considerable discussion is the character and evolution of the hot,
dense matter thought to be formed when relativistic nuclei undergo catastrophic central
collisions. The concentration of strange matter in such reactions is of some interest in
this regard. Were a plasma of quarks and gluons formed, one might expect to observe
a substantial increase in the concentration of strange matter, as a consequence of Pauli-
blocking of u, d, quark production.

Unfortunately, the interpretation, for example, of the rate of kaon production in such
collisions would appear to be a sensitive function of both the initial strangeness content
of any plasma which might be formed, and the precise thermodynamic evolution of the
mixed phase present during cooling. Further, it would appear, in fact, that the K/n ratio

* This research was supported by the US Department of Energy under Contract Nos.
DE-AC02-76CH00016, DE-AC02-83ER40107, DE-AS05-81ER40032 and DE-AC02-
76ER03274, and the City University of New York PSC-BHE Research Award Program.
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characteristic of a hot hadron gas could be substantially larger than that predicted for the
plasma.1

A probe more sensitive to the gluonic degrees of freedom of the plasma, and sub-
stantially independent of details of the thermodynamic expansion would be the ratio of
antibaryon to baryon production observed, as the thermal production of qq ±>airs would
normally be suppressed in a baryon-rich environment. One might also expect, again as a
consequence of Pauli- blocking, the ratio of strange antibaryon to antibaryon production
to be even more sensitive to the entropy associated with the gluonic degrees of freedom.

An unrelated, yet interesting probe, is the study of hyperon polarization in relativistic
heavy ion collisions.

The longitudinal polarization of A0 hyperons produced in such collisions has already
been discussed3 as a unique signature of excess multiply-strange baryon production.

What one also notes, however, is that over a wide range of -Js the transverse polariza-
tion of A0 hyperons in collisions of protons on beryllium, for example, exhibits remarkably
similar behavior:3 the observed polarization (negative), for P± > .5 GeV/c, increases lin-
early with P± up to approximately .5 GeV/c, above which it saturates for a given
For a given Pj_> the polarization also appears to increase linearly with

That this behavior is so independent of y/s suggests a simple underlying mechanism.
A number of models address these observations in terms of a simple quark recombination
picture, in which a diquark fragmented from the projectile is recombined with an s quark
from the sea, which is solely responsible for the hyperon spin in the static SU(6) formalism.
Polarized proton data4 from the AGS support this picture, demonstrating clearly that the
polarization of the A is related to that of the produced s-quark, and not to the diquark
which is fragmented from the projectile (Fig. 1).

The origin of the polarization of the s-quark is controversial and discussed in terms
of the local conservation of momentum in the creation of an ss pair,6 Thomas Precession6

or Mott scattering3'7 depending upon which model is undertaken.

Regardless of the underlying mechanism, however, the available data for p + A -*
A0 + X suggest the behavior discussed above persists in the instance of nuclear targets.
Consequently, transverse polarization would appear to be useful as a probe of the dynamics
of inclusive hyperon production in relativistic nucleus-nucleus collisions as well.

We report here the first observation of inclusive A0, A0, K° production in nucleus-
nucleus collisions at 14.5 GeV/n.

The apparatus employed was the MPS II (Multi-Particle Spectrometer) drift chamber
system (Figs. 2 and 3) at the Brookhaven National Laboratory (BNL). Silicon ions inci-
dent upon an aluminum target were first constrained to pass through a number of beam
defining counters (Cl, S2, S3). The pulse height in a .25" thick lucite Cerenkov counter
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(Cl) was used to indicate that the incident ion was of the proper charge. A second lucite
Cerenkov detector (C2) indicated, event-by-event, the amount of charge continuing for-
ward in a narrow cone about the beam, allowing a crude determination of the centrality of
the collision. Given an interaction in the target, an event was considered to contain a A0

candidate, if the matched, segmented hodoscopes, S4, S5, indicated that a V° had materi-
alized within the volume between them. Additionally, candidate triggers were constrained
to contain at least two hits each in proportional chambers Pi and P2, at least one hit in
P3, and a fast coincidence in hodoscope HI. Tracking was accomplished using 8 multiview
drift chambers in a magnetic field of .5 Tesla. Approximately 50 hours of parasitic beam
were devoted to setup and data acquisition.

The resulting particle spectra for A0, A0 and K® are shown in Fig. 4. In considering
these data, it is important to note that they were arrived at by employing two simple,
yet powerful cuts. Specifically, (1) that the decay vertex was required to occur in an
appropriate volume extending from .5 meters downstream of the target to 1.5 meters
downstream of the target, and (2) the summed momenta of the decay products were
required to project back to the target while the individual momenta were determined
explicitly not to do so. These data do not, however, reflect the use of any cut in the
"Podolansky-Armenteros" plane of P± versus a, as with the limited statistics available the
kinematic consequences of such an analysis could produce undesired artifacts.

What is noted from these data is that the transverse polarization observed for A0

production is P = — (.01 ± .10) integrated over the full XF, P± acceptance of the detector.
The comparable results from p-t- Be —+ A + X is P = -(-07). From Figs. 5 and 6 it is clear
that comparison of these results is justified, insofar as the range of Xp and Pj. sampled
in the two experiments is the same.

Although the statistics for the heavy ion result are limited, insofar as one may discuss
a trend, the trend toward zero polarization represents a remarkable departure from that
observed previously in this range of XF and P± over a wide range of y/s. A similar
observation has been made by the NA35 collaboration at CERN, in which the transverse
polarization of A0 hyperons produced at mid-rapidity in 200 GeV/n 32S + 32S collisions
has also been found to be consistent with zero.8

A second observation noted from these data concerns particle yields.

Using Fritiof,9 a Monte Carlo designed to employ the Lund Model to create and decay
excited strings, the yields for A0, A0 and Kt were calculated for 28Si + 27A1 at 14.5 GeV/c,
in full consideration of the MPS II geometry. From these results it is found that the
ratio of A°/Ke production which should have been observed is A°/Kt = 2.8, while that
determined experimentally was A°/Ka = (2.3 ± .3). These ratios would appear, then, to
be quite consistent. Furthermore, using the same Monte Carlo to model the acceptance
for the corresponding p + Be —» A0 + X experiment, the ratio &9/K, is found to be = 1.5
in excellent agreement with published results found elsewhere.10
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One notes further that, upon considering jf-f- Be —• A°(/f°, A) + X data (Fig. 4d, e,
f) obtained previously with the same detector, and correcting for differing acceptance and
trigger criteria, the ratio

A°/A° (Si + Al, 14.5 GeV/n)
(p + Be, 18 GeV) * ' ' J

and
A°/Jf? (Si + Al, 14.5 GeV/n) ^

p'+ Be, 18 GeV) ~ {l }

where the quoted errors are statistical. This suggests, for example, a lack of evidence for
extraordinary strange antibaryon production, which has been suggested as one possible
signature indicating a phase transition to a Quark-Gluon Plasma.11 To be sure of this
conclusion, however, one would require further measurement with improved statistics,
more complete event characterization and broader phase space acceptance for all three
particle species.

In conclusion, the observed polarization for A0 hyperons in central collisions of 28Si +
27A1 -> A°+X at 14.5 GeV/n is P = -(.01±.10). A similar trend toward zero polarization
has been observed in 32S + 32S -»• A°+X collisions at 200 GeV/n. Although the statistical
accuracy of this result needs to be improved, one notes that a A0 polarization of zero in this
range of Xp and P± would represent a remarkable departure from what has been observed
previously over a wide range of y/a. The MPS II drift chamber system configured as shown
above, represents a unique device for triggering on A0 hyperons in regions of Xp and P±
where the transverse polarization of the A0 is well studied and where departures from the
systematic behavior observed previously in p-p and p-A collisions would be significant.

A preliminary measurement of the ratio A0 to A0 production in 28Si + 27A1 reactions at
14.5 GeV/n versus p+Be reactions at 18 GeV suggests a lack of evidence for extraordinary
strange antibaryon production. However, further work with improved statistics, more
complete event characterization, and broader phase space acceptance is necessary.
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Baryon Spectra in the Low py-Region
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The measurement of transverse momentum spectra for identified particle species in

central collisions of relativistic heavy ions is of great interest for the determination of

parameters which describe the phase of high density matter presumably formed in these

collisions. If thermal equilibrium is reached in a heavy ion collision, then the transverse

momentum distribution of the emitted particles is related to the freeze-out temperature

T of the particle species under consideration. For a single source Boltzmann-distribution
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T would be obtained, e.g., by fitting a distribution of the form A my exp(-mr/T) to the

measured transverse momentum spectrum, where mT—\Jm\ + p\. An impressive sample

of pr-spectra for different identified particles was recently measured at the AGS by the

E802-group (E,a6/A = 14.6 GeV) [1]. These data cover the region above pT=400 MeV/c for

nucleons and above pr=250 MeV/c for pions. The distributions of invariant cross sections

for all measured particle species are in agreement with a Boltzmann-distribution as well

as with an exponential distribution in the transverse mass mp.

More interesting features of relativistic heavy ion collisions are possibly hidden in the

very low pj-range. The measurements at 200 GeV/u at CERN [2,3,4] revealed for TT-

spectra a deviation from the exponential slope, the so called 'low pr-enhancement', below

p T = 200 MeV/c. Many speculations about the origin of this phenomenon [5,6] arose from

these measurements down to very low values of py. In this context it is therefore very

interesting to measure spectra of nucleons in the same low p j region and search for similar

enhancements.

The experimental setup of experiment E814, which is described in more detail else-

where [7,8], provides .a, for a relativistic heavy ion experiment, rather unique phase-space

coverage. The target is surrounded by almost 47f-calorimetry. A small opening in the

calorimeter around the beam axis (0.8° cone angle) covers the range of identified particles

from 2.0 to 3.5 in rapidity for transverse momenta py less than 350 MeV/c. This is com-

plementary to the coverage of the E802-experiment. The detailed acceptance as function

of pr and rapidity is shown in Fig.l for nucleons. With this setup it is therefore possible to

measure the 0°-production of all emitted particles. The analysis of charged particle-spectra

(ir+ ,w~ ,p,p) is in progress. With an additional time-of-flight hodoscope we should be able

also to distinguish between protons, pions and kaons in the near future.

In this contribution we show first results for neutron spectra for Efa&/A = 14.6 GeV Si

+ Pb collisions in the p^-range 0-250 MeV/c for a rapidity range y = 2-3.85. Neutrons

are identified by the measurement of their energy deposit and time-of-flight measured in
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the U/Cu/Sc calorimeter modules of the forward spectrometer. The performance of these

calorimeters is described in detail in ref.[9]. The kinetic energy, as well as the x- and the

y-position of single isolated neutrons is obtained by reconstructing clusters using a pattern-

recognition algorithm developed in ref.[9]. Charged particles are identified by their signal

in the scintillator wall in front of the calorimeters and rejected from the sample. Other

possible contaminations in the neutron spectra are decay gamma rays from 7r°'s generated

in the reaction and background (secondary neutrons and gammas) generated by particles

interacting in the steel of the spectrometer magnets. Monte Carlo studies and comparison

with preliminary spectra obtained for protons indicate that this background is completely

negligible for neutron rapidities y>2.5 and is estimated to be less than 15 % in the lowest

rapidity bin.

From the measured kinetic energies and the two-dimensional position measurement

the neutron rapidity y and transverse momentum pr are generated. The resolution in

rapidity is entirely determined by the calorimeter energy resolution, and was measured to

be 6E=--, °;4 leading to 6y=Q.l at y=3.44 and £y=0.19 at y=2. The resolution in pT is
•\jE\GeV)

additionally affected by the calorimeter position resolution as well as by the divergence of

the beam at the target and is discussed in detail below. Fig.2 shows, for Si + Pb collisions,

the resulting neutron rapidity spectra into the E814-acceptance for three different ranges

of transverse energy, measured in the target calorimeter (-.5<7y<.8). Obviously, triggering

on increasing transverse energy selects more and more central collisions [8]. For the more

peripheral collisions (small Ej) a strong peak is observed at beam rapidity (y=3.44). This

beam rapidity peak decreases drastically in intensity with increasing Ey [8]. A more

detailed discussion of the multiplicity of beam rapidity neutrons can be found in ref.[7].

For the highest Ey-bin, which corresponds to 40 mb of the total inelastic cross section, the

spectrum shows a second strong component below y=3. Note that the fall-off in intensity

at low rapidity is due to the limited acceptance.

Comparing this spectrum to model predictions reveals more detailed information. The
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open dots in Fig.2 represent a HIJET-calculation [10] in the E814-acceptance. There are

two major components in this calculation: Beam rapidity neutrons which are due to the

finite mean free path in this model, and low rapidity neutrons that have undergone one or

more collisions with target nucleons. After one collision these neutrons are centered at y %

2.6 in this model, but the dominant part, which corresponds to more than one collision, is

peaked at lower rapidities. The fact that the HIJET calculation reproduces qualitatively

the beam rapidity component (y& = 3.44), whereas fireball calculations (dashed and solid

curve), which assume full stopping, show no leading baryons, may hint at the very small

but finite transparency of the target. This point is discussed in detail in the contribution

of B. Shivakumar [7]. The low rapidity component predicted by the HIJET calculations is

very similar to the neutron spectrum from an isotropic fireball into the same acceptance

(dashed curve). However both of these models underestimate the measured cross section for

neutrons in the rapidity interval 2<y<3. The present data, however, are consistent with

a prediction from a longitudinally expanding fireball [11] (solid curve),where the initial

pressure gradient leads to increased baryon kinetic energy.

Recent data from our proton analysis are in very good agreement with the neutron

data, and confirm quantitatively the decrease of the beam rapidity baryons and the onset

of a second component below y = 3 with increasing transverse energy. Before one may

conclusively identify this second component with a collective flow phenomenon it would be

important to study p-nucleus collisions for the same targets and with the same acceptance

for forward baryons to test the multiple collision models (such as HIJET) in cases where

collective flow phenomena are not likely.

In the following we focus on the transverse momentum distributions and, in particular,

investigate the change in the pj-spectra with increasing rapidity. Fig.l shows the varying

acceptance in pr versus y, which is due to the geometry of the experiment. We formed

three different bins in y: y=2-2.5, y=2.5-3, y=3-3.85. The highest bin corresponds to beam

rapidity baryons, resulting mostly from projectile fragmentation. In the two lower bins one
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expects neutrons that have collided once or more with target nucleons or, more generally,

neutrons from the presumed high density zone formed in the collision. Fig.3 shows the raw

dN/dpr-spectra, i.e. unconnected for acceptance. Note that the high py-cutoff of these

distributions is determined by the the pj-acceptance indicated in Fig.l for each of the

rapidity bins.

We have performed Monte-Carlo simulations in the framework of GEANT to correct

the spectra for the geometrical acceptance and the beam divergence and to study the

influence of the energy- as well as position-resolution on the resolution in pr. Writing

T=\/X2 + y2, we obtain for the pr resolution Spr/pT—y/idr/r)2 + (rfp/p)2, where p is the

neutron momentum. With £r=4 cm and 6p evaluated from the calorimeter energy resolu-

tion discussed above we obtain in the lowest rapidity bin (2<y<2.5) that Spr < 10 MeV/c

for pr < 60 MeV/c and that SpT increases to 20 MeV/c for p r = 120 MeV/c. For the

highest rapidity bin (3<y<3.8) these numbers change to SpT < 20 MeV/c for pr < 120

MeV/c and Spr < 40 MeV/c for pr < 400 MeV/c. The data shown here have not been

unfolded for these finite resolutions. The inserts in Fig.3 show the correction factors for

the geometric acceptance. As can be seen, the acceptance covers 100% up to px = 50, 80

and 130 MeV in the three rapidity-bins and falls off for large py. In Fig.4 we show 1/pr

dcr/dpy-spectra corrected for acceptance in the range where the correction factor C<5,

corresponding to more than 20% acceptance. Effects contributing to the uncertainty, such

as beam divergence, are small (we measured the beam divergence to be less than 2 mr

in horizontal and vertical direction) and cause an uncertainty in pr of less than 10 MeV

in the spectra. The three curves in each y-bin correspond to the three different levels of

centrality (open triangles: Er -6-9 GeV, solid triangles: Ej=9-13 GeV, open dots: Er>13

GeV). The shape of the distributions is, within the measured range, almost independent

of rapidity and transverse energy. Fig.5 shows therefore the pr-distributions for the three

rapidity-bins integrated over the whole Ey-range. (Ey > 6 GeV). Three typical error bars

are shown for each spectrum. For the discussion of the spectra we divide the data in
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spectator spectra (y>3) and participant spectra (y<3).

Assuming that all neutrons with rapidities above y = 3, corresponding to kinetic en-

ergies of more than 10 GeV, did not interact at all (i.e. they are either spectators or

participants that pass the reaction zone without interaction due to mean free path con-

siderations), the PT- and y-distributions of these particles should be determined by the

Fermi motion of the originally bound nucleons. To test whether one can understand the

spectra quantitatively on this basis we have compared our measurements with the results

of a calculation using Goldhaber's fragmentation model [12]. The dotted lines in Figs.

2a and 5 show the results for the rapidity and pr spectrum using a Fermi momentum of

P F = 2 7 0 MeV/c. Note that, for projectile fragments, the rapidity and pr distributions are

equivalent when transformed to the projectile frame. Using the Goldhaber prescription,

good agreement is obtained simultaneously for the py and y distributions, indicating that

the fragmentation picture is indeed correct for these nucleons. The value of pf=270 MeV/c

is higher than that used to describe fragmentation reactions at BEVALAC energies [13]

where for systems like ieO+Au at 2.1 GeV/u values of p^=171 MeV/c were obtained.

Whether this indicates an energy dependence in the fragmentation picture or implies the

contribution of other mechanisms at AGS energies should be further investigated.

Within the errors the spectra in all rapidity bins are rather flat. This is, for the

participant-spectra (y < 3), in agreement (see Fig.6) with what one expects for a Boltzmann-

distribution at a given rapidity:

1 dcr

as well as with an exponential function in

1 da

1 T = ABmTexp(-- ••••) (1 )
PT dpr J-B

(2
PTO.PT

Both these functional forms describe the E802-data for higher pj [1]. Assuming that the

present data are described by an exponential distribution in pr one obtains in our low pr

range a very large slope-parameter of T=270 MeV, nearly independent of rapidity. The
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same functional form, assuming any slope parameter, does not describe the data above

pr=400 MeV with the same accuracy than the functions above [1]. One should note that

thermal models predict that the slope of the 1/pr dN/dpj-spectra near pr=0 should be

zero for massive particles. Confirming a nonvanishing slope near pr=0 would be an exciting

result indicating interesting dynamical effects due to thermal but not chemical equilibrium.

Indications for such effects can possibly be seen in the recent finding of a the steep rise

in the 7r-spectra near pr = 0 t*s found by several CERN experiments [2,3,4]. In Fig. 6

we show how the invariant cross section at px=0 depends on the rapidity interval covered

and on the centrality of the collision. If the shape of the pr distribution is independent

of rapidity, as is indicated for the low p r values covered in the present experiment, this

measurement gives an indication of the rapidity distribution of neutrons. With increasing

transverse energy, i.e. increasing the centrality of the reaction, the distribution clearly

shifts toward more central rapidities and qualitatively continues the trend established at

lower rapidities by the E802 collaboration.

Another indication of interesting new effects would be the establishment of a low pr-

enhancement in baryon spectra compared to what one would predict on the basis of high pr

measurements and m j scaling. Such an enhancement could be established by comparing

cross sections measured by the E802 collaboration in the high pr range, i.e. pr > 400

MeV/c, with our low py data, for the same system and rapidity interval. Unfortunately

there is, at present, no overlap in the y-range covered by both experiments: For the system

Si + Au (or Pb) the cross sections measured by E802 cover pr>400 MeV/-c for the rapidity

interval y = 1-2 while the E814 measurements cover p^ = 0-200 MeV/c for y = 2-4. To

check for a possible enhancement (assuming, of course, that both absolute cross section

scales are correct) one has to extrapolate either the E802 data to our pr-range or the E814

data to central rapidity. To this end we assume that the E802 pr-distribution near y=2

can be extrapolated to y=2.2 (the center of the first rapidity bin covered by the E814

measurements) without any change. If one assumes mr scaling, the exponential slope in
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the measured part of the py-spectrum of E802 allows only very little uncertainty for the

extension to pr=0. A comparison of the intercepts of the py-distributions then would

indeed indicate an enhancement in the invariant cross section for baryons at p j close to

zero. An indication of similar effects can be found in preliminary data from the E810-

collaboration [14]. More studies are under way to confirm this, interesting possibility. A

simple picture assuming a certain amount of A-decay at freeze-out [15] could describe the

measured baryon spectra and hints also at an explanation for the low pr-enhancement in

7r-spectra.

In the near future we would like to improve, in particular, our statistics. The analysis

of data from a run performed in June 1989 is in progress. Preliminary results from this

analysis reveal good enough statistics to decrease the bin size in rapidity to 0.2 units. A

more detailed discussion of rapidity density fluctuations can be based on these data. In

addition we have measured data for two additional targets (Cu,Al). Especially in the case

of Si+Al this provides a unique possiblity for comparison to other experiments, because

the y-distribution has to be symmetric around central rapidity whichs allows a comparison

between forward and backward hemisphere.
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Figure captions

• Fig.l : Measured acceptance of the E814-setup with an opening angle of 0.8° in the

participant-calorimeter. The data represent forward going neutrons in the reaction
38Si+Pb at 14.5 GeV/c. The curve shows a GEANT-simulation of the maximal

geometrical acceptance for this particular setup.

• Fig.2 : Inclusive neutron rapidity spectra measured in a forward 0.8° cone for 14.6

GeV/c 28Si-f-Pb and different transverse energies in the target calorimeter. Experi-

mental threshold: 1.3 GeV. Open dots: HI JET [10], dashed line: Isotropic fireball,

solid line: Landau fireball [11], dotted line in top part of figure: fit to the beam

rapidity component with a Goldhaber-fragmentation-model.

• Fig.3 : Raw der/dpr-spectra for forward going neutrons in the reaction 28Si+Pb for

three different rapidity-bins. Inserts: correction factors from GEANT-simulations

including geometrical acceptance, detector resolutions and beam divergence.

• Fig.4 : Acceptance corrected 1/pr der/dpr-spectra for forward going neutrons in the

reaction 28Si+Pb for three different rapidity-bins and three different Ep-triggers from

the E814 target calorimeter. Open triangles: Ey=6-9 GeV, solid triangles : Er=9-13

GeV, open dots: Ex>13 GeV. The error is of the size of the data point fluctuations

(see Fig.5).
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Fig.5 : 1/pr d<r/dpr spectra of neutrons in 28Si+Pb for reactions with Er>6 GeV in

three different rapidity-bins. The data between y=2.5 and 3. are described by an ex-

ponential curve (solid line) and a Boltzmann distribution (dashed line). Both curves

are normalized at Pr=0. Dotted line: Fit to the projectile fragment distribution

using the Goldhaber-fragmentation-model (see text).

Fig.6 : Intercepts of the 1/pr d<r/dpr spectra for neutrons in a8Si+Pb at pr=0

for three different Er-triggers. The three rapidity-bins range from y=2.-2.5,y=2.5-

3.,y=3.-3.85. The mid Er-trigger (E r =9-13 GeV) corresponds to 313 mb.
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E814 PRELIMINARY Fig.3
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E814 PRELIMINARY Fig.4
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E814 PRELIMINARY Fig.5
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E814 PRELIMINARY Fig.6
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1. Introduction

This talk deals with A, K* and A production with 14.5 GeV/c Silicon beams.

Why study V° production? Because the study of strangeness is an important part
of the search for Quark Gluon Plasma (QGP). Many models predict an enhancement of
strangeness in a QGP as compared to the amount of strangeness produced in a superpo-
sition of nucleon-nucleon interactions. The amount of enhancement varies from mode! to
model. Even if no QGP is detected at AGS energies using Si beams, it is important to
understand the production mechanisms in quantitative detail so that standard nucleon-
nucleon production mechanism can be distinguished from QGP formation.

The advantage of measuring strangeness production by measuring V"° production is
that F°'s can be identified by kinematics without the use of any special particle fD detec-
tors. The disadvantage is that usually large aperture detectors are required. Experiment

* This research was supported by the U.S. Department of Energy under Contract Nos.
DE-AC02-76CH00016, DE-AC02-83ER40107, DE-AS05-81ER40032 and DE-AC02-
76ER03274, and the City University of New York PSC-BHE Research Award Program.
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810 has the needed large aperture. This talk describes the technique and results of V0

production from ~ 9000 interactions of Si in a 1 mil (25 micron) Au target recorded in
June, 1989.

2. Experimental Method

The apparatus is shown in figure 1. It was discussed by a previous speaker (W.A. Love)
so I will only point out the relevant features for the data that are being presented in this
talk. The tracking detectors are 3 TPC modules in the MPS magnet. The data discussed
in this talk was taken with a simple trigger enhancing central events. The trigger consisted
basically of counters upstream of the target to veto interactions upstream, counters behind
the target (above and below the beam) to require interactions in the target, and a "Z2"
counter in the beam behind the magnet which had a threshold set to select events below
a certain pulse height. We did a series of calibration runs with thick targets to determine
that the pulse height in the UZ2" counter correlated with the multiplicity (and therefore
the centrality) of the triggered events. The results of this are shown in figure 2. It can
be seen that the smallest signals correspond to the highest multiplicities. The data was
collected with a threshold setting of 250 which corresponds to a Z of about 6. The pulse
height distribution for events produced in the vicinity of the target is shown in figure 3.
To study V° production as a function of multiplicity, all triggers from interactions in the
target were included. In order to select more central events a cut of 50 was imposed on
the data. This corresponds to a cross section of 1.2 barns.

3. Data Analysis

A typical Si on Au interaction is shown in figure 4a. The figure shows three views of
the same event. With the beam in the z direction and the magnetic field in the y direction,
upper left view is in the y-z plane, lower left view is in the x-z plane, and lower right view
is in the x-y plane (or head-on view). The + symbols indicate TPC signals, the x symbols
indicate hits placed on tracks by the track reconstruction program, and the curves are
the fitted trajectories of the tracks. There are 68 reconstructed tracks on the production
vertex. This event contains a reconstructed A. The tracks belonging to the A decay are
shown in figure 4b.

In order to reduce the amount of background produced by fake apparent V° decays
the following cuts were imposed on the F°'s:

1. The tracks from the decay of the F°'s had to have a closest distance of approach
squared from the production point greater than 0.5 cm2.

2. The decay point had to be at least 10 cm. downstream of the production point.

3. The V"° momentum vector had to point at the production vertex as defined by the
following cut:
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where
+ Ay2

is the transverse distance of closest approach at the production vertex and Az is the
decay distance.

The effective mass spectrum for the F°'s passing the above cuts when the negative
track is assigned a 7r~ mass and the positive track is assigned a proton mass is shown in
figure 5. A good signal to background ratio is seen. The effective masses in the range
of 1.106 < M{n~p) < 1.126 GeV/c2 were selected as A's. Events in the tails of the
distribution were used for background subtraction. The effective mass spectrum for the
7T+7T~ hypothesis is shown in figure 6a. The background is mostly due to kinematic overlap
with the A's. The effective mass spectrum after removing the A's is shown in figure 6b.
The effective masses in the range of .475 < M(7r+7r~) < .525 GeV/c2 were selected as
K°'s. Figure 7 shows the effective mass hypothesis for ir~p. No detectable A signal is
observed. These results are summarized in Table 1.

Si on Au

Detected Yields

Events
A

K*.
A/A

All "Central"
~ 9000 ~ 4600
~ 750 ~ 550
~ 300 ~ 200

< 0.07 (95% C.L.)

Table 1

In order to calculate acceptances for the V°'s satisfying the above mentioned cuts, a
complete Monte Carlo simulation of events was performed using GEANT3. Events were
generated using the HIJET model. The resultant 4-momenta of the generated tracks were
used as input to the GEANT3 program. The tracking in a magnetic field was done by
the GEANT3 program. The generated hits included all the known effects of detector
apertures, efficiencies, resolutions, and distortions. The output of the GEANT3 program
was in identical format to the actual raw data format of the apparatus. The results of this
simulation were then analyzed by the same identical program used to analyze the actual
data. The output of this analysis provided the numerator for the acceptance calculation,
while the original HIJET results provided the denominator.

4. Results

One of the first tests of an acceptance calculation is if it can reproduce an already
measured quantity. The lifetime of A's and /<"°'s is well known. The decay distributions of
A's and A"°'s for our data are shown in figure 7. The solid lines are not fits, but the known
lifetimes. They seem to agree with our data reasonably well. This gives us confidence in
our acceptance calculations.
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The unconnected rapidity distribution for "central" events (as defined by the "£ 2 "
counter) is shown in figure 9a for A's and A"°'s in figure 9b. The falloffon the low side is
due to decreasing acceptance. We select A's in the region 1.2 < y(A) < 3.0 and if°'s in
the region 2.2 < y(K°s) < 3.0.

Since no negative particles are present in the initial Si-Au state, the negative particle
multiplicity is a measure of the energy deposited in the interaction. Negative particles that
go through at least the first TPC module and have a ir~ rapidity > 1.7 have a reasonably
good acceptance in our apparatus and therefore a model independent measure of the
energy deposition. The absolute scale of this multiplicity is not relevant for the following
discusssions. It is only important to note that the highest multiplicities correspond to the
most central events. This selected multiplicity distribution is shown in figure 10. The A
yield corrected for neutral branching ratio per event as a function of this multiplicity is
shown in figure l l a . The K® yield is shown in figure l i b . The yields show a monotonic
increase with increasing multiplicity. The largest yields being for the highest multiplicities
which correspond to the most central events. The yields per negative particle for this
selected multiplicity are shown in figure 12. Both A's and /if°'s show a constant yield per
negative particle as a function of this multiplicity. This is not too surprising, since this
is what one would expect in a normal superposition of nucleon-nucleon interactions. A
version of the HIJET model without a significant amount of rescattering underpredicts the
A and K® yields by about a factor of 3 for the most central events.

Using the thermodynamic model, with some assumptions we can express the transverse
momentum dependence in exponential form as follows:

where

is the transverse mass and the exponential slope B is inversely proportional to the tem-
perature of the fireball that created the particles. The parametrization of our data in this
form is shown for A's and if°'s in figure 13. The corresponding transverse momentum
ranges are 0 < p-r < 1.0 GeV/c. The events are in the above mentioned rapidity ranges
and are in the "central" cut as mentioned above. The exponential slopes are:

8.4 ± .4 (statistical error only) for A's
6.7 ± .6 (statistical error only) for A'°'s.

5. Summary

1. We observe A, K® production in 14.5 GeV/c Si on Au interactions with a rate pro-
portional to negative particle multiplicity in the range y{n~) > 1.7 and
1.2 < y(A) < 3.0, 2.2 < y{K°3) < 3.0.
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2. An older HIJET model (without significant rescattering) underpredicts the A and K®
production rate at the highest multiplicities by about a factor of 3. Revision of HIJET
is in progress to account for this discrepancy.

3. The observed limit on A production is j ^ < 0.07 (95% C.L.).

4. The exponential slopes* of the my distributions for 0 < PT < 1.0 GeV/c are found to
be:

B{K°t) = 6.7 ± .6 GeV"1

6. Conclusions

The results from a relatively short data taking run of Si on Au interactions at 14.5
GeV/c demonstrate that a TPC tracking detector is capable of measuring V° production.
With a higher statistics run we plan to examine V° production in more detail as a function
of PT and y for any anomolous behavior. The E810 apparatus has adequate aperture for
studying multi-A production in one event. We plan to look at events with multi-A's for
anomalous yield of multi-A's and for correspondingly anomolous behavior in other global
observables for any evidence of QGP formation.
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FIG. 3. "iJ2" veto counter pulse height distribution for events in the vicinity of the Au
target.

216



Run 12
Tape 14626
Date 24 JUN 89
Tine 19:48:13
Event 2438

FIG. 4a. Three views of a typical Au-Si interaction contain-
ing a A. For description see text.

Run 12
Tape 14626
Date 24 JUN 89
Tine 18:48:13
Event 2438

FIG. 4b. Same event as in figure 4a, but with all tracks
removed except for the A decay tracks.
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Si on Au Data
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FIG. 5. ir~p effective mass spectrum for V° decays passing cuts as described in the text.
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Si on Au Data
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FIG. 6a. 7r+7T effective mass spectrum for V° decays pass-
ing cuts as described in the text.
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FIG. 6b. Same as figure 6a, except events kinematically
ambiguous with A decays removed.
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FIG. 7. w+p effective mass spectrum for V"° decays passing cuts as described in the text.
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FIG. 8. A and K, decay distributions for the "central" trigger selection.
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FIG. 9. Uncorrected A and K, rapidity distribution for the "central" trigger selection.
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Si on Au Data - Rapidity > 1.7
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FIG. 10. Negative particle multiplicity for selected tracks as described in the text.
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FIG. 11. A and K® yields as a function of selected negative particle multiplicity.
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Si on Au - A Data (1.2<Y<3.0)
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FIG. 12. A and K® yield per selected negative track yield.

225



Si on Au - A and Ks° pT Distributions
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FIG. 13. A and K® transverse momentum distributions as a function of transverse mass.
The solid lines are fits to the expressions Ae~BmT.
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It is believed that a good bet for finding the Quark-Gluon Plasma at AGS energies
is with the heaviest projectiles on the heaviest target, i.e. Au on Au. One of the likely
signatures of the plasma is strangeness enhancement. Al Saulys has shown what it's like
to End A and K° with Si projectiles. Our Monte Carlo simulations show track densities
4:< higher for Au projectiles. In addition, the Au beam itself produces 30 times more
ionization. Thus the present TPC's will be limited to only a few hundred ions per sec.

Near Term:
We would like to obtain an order of magnitude more data with a variety of targets and

different beams including protons. We are improving the TPC reliability and expect to
better understand systematics; the latter, by creating a three-dimensional field calculating
program and developing a laser system able to produce ionized tracks in the TPC. We

* This research was supported by the US Department of Energy under Contract Nos.
DE-AC02-76CH00016, DE-AC02-83ER40107, DE-AS05-81ER40032 and DE-AC02-
76ER03274, and the City University of New York PSC-BHE Research Award Program.

227



expect to install a two layer 106 pixel CCD system near the target that will give coverage
down to an TJ of .9 and be sensitive to ion fragments by dE/dx.

Long Term:
We are working on a modified TPC design that will allow Au beams of several thou-

sand/sec through the TPC, Fig. 1. A beam region cage is introduced into the space where
the beam passes through the chamber, Fig. 2. This is a thin walled box with conductive
strips on both sides of the walls that are set to the correct potentials for their positions
in the TPC. Thus the ionization from the Au beam is shielded from the main volume of
the TPC and the level of beam allowed is determined by the event rate rather than the
ionization caused by the Au beam.

In the case of a Au beam on a Au target the track density increases by about 4x the
value for Si beam. Monte Carlo studies show a loss of K° and A reconstruction efficiency
and an increase in accidental track combinations that simulate K°'s and A's which is
serious because it reduces the signal-to-noise ratio. As you have seen the A signal is buried
in the noise with Si on Au with the present TPC arrangement. We are studying two
substantial changes that should bring Au-Au into the same reconstruction efficiency and
background we presently have with the Si-Au data.

The first is to improve the two-track resolution in Y (the drift direction) from about
5mm to less than 2mm. This is represented in Fig. 1 by "RHIC" style electronics. The
second change is to fine-tune the pattern recognition in such a way that the two-track
resolution is also improved in X.

The improved two-track resolution in Y is achieved by a method first used at JADE
and now being applied in SLD. Figure 3 is out of the SLD proposal showing pulse amplitude
(current) vs. time for 6 closely spaced tracks. This is current sampling with an ADC at
100 MHz. As indicated by the threshold line, a simple time over threshold only finds 3
tracks. However, by taking differences of adjacent samples, lower half of Fig. 3, all 6 tracks
are clearly separated, including 2 only .8mm apart.

We have taken similar 100 MHz ADC data from the E-810 TPC using a transient
recorder which stores in memory pre- and post-trigger samples (64) every time a trigger
I produced by a threshold discriminator) occurs. Here (Fig. 4) 16 anode wires and 16
amplifiers are linearly added. The horizontal width is 10 /is and the full scale amplitude
is about 20 pa. The gaps between recorded samples are because no signal of sufficient
amplitude occurred in these time spaces. If we add adjacent time samples to produce 50
MKz equivalent sampling we obtain Fig. 5. Here the relative space between tracks is
not relevant. It can be seen that when these tracks get within about 5 mm they merge
on a time over threshold discriminator. However if we take differences between adjacent
time samples, Fig. 6, we see that using a discriminator with hysteresis, as with SLD, all
combinations of one track following another are separated down to a 1.6mm spacing. Thus
in the highest track density region near the upstream part of the beam cage we would
greatly benefit from sampling ADC electronics.
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We are working on a TPC for a RHIC R&D project that uses pad readout for 5 x 105

channels. The electronics is organized as shown in Fig. 7. Each channel has a transresis-
tance amplifier, a shaper, and a segmented analog memory. A set of 256 such channels is
read out by an ADC under control of a computer and the data is stored in local memory.
After readout is complete, the computer further compacts and massages the data before
sending it to off-chamber electronics. This whole assembly, Fig. 8, will be mounted on the
outside of the cathode pad of the TPC and occupy less real estate than the pads occupy.
If this RHIC TPC segmented version of the analog memory is not ready in two years when
we need to be prepared for the gold beams, we propose for this small-scale implementation
to use an existing unsegmented analog memory of 256 samples, arranged in sets of 4 to
achieve the 20 fis at 50 MHz required for the MPS TPC, Fig. 9. In this case the transputer
acts to segment the data, storing only the pretrigger and posttrigger samples relevant to
the tracks. The transputer could also be used to take adjacent sample differences and
calculate the true track positions before sending the data to external electronics.

The improved performance of the TPC is indicated in Table 1. We are in the process
of Monte Carlo simulations to test the benefit of improved two-track resolution and fine
tuning the pattern recognition to maximize neutral decay reconstruction efficiency and
minimize background under the neutral decay masses.
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TABLE I

PROPERTIES OF NEW TPC

CHANGE BENEFIT

A. Beam cage Au beam through TPC

B. Reduced distortions Improved reconstruction efficiency

C. Raise drift velocity to reduce Better two-track separation
diffusion

D. Sampling ADC in region of high 1.6mm two-track separation
track density
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Spectra and Strangeness Production

E802 collaboration
Yasuo MIAKE, BNL

E-802 Collaboration, Brookhaven National Laboratory, Upton, NY 11973
ANL-BNL-UCBerkeley-UCRiverside-Columbia-Hiroshima-INS-Kyushu-LLNL-
MIT-Tokyo

Abstract

Particle production (**, K* and p*) has been measured in p+A
and Si+A reactions using the E802 spectrometer. The comparison
of the particle production (rapidity distributions, momentum distri-
butions, and the integrated yields ratios) between p+Be, p+Au and
central Si+Au collisions and the effects of rescattering is discussed.

1 Introduction
The experiment E802 has a magnetic spectrometer with good particle iden-
tification and with various event characterization detectors for the selec-
tion of charged multiplicity, neutral transverse energy and forward energy.
The E802 experimental apparatus is shown in Fig. 1 and is described in
Ref.[l]. The main spectrometer consists of dipole magnet (< 1.5 Tm),
high-multiplicity tracking-chambers (Tl,T2,T3 and T4)[2], and the parti-
cle identification (PID) detectors (AERC[3], TOF[4] and GASC). For the
event characterization, we have target multiplicity array (TMA), a lead
glass calorimeter (PBGL) and a zero degree calorimeter (ZCAL)[5|.

By using the time-of flight counter which has a timing resolution of
(7(0/ « 75 ps, kaons and pions are identified up to 2.5 GeV/c. The Gas
Cerenkov counter extends PID up to 5 GeV/c. In Fig. 2, PID with the
time-of flight counter is shown. For the data shown in this paper, PID is
done solely by the time-of flight counter.
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Figure 1: The E802 experimental setup[l]. The single arm spectrometer
with 25 msr of solid angle, fierenkov complex, and event characterization
detectors.

In order to clarify the difference between pp, pA and AA reactions,
we compare p+Be (« pp), p+Au, and central Si+Au, which is the largest
colliding system available at AGS now.

2 Particle spectra

Particle spectra obtained in the central Si+Au collisions at the rapidity
1-2 < y < 1.4 are shown in Fig. 3(7]. Invariant cross sections per central
triggers are plotted against the transverse kinetic energy, Tx. The central
trigger is obtained by requiring upper « 7% of charged particle multiplicity
distribution in TMA. These spectra seem to be well described by a simple
exponential shape. At Cern, WA80 and other experiments have observed
the increase of the slope in the low pt region of * spectra[8]. Within the E802
acceptance, pt > 0.3 GeV/e at 2.0 > y > 0.6, no such second component is
observed. If there is such a second component below the E802 acceptance
limit, with steeper slope by a factor of 2 ~ 3, we would underestimate
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Figure 2: Scatter plot between T0F and the inverse of momentum for
positive and negative charge particles [1,6].

the pion yield by 10 ~ 20%. Obviously, this missing second component is
not enough to explain the discrepancy of theoretical calculations from the
measured pion yield *.

As seen in Fig.3, the slopes of proton and kaon distributions are less
steep than those of pions in central Si+Au collisions: TPIK+ > Tr±. It
is observed that Tr± stays 140 ~ 160 MeV over the measured rapidity
region (y = 0.7 ~ 2.0) with a tendency of getting smaller at high rapidity
region, while Tp shows clear rapidity dependence, having a maximum at
mid-rapidity. The difference of behaviour between Tp and Tv± is also seen in
centrality dependence: Tp increases from minimum bias to central collisions,
while TT does not increase much. According to the p+A measurement at
the energy of 14.6 GeV/c with the E802 spectrometer, all the particles in
p+A collisions also show the exponential shape in mti but, the inverse slope
parameters, T, for p, K+ and JT* are almost the same, TPIK+IX± = 140 ~

xFor example, FRITIOF[9] predicts roughly a factor of 2 larger pion yield than the
measured yield.
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Figure 3: Invariant cross sections per central trigger versus 2j. for
and proton in the rapidity range 1.2 < y < 1.4(7].
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Figure 4: The inverse elope parameters for proton, K+ and ir+ at
1.0 < y < 1.5 in p+Be, p+Au and central Si+Au collisions. Also Bevalac
data shown[10].

160 MeV at 1.0 < y < 1.5.
The increase of the slope parameters of proton and K+ seems to be a

heavy ion effect2. The inverse slope parameters at 1.0 < y < 1.5 observed
in p+Be, p+Au and central Si+Au collisions are summarized in Fig. 4.

3 The dn/dy distributions

By integrating the Tx spectra with the assumption of the exponential shape,
multiplicity of each particle per trigger, dn/dy, is obtained for T*, K* and
proton as shown in Fig. 5. The rapidity of nucleon-nucleon center of mass,
ynn, and the center of mass rapidity for the participant nucleons, ypar(, are
also shown.

Both **• and K+ show a broad peak, but a distinct difference is seen:
the K+ peaks at lower rapidity than ff^'s. While the TT̂ 'S maximum lies in
between y^ and yparti the K+'a maximum is lower than the TI^'S peak and

2At the Bevalac, T0{x) < T0{p) < T0{K
+) was observed at 2.1 GeV/A Ne+NaF collision.

This relation is discussed in terms of the mean free path differences[lO].
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Si + Au high mult, trigger

! * * • $ * .

1 1.5
Rapidity

Figure 5: Rapidity distribution, dn/dy for JT*, K*, and protons in central
Si+Au collisions. The rapidity of nucleon-nucleon center of mass, ynn,
and the center of mass rapidity for the participant nucleons, yparu are also
shown.

is even lower than Vp«rt! This may be an evidence of rescattering effects in
the K+ production. Either the K+ production by an intra-nuclear cascade
process (for example, the K+ production via irn —• K+A) or a rapidity
shift of K+ (or its parent particle) by rescatterings may be a possible ex-
planation. The dn/dy ratio of K+ to x+ , K+/v+, obtained in Fig.5 for
the central Si+Au, is « 16 % at y = 1.5 and « 20 % at y = 0.6 while the
K~ l"K~ stays « 5 % within the errors.

In Fig. 6, the dn/dy distributions are compared for p+Be, p+Au and
central Si+Au collisions. In this figure, the central Si+Au data are plotted
as (dn/dy)/28 for comparison. In p+Be collisions, JT* and K+ show broad
or almost flat rapidity distributions, which might be symmetric with respect
to ynn. The ic+ yield at y > 2 is « 30 % larger than ;r~yield, which is known
as the projectile fragmentation. The K+/ic+ is » 8 %, which is the same as
the pp data[ll] (6 ± 2 %). The K~/r~ is « 2 %, which is also consistent
with the pp data (2.4 ± 2.0 %).

In p+Au collisions, the shapes of the dn/dy distributions are different
from those of the p+Be collisions. The distributions for pions and for K+
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Figure 6: Rapidity distribution, dn/dy for «•*, if*, and protons in p+Be,
p+Au, and central Si+Au collisions. The central Si+Au data are plotted
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shift towards target rapidity, which is not seen in FRITIOF predictions.
The yield for JT+ and w~ are the same within 10 %. The K+/ir+ is about
12 % at mid-rapidity, which is larger than the one in p+Be, with the ten-
dency of getting larger at lower rapidity, while the K~/ir~ stays the same
as the one in p+Be.

Interesting features are observed in p+Au: The cross over of {dn/dy)x+
between p+Be and p+Au is seen at y ~ 1.7. The ir+ yield in p+Au is
smaller than the one in p+Be at y > 2! The integrated yield over the
measured rapidity range (0.6 < y < 2.0) increases only by a factor of
1.2 from p+Be to p+Au for ir+ s . These ratio is smaller than the scaling
factor observed at higher energy experiment[l2], {l+uPAu)/{l+upBt),« 1-9,
where u is the average number of collisions. These facts might relate to the
stopping picture at AGS energy [13,14]: after passing through the thickness
of Au target, the projectile does not have enough energy to produce pions.

In Fig. 6, the gradual K+ enhancement from p+Be to p+Au and to
central Si+Au is clearly seen. The K~ yield seems to stay the same from
p+Be to p+Au, but, from p+Au to central Si+Au and there may be an

31.5 for r~ and 2.0 for K+.
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enhancement,which may imply the secondary production of kaons via JTJT —>
K+K~ in the central Si+Au collisions. We need more statistics to confirm
this effect.

4 Summary
Particle production (jr^/f^p*) has been measured in both Si+A and
p+A collisions using the E802 spectrometer. The invariant cross sections
are well described by an exponential in mj. The inverse slope parameters,
T, in p+A collisions are observed as: TPIK+,X± = 140 ~ 160 AfeV, while in
central Si+Au collisions, TPiK+ > Tx± * 140 ~ 160 MeV at mid rapidity.

In p+Au, rapidity distributions for JT* and K+ shift towards the target
rapidity. The pion yield at high rapidity in p+Au is smaller than the one
observed in p+Be. This effect might be related to the degree of stopping
at AGS energy.

In central Si+Au, the rapidity distributions show a broad peak for *-*,
K+ with the K+ peaking at lower rapidity than a^'s and ypart- This may
be an evidence of rescattering effects. The dn/dy ratios for K+ to JT+ show
a gradual increase from p+Be to p+Au to central Si+Au collisions at mid
rapidity, while the K~ to v~ ratios stay the same within errors.

This work has been supported by the U.S. Department of Energy and
by the U.S.-Japan High Energy Physics Collaboration Treaty.
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E802: Baryons and Anti-Baryons.

J.B. Costales
Laboratory for Nuclear Science and Department of Physics

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

E802 Collaboration

Abstract: Data for the production of protons, deuterons and antiprotons in p+A and
Si+A collisions using the E802 spectrometer at the BNL AGS are presented. For protons,
the spectrometer acceptance ranges from rapidities y of 0.5 to roughly 1.7 (the beam rapidity
for 14.6 A'GeV/c projectiles is 3.44) and transverse momenta px greater than roughly 0.3
GeV/c. Because of limited statistics, data for antiproton production are limited to the
rapidity range of 1.1 to 1.6. The invariant cross sections of protons, deuterons and antiprotons
at fixed rapidity are well decribed by exponentials in transverse mass m±_ = y/mo

2 + px2?
where m0 is the rest mass of the particle. The mean transverse momentum of protons
dramatically increases both as a function of the combined projectile and target mass and as
a function of rapidity. Results for dN/dy are also presented and comparisons with models
are shown.

1 Introduction

Experiment E802[l] at the Brookhaven National Laboratory Alternating Gradiant Syn-

chrotron has systematically measured inclusive and semi-inclusive spectra for pions, kaons,

protons, deuterons and antiprotons emitted from collisions of protons, 16O and 28Si at 14.6

AGeV/c with targets ranging from 9Be to 197Au. Here we present selected results for pro-

tons, deuterons and antiprotons produced by proton and 28Si projectiles. The particles are

measured using the ES02 main spectrometer with particle identification provided by the

time-of-flight wall[l]. Figure 1 illustrates the excellent particle separation obtained by the

spectrometer. For protons, the spectrometer acceptance ranges from rapidities y of 0.5 to

roughly 1.7 (the beam rapidity for 14.6 AGeV/c projectiles is 3.44) and transverse momenta

Px greater than roughly 0.3 GeV/c.

2 Protons and Deuterons

Figure 2 displays the invariant cross section for protons at y = 1.3 as a function of mj. — m0 for

various projectiles, targets and triggers ranging from minimum bias p+Be to central Si+Au

collisions. Central collisions are defined by a hardware cut on the observed multiplicity in
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Figure 3: Preliminary E802 proton inverse transverse mass slopes as a function of rapidity
for same systems plotted in previous figure. For p+p at 12 GeV/c, Blobel, et al.[4] measured
values of 120—130 Me V near midrapidity.
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the target multiplicity array[1] corresponding to roughly the upper 7% of the distribution.

Note that the invariant cross sections have been divided by their corresponding target-out

corrected trigger cross sections. One sees that the cross sections, when plotted in this manner,

are well described by exponentials: Ed3N/dpz = A • exp[—(mi — mo)/B]. This observation

holds true for the entire range of rapidity measured (0.5 < y < 1.7). From Figure 2, one

also sees that as one studies heavier systems, the yield of protons per event increases and

the slope of the distribution flattens out, i.e. B increases.

We plot the measured inverse mi slopes (B) as a function of rapidity for the same

projectile/target/trigger combinations shown in Figure 3. One immediately observes the

strong target and rapidity dependencies of B: the inverse m i slope increases monotonically

not only as a function of increasing rapidity but also as a function of the system mass.

One should also note the tremendous amount of transverse momentum that is carried by

these protons: B — 250 MeV/c corresponds to a mean p i of 750 MeV/c. Although string

models such as Fritiof[2] and Venus[3] can predict the shape of the rapidity dependence,

they underestimate the magnitude of B for protons by 20—30%. Thus, a proton produced

by these models at a given rapidity will have an average energy which is 20—30% smaller

than that of measured protons at the same rapidity, since B is roughly proportional to the

mean transverse mass, < m i >, and E = mi_cosh(y).

If one assumes that the invariant cross section at fixed y is well described by an expo-

nential in m i for all p±, one can extrapolate to p± = 0, in order to extract dN/dy. Figure 4

compares our extracted dN/dy distribution for protons from minimum bias p+Be collisions

with that measured by Blobel, et al.[i] for p+p at 12 GeV/c. One sees, as one would expect

since 9Be is a very light nucleus, that the two distributions agree very well in shape and in

magnitude.

The dN/dy distributions for protons and deuterons produced in minimum bias p+Au

collisions are displayed in Figure 5. Also shown are the slightly higher energy p+Pb data of

Allaby, et oi.[5] as well as a calculation from Venus with .ind without secondary rescattering

(solid and dashed lines, respectively). First of all one observes that the deuteron to proton

ratio (d/p) is rougly 5-10% for rapidities y < 1. The general decreasing trend of dN/dy for

protons is well matched by the higher rapidity measurements of Allaby, et al. Furthermore,
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Figure 5: Preliminary E80S proton and deuteron dN/dy distributions for p+Au at 14-6
Ge V/c (y < 2 points) and proton dN/dy distributions for p+Pb at 19 Gt V/c from Allaby,
et ai[5j. Solid and dashes lines are calculations from Venus/S] with and without rescattering
for the same beam and target combinations.

Venus reproduces these integrated distributions quite well despite the fact that the inverse

mj. slopes are 20—30% low compared to those obtained from our data. One should note

that Venus proton spectra should be compared to the sum of the experimental proton and

deuteron dN/dy distributions since Venus does not coalesce nucleons nor contain projectile or

target fragments. The difference between the solid and dashed lines for the Venus calculations

indicates that the effects due to rescattering may be important for baryon rapidities ys < 1.

The E802 Zero Degree Calorimeter [1] allows us to measure particle spectra for varying

degrees of collision centrality. The detector measures primarily the forward-going projectile

spectator energy. Peripheral collisions should resemble individual nucleon-nucleon collisions,

since in peripheral collisions nuclear effects (rescattering) should be minimal. Indeed this is

verified experimentally. Figure 6 shows dN/dy for protons for peripheral (i.e. large forward

energy flow) Si+Al, Cu and Au collisions[6]. The solid line represents the proton data of

Blobel, et o/.(p+p at 12 GeV/c) arbitrarily scaled. As expected, our proton dN/dy from

peripheral Si+A data agree well in shape and magnitude with each other and in shape
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Figure 6: Preliminary E802 proton dN/dy distributions for peripheral Si+A collisions at 14-6
A- Ge V/c[6]. Peripherical collisions are defined as collisions in which at least 250 Ge V of
energy is deposited into the Zero Degree Calorimeter by forward going (projectile spectator)
matter. The solid line represents the arbitrarily scaled (x 3.5) proton dN/dy distribution for
p+p at 12 Ge V/c from Blobel, et al.[4j.
Figure 7: Preliminary E802 proton and deuteron dN/dy distributions for minimum bias
Si+Al collisions at I4.6 A-GeV/c. The solid curve is a prediction from Venus[3] for the
same reaction.

Although string models reproduce the baryon dN/dy distributions for proton-nucleus

collisions, they fail to do so for nucleus-nucleus collisions. Figure 7 displays dN/dy distribu-

tions for protons and deuterons measured by E802 for minimum bias Si+Al collisions. One

sees that the shape of the proton distribution is qualitatively similar to that from p+p and

p+Be, but is noticeably flatter. For p+Be, the distribution falls more than a factor of 2 in

the rapidity range 0.5 < y < 1.7. For minimum bias Si+Al, the fall is less dramatic and is

roughly a factor of 1.5 in the same rapidity range. The solid line represents a calculation

from Venus. Venus clearly overpredicts the degree of baryon stopping: it pushes the target

protons closer to the nucleon-nucleon center of mass (note that Si+Al is a nearly symmetric

collision system).

The dN/dy distributions for protons and deuterons for central Si+Au, the heaviest system

measured thus far by E802, are shown in Figure 8. At lower rapidities, one sees effects due to
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Figure 9: Preliminary E802 deuteron invariant spectra at various fixed rapidities (points)
and the prescaled square of the invariant proton cross sections at the same momentum per
nucleon (solid line)[7]. Spectra at different rapidities (y steps of 0.2) have been scaled by
decreasing factors of 10 to allow them to be distinguished from one another.

the target in the distributions. For rapidities y < 1, the d/p ratio is again 5-10%, a value much

lower than that observed at the Bevelac[7]. The solid line represents the arbitrarily scaled (x

28) proton dN/dy distribution from p+Au. One observes that the central Si+Au distribution

is flatter, indicating the higher degree of stopping (and higher baryon densities) achieved in

cental nucleus-nucleus collisions relative to minimum bias proton-nucleus collisions. However,

strings models such as Venus and Fritiof, still overpredict the amount of stopping achieved

in central Si+Au collisions (not shown).

Finally, the next figure illustrates the success of the coalescence model. In Figure 9 we

plot the invariant cross section of deuterons as a function of p± for nearly central Si+Au

collisions [7]. Spectra at different rapidities have been multiplied by decreasing powers of 10

to allow them to be distinguished. The solid lines represent the prescaled squared invariant

cross sections of protons evaluated at the same momentum per nucleon. The agreement

between the points and the solid lines supports the coalescence model for the production of

deuterons.

254



Before we present results for antiproton production, let us briefly summarize conclusions

to be drawn from our proton distributions:

• the dN/dy distribution for protons flattens out for higher mass systems, despite the
overall increase in yield per event, and indicates a higher degree of stopping for central
nucleus-nucleus collisions compared to minimum bias proton-nucleus collisions.

• the inverse mj, slopes increase monotonically with increasing rapidity and with the
system mass.

• deuterons axe well described by the coalescence model.

• d/p ratio is roughly 5-10% for y < 1.

Because of the strong rapidity and trigger dependence of the baryon dN/dy distribution

and inverse mj, slopes, one should be careful when comparing data in different kinematical

regions triggered on different reactions. Several conclusions can also be drawn about the

current string models. They:

• underestimate the proton inverse m± slopes by 20—30%.

• suggest that secondary rescattering is important for baryon rapidities ys < 1-

• reasonably reproduce the dN/dy distributions for baryons in p+A.

• overestimate stopping for nucleus-nucleus collisions.

3 Antiprotons

The dN/dy distribution of baryons is an indicator of the degree of stopping and of the

baryon densities achieved in hadronic collisions[8]. Similarly, antiproton yields, due to the

large nucleon-antinucleon annihilation cross section, are sensitive to the high baryon densities

achieved in nucleus-nucleus collisions at the AGS. Furthermore, the enhanced production of

antibaryons has been proposed to be a signature of the formation of a quark-gluon plasma[9].

As can be seen from Figure 1, £802 has a clean separation between antiprotons and negative

kaons despite the fact that antiproton yields are three orders of magnitude down from yields

of pions and protons. E802 has measured antiproton cross sections for minimum bias and

central Si+Al and Si+Au collisions.

Before we present our data, let us summarize some of the world's data for antiproton

production in p+p and p+A collisions near AGS energies. Figure 10 displays the dN/dy
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Figure 10: Antiproton dN/dy distributions for p+p, p+Al, and p+Pb at 19 GeV/c from
Allaby, et al.[5j.

distribution of antiprotons produced in p+p and p+A collisions as measured by Allaby,

et al.[5] (19.2 GeV/c). One sees that near midrapidity (1.86 in this case), the yield of

antiprotons is roughly independent of target mass. The data of Eichten, et o/.[10] (p+A at

24 GeV/c) support this experimental observation. The invariant cross sections of antiprotons

at fixed y are also well described by exponentials in m i for p i down to 50 MeV/c. The

inverse m± slopes, B, are rapidity dependent and for p+p range from 110 to 130 MeV. For

p+A, they are similar for light and heavy targets and range from 130 to 170 MeV.

Preliminary E802 antiproton spectra at fixed rapidity, along with spectra from pions,

kaons and protons for centrally gated Si+Al and Si+Au collisions, are displayed in Figure

11. The rapidities, 1.5 for central Si+Al and 1.3 for central Si+Au, were chosen to be close

to the geometrical center of mass (1.72 and 1.25, respectively) for each collision system. One

again sees that the distributions are well represented by exponentials (solid lines) and that

the slopes vary somewhat from particle to particle. If one again extrapolates to p± = 0

using an exponential distribution, one can extract dN/dy for the antiprotons. The data of

Allaby, et al. and Eichten, et al. suggest that for p+p and p+A this extrapolation is at

least valid down to p± on the order of 50 MeV/c. Figure 12 summarizes preliminary results

for the antiproton dN/dy distributions for central Si+Al and Si+Au collisions. Although
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the Si+Al distribution appears to be rising in the measured interval (1.1 < y < 1.6), the

Si+Au distribution appears to be relatively flat, suggesting either a broader distribution

or one which is shifted backwards from the nucleon-nucleon CMS rapidity (1.72). Indeed

because Si+Al is a symmetric system, one can reflect the distribution across y = 1.72 to

determine the whole distribution. The data for central Si+Al collisions are consistent with

an antiproton distribution which peaks near the nucleon-nucleon CMS.

Particle
7T+

7T~

K+
K-
P
P

dN/dy
16±1
16±1

2.9±0.2
0.51±0.08
16.2±0.3

0.014±0.002

B [MeV]
162±10
161±10
203±15
175±25
215±5
141±18

Table I: Preliminary results of exponential transverse mass fits for central Si+Au spectra at
y = 1.3. Note that p yields and slopes have been averaged over the range 1.1 < y < 1.6.

System Trigger
Si+Al Min Bias

Central
Si+Au Min Bias

Central

PIT- (-10-3)
2.0±0.4
1.2±0.2
1.0±0.2

0.80±0.13

BpjMeV
137±29
123±17
148±35
141±18

£, - [MeV]
149±5
144±5
151±5
149±5

Bv [MeV]
184±5
191±5
208±5
221±5

Table II: Preliminary p/ir~ ratios and antiproton inverse transverse mass slopes for various
systems and trigger averaged over 1.1 < y < 1.6. For comparison, inverse slopes are also
given for negative pions and protons in the same rapidity interval. Note that for p+p colli-
sions at I4.6 GeV/c, the average total antiproton multiplicity is roughly 1.2±0.3 • 10~3 and
the average pion multiplicity (isospin averaged) is roughly 1.2

Table I summarizes the slopes as well as the extrapolated dN/dy of all of the particles for

the case of central Si+Au at y = 1.3[11]. One sees that the inverse m± slopes for protons and

antiprotons differ by about 50%, in stark contrast to the predictions of many of the thermal

models [9], which predict that proton and antiprotons inverse slopes should be essentially

equal. However, the observed antiproton slope is similar to that measured in p+p and p+A.

Table II summarizes antiproton slopes and p/ir~ ratios for minimum bias and central Si+Al

and Si+Au collisions averaged over 1.1 < y < 1.6. For both antiprotons and negative pions,

the slopes of all of the systems are very similar. In contrast, as previously discussed, the
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proton slopes increase noticeably with increasing system mass. Furthermore, the pjir~ ratios

may suggest that for heavier mass systems, one obtains fewer antiprotons per pion, although

the data cannot definitely support this in a statistically significant manner.

Finally in Figure 13, we compare our antiproton dN/dy for central Si+Au with predictions

from Venus with and without rescattering. First of all, Venus predicts that the effects due

to rescattering should decrease the total yield of antiprotons by a factor of 2.6. Notice that

absorption also makes the distribution a little more forward peaked, as one would expect if

absorption (annihilation) primarily took place with target nucleons. However, the data lie

significantly lower than the Venus predictions. It should also be pointed out, however, that

Venus cannot reproduce the similarity between antiproton yields in p+p and p+A shown in

Figure 10. Venus predicts a four-fold increase in antiprotons as one goes from p+p to p+Pb.
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Figure 13: Preliminary E80S antiproton dN/dy distributions for central Si+Au collisions at
14.6 A-GeV/c compared with calculations from Venus[3] with and without rescattering (solid
and dashed lines, respectively).

From our antiproton data, we conclude that:

• the measured inverse mx slopes in Si+A collisions are similar to those from p+A.

• the p/v~ ratios for Si+A and 1.1 < y < 1.6 are roughly 1 — 2 • 10~3 and are consistent
with those from p+p to within factors of 2.

• the data may suggest that the p/x~ ratio decreases with increasing system mass.
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1. Introduction

In experiments with the CERN-SPS beams of oxygen and sulphur ions, large

initial energy densities in excess of 2 GeV/fm3 have been observed in collisions

with heavy nuclear targets [1]. According to QCD calculations on the lattice the

deconfinement of quarks and gluons may start to set in at such energy densities

[2]. Some interesting signals such as suppression of J/<J production [3] and an

unexpectedly large pion emission region [4] were seen. The analysis of the data taken

by the CERN experiments in 1986 and 1987 has continued and recent preliminary

results on pion interferometry (experiments NA35, WA80), strangeness production

(experiments NA34, NA35, NA38, WA85) and py-spectra (experiment NA35) will

be shown. Data taking with improved detectors and two new experiments will

resume at CERN this year with sulphur beams and is expected to continue in 1991.

2. Pion Interferometry

Using the tool of pion interferometry one can probe the space-time evolution of

the reaction process [5]. Assuming plane waves for the pions, incoherent emission

and a pion emission intensity factorizing into position and momentum dependent

functions one obtains from Bose-symmetrisation for the Iike-pion correlation function

Ci the simple result

where p\, p2 a r e *Qe 4-momenta of the pions and p{p\ — P2) is the Fourier transform

of the pion emission intensity. This result is modified by several effects. Coulomb

repulsion reduces the correlation [6] and the necessary correction factor has been

applied to the data which will be shown below. Hadronic final state interactions

have not been taken into account. In more realistic models of particle production
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there are correlations between the pion momenta and their production point (string

models, hydrodynamical flow etc.); this invalidates the simple relation between the

correlation function Ci and the Fourier transform of the source intensity. The

interpretation of the correlation function in terms of the spatial and temporal extent

of the source becomes model dependent [7j.

In the experiments the correlation function C2 was measured by

where N, Nmta? are the number of like-pion pairs from the same and from different

events respectively.

The resulting correlation functions were fitted with Gaussian parameterisations

of the type

d(Q) = A. (1 + A • e-#-#J*)

in order to obtain radius parameters R for comparison purposes. Here Q = — (pi —

P2)' (Pi ~ P2) 1S *^e square of the 4-momentum difference of the pions and A the

usual incoherence parameter.

2.1. RESULTS FROM THE NA35 STREAMER CHAMBER

The streamer chamber allows the momentum measurement of charged particles

over nearly 4ir solid angle with high accuracy. Most of the produced charged particles

are known to be pions. The reduction of the correlation function by an estimated

~ 20 % due to contaminating other particle species has not been corrected. The

resolution in the momentum difference Q was calculated to be better than 10 MeV/c.

Due to the difficulty of measuring these events with several hundred charged particles

the statistics is presently limited to the order of a hundred events per category.

For particle pairs with opposite charge there is, of course, no positive corre-

lation due to Bose statistics. However, the Coulombic attraction and final state

interactions should produce an effect. The measured correlation function of oppo-

sitely charged particles produced in central S+S collisions is shown in Fig. 1. The

observed enhancement at low invariant momentum difference Q is well reproduced

by the Gamov factor [6]
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which describes the Coulomb attraction. All correlation functions for like sign pions

have been corrected with the corresponding repulsion factor

2KTj

In central O+Au collisions an effective source size considerably larger than the

incident oxygen nucleus (radius ~ 3 fm) was observed for mid-rapidity pions [4].

Preliminary data on the rapidity dependence of the longitudinal and transverse

source parameters in central S+S, S+Ag and S+Au collisions have recently been

obtained and fitted to the parameterisation

C£ ~(QT,QL) = A • (1 + A • e-(QT-*T)2/2-(QL-Ri)2/2)

where Qx-, QL a r e *n e components of the pion momentum difference perpendicular

and parallel to the beam direction in the participant nucleon center of mass system.

The correlation function projected on the transverse momentum difference Qj> is

shown in Fig. 2 for S+Ag and S+S collisions in several rapidity intervals. The

correlation gets narrower in the central rapidity bin for S+Ag while no such effect

is observed for S+S. The fit results for the source parameters J2j\ RL a&d the

incoherence parameter A are summarized in Fig. 3 for all the investigated reactions.

One observes a tendency for the source radius to exceed the projectile radius in the

central production region for O+Au, S+Ag and S+Au, with a concurrent increase

in A. The central S+S interactions do not show this increase.

The dependence of the transverse radius parameter Rf fitted in the rapidity

interval 1 < y < 4 on the uncorrected number of negative particles N^ce m *ne same

region is shown by Fig. 4. The reconstruction efficiency in the streamer chamber

is about 70 %, due to some azimuth dependent losses. An increase of Rj< with

multiplicity, i.e. particle density dN/dy, is evident. The S+Ag events were obtained

with a trigger which accepted also partial overlap collisions. In the events used

for Fig. 4 the transverse size of the reaction volume (overlap region) is correlated

with the particle multiplicity. It is therefore not possible to decide from the results

in Fig. 4 whether the increase of Rj is due to an increasing transverse size of the

interaction volume or to an increase of the produced particle density dN~fdy. In

pp collisions an increase of the pion source size with dN/dy has been reported [S].
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In Fig. 5 the correlation function is shown for two different px intervals of the

pions in central S+S collisions. No clear dependence is seen in contrast to the

widening of the correlation function at higher prp which was observed in Au+Au

collisions at the BEVALAC [9].

An attempt was made to analyse the correlation as a function of a set of variables

proposed by Bertsch und Pratt [10], i.e. the components of the pion momentum

difference parallel to the beam Qi and perpendicular to the beam Qj>. Qj was

further broken down into components QjP parallel and Q^re perpendicular to the

sum of transverse momenta of the pions. The correlation as a function of Qjf*

is expected to be sensitive to the duration of pion emission which might be very

long if a transient quark-gluon-plasma were formed. In that case the correlation in

Qjf* will be much narrower than in Q^e. The result of the analysis is presented

in Fig. 6. The corresponding radius parameters /I0"*, R?idt are similar in S+S

collisions. In O+Au there is an indication that B?ut > Rsi<*e, but unfortunately the

limited statistical accuracy of the data do not yet allow a firm conclusion.

2.2. RESULTS FROM WA80

Preliminary results on ir°ir° correlations have been presented previously [11].

A measurement of the r+ j r+ correlation has recently become available for O+Au

collisions. Positive pions were analysed with the plastic ball detector using the

time-of-flight measurement, the dE/dx information and the delayed ir+ —* p+i/

decay signature. The measuring resolution in the invariant momentum transfer Q

is estimated to be AQ ~ 8 MeV and the useful acceptance of the detector is in the

region y < 1.0.

The x+ i r+ correlation function in central O+Au collisions is shown in Fig. 7

for two rapidity intervals. The correlation function was fitted by an exponential

parameterisation

which describes the measurements somewhat better than a Gaussian form. The

sharp peak at very small Q values cannot be described by the parameterisation.

The value of the fitted radius parameter R « 2.4 fm is of the order, although

somewhat smaller than the radius of the oxygen projectile (~ 3 fm).
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In Fig. 8 the n+ir+ correlation function for y < 1 is compared for peripheral (0.4

< EZDC/EBEAM < 0.88) and central (EZDC/EBEAM < 0.33) O+Au collisions.

Here E^EAM and Ez^ are the energy of the oxygen projectile and the energy

measured in a small angle calorimeter (projectile spectator nucleons) respectively.

The fitted radius R increases from (l.S ± 0.4) fm for peripheral to (2.7 ± 0.2) fm

for central collisions; one might attribute this to the increasing transverse size of the

reaction volume.

Neutral pions have to be reconstructed from their decay photons as measured in

the SAPHIR lead glass detector [llj. However, the combinatorial background under

the T°-peak in the 77 effective mass spectrum exceeds 50 %. Correlations between

"TT0" -mesons selected by a mass cut have been presented, but because of the large

background their interpretation requires a thorough Monte-Carlo study. This work

is in progress.

3. Strange particle production

The transient production of a quark gluon plasma in nucleus-nucleus reactions is

expected to reduce the suppression of strangeness production observed in elementary

hadron-hadron collisions. In a recent lattice-QCD calculation [2] the ratio of energy

densities in light quarks, strange quarks and gluons were indeed found to be

t q q i t s g - . t g = 4 : 1 : 7

above the phase transition. In line with analyses of e+e~ annihilations into hadrons

one may assume that 15 % of the gluons fragment into strange quarks [12]. One

then obtains for the strangeness suppression factor A = ss/uu an estimate of ap-

proximately 0.41. Taking into account resonance production and hidden-strangeness

mesons Wroblewski [13] estimated from the experimental particle production rates

for pp collisions a value of A a 0.2. It has, however, been noted [12] that the hadron

composition produced in nucleon-nucleon collisions is not at flavour equilibrium at

the temperature which is indicated by the transverse momentum distributions. In

nucleus-nucleus collisions rescattering in the spectator nuclear matter and among the

large number of produced particles is expected to be important [14] and could lead

to a substantial increase of the fraction of strange particles produced. It has been
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proposed that the production rates of particles containing more than one strange

quark such as E(3sd) [15] or $ (ss) [16] may be more sensitive indicators of a possible

phase transition.

3.1. PRODUCTION OF ^-MESONS IN EXPERIMENT NA38

The measurement of mass spectra of dimuons in correlation with the neutral

transverse energy Ej- in pU, OU and SU collisions has been extended to the mass

region below the J/<P meson [17]. In order to reduce the background in the p-

pair spectrum cuts on the transverse and longitudinal momenta (pj- > 0.7 GeV/c,

p£ > 13 GeV/c) were imposed for the muons accepted from the spectrometer. The

resulting acceptance for ^-pairs covers the regions pjf1 > 1.3 GeV/c, 2.8 < y < 4.

Since both like-charge and unlike-charge muons are detected, the true fi+(i~ rates

N can be obtained from the formula

N = N+~ - 2

The resulting fi+fi~ effective mass spectrum is plotted in Fig. 9 for pU and SU

collisions. A large enhancement in the vector meson mass region is seen above a

continuum background. The contributions of (/>+w)-rneson, $-meson and continuum

production are obtained from a fit of the form

dN/dM = A* • e(*-"•>2/a4 + A(w+p) • e ( ^ - ^ ) 2 « + Ac.{M-0.3)

where M$, Mu are the known mass values and <r$ « au « 0.11 GeV is the resolution

of the spectrometer.

The ratio N$/Nu+p in OU and SU collisions normalised to the result for av-

erage pU reactions is shown in Fig. 10 versus Ej- • A~2^3. The latter quantity is

proportional to the energy density in the initial stage of the collision as estimated

by the Bjorken formula. One observes that the ratio rises with energy density to 3

times the pU value and that it scales with the energy density.

Enhanced production oi the hidden-strangeness $ meson is expected [16] if de-

confinement occurred in the early stage of the collision process. On the other hand,

it has been estimated from the additive quark model and from photoproduction

data on nuclei [18] that the $-nucleon cross-section is less than half the p,u;-nucleon

cross-section. Thus produced $ mesons are less absorbed in nuclear matter than
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p and u: mesons. The interpretation of these very interesting results on $ produc-

tion therefore requires model calculations taking into account rescattering of the

produced vector mesons.

3.2. T H E PRODUCTION OF A, A, E, 5 IN EXPERIMENT WA85

Strangeness production is studied in the OMEGA spectrometer in pW and SW

collisions [19]. In order to cope with the high particle density the multiwire propor-

tional chambers were operated in the "butterfly" geometry, such that only charged

particles with pj> ~ 0.6 GeV/c are detected. The resulting acceptance for V°-decays

of neutral strange particles is pj £ 1 GeV/c, 2.3 ^ y ^ 3.0. Two silicon-microstrip

detectors near the target measure the charged particle multiplicity in the pseudora-

pidity range 2.1 < i\ < 3.4.

In SW reactions 8671 A and 2103 A candidates were selected from V° decays in

a 50 MeV mass interval centered on the A mass. The estimated contamination from

Kg decays is 6 % and 24 % respectively; it. has no dependence on the associated

particle multiplicity. Corrections for geometrical acceptance and reconstruction ef-

ficiency were applied. The preliminary results on the ratio of negative particles, A

and A to the charged particle multiplicity measured in the silicon detectors is plotted

in Fig. 11. The ratios for A and A remain approximately constant for multiplicities

above 40. For smaller multiplicities, i.e. peripheral collisions, the A ratio seems to

decrease. The observed ratio A/A ~ 5 is similar to that in pp and pA collisions in

the central rapidity region.

Cascade particles can be clearly identified in the ATT~ and AJT+ mass distribu-

tions of V° decays pointing to a secondary vertex (Fig. 12). The preliminary ratio

S - / S - = 0.44 ± 0.10 (10/40 = 0.25 ± 0.08) was obtained for SW {pW) collisions

in the kinematic region pj> > 1.0 GeV, 2.1 < y < 2.9. This remarkably large result

and its apparent increase compared to pW will be investigated with substantially

improved statistical accuracy from the forthcoming data taking runs.
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3.3. RATIO OF K/n PRODUCTION FROM EXPERIMENT NA34

Charged particle production was measured in the external magnetic spectrom-

eter of the NA34-HELIOS experiment [20]. Particle identification was performed

with a time-of-flight counter system allowing K/i: separation for p & 1.5 GeV/c

and the acceptance covered 15° < ©£a£ < 45°. The accessible kinematic range for

A"-mesons was 1.0 < y < 1.3, 0.1 ;$ p? ;$ 0.6 GeV/c.

Preliminary results for the ratios K+/x+, K~/K~ versus the transverse mo-

mentum PT are shown in Fig. 13 for central SW collisions. Both ratios clearly rise

with increasing pj<- The curves are an interpolation of results for pp collisions at the

ISR [21]. The ratio K~/K~ is seen to agree in both reactions while the K+/-K+ ratio

in SW reactions rises far above the pp value. Similarly large values were reported

for SiAu collisions at 14.5 GeV/nucleon [22]. Rescattering processes of produced

particles are expected to increase A"*" production relative to K~ production and

may provide an important contribution in this kinematic region. The same rescat-

tering mechanism should also increase A production; the experimental results (see

[23] and the discussion below) seem to confirm this expectation.

Invariant particle production cross-sections tend to show a similar falloff when

plotted versus mj- = \ip\ + rrfi, as is in fact expected in thermal models [24]. The

preliminary results for l/mj- • dN/dmx are shown in Fig. 14. The falloff for K~

appears to be steeper than for K+. A comparison of the slopes of both cross-sections

has been proposed as a way of distinguishing the presence or absence of a quark-

gluon-plasma phase in the initial stage of the collision [12]. According to that model

calculation the present observation disfavors the plasma formation. However, one

should keep in mind that rescattering production of K+ in the spectator nuclear

matter could alter the A"+ spectrum.

3.4. PRODUCTION OF ATJ, A, A IN THE NA35 STREAMER CHAMBER

Neutral strange particle production in pAu, OAu, pS and SS collisions has been

studied with the NA35 streamer chamber detector. Vzero decays were scanned

visually, then measured and reconstructed. First results for pAu and OAu collisions

were published recently in [23] where also the analysis procedure is discussed in

detail. Due to the high track density the region of small transverse momenta and

high rapidity cannot be analysed.
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In central O+Au collisions the accessible kinematic region is px ^ 0.6 GeV/c,

1.3 ;$ y ;$ 2.8; this region is too small for an extrapolation of rates to full phase

space. A possible enhancement of strangeness production was therefore searched for

by comparing neutral strange particle production in OAu and pAu collisions in the

same kinematic region. Table I shows the ratios of the average numbers per event

of Kg, A, A to negatively charged particles h~ measured in pAu and central OAu

collisions together with predictions of the FRITIOF model [25]. One observes no

increase of the strange particle yield relative to negative particles when comparing

OAu to pAu collisions. The FRITIOF model, based on successive multiple nucleon-

nucleon collisions, predicts the Kg and A ratios correctly, but falls short on A

production by a factor ~ 3,

Table I

<Kt>
<A> /

<A>/

' < A " >

<h~ >

pAu, 200

Data

0.150 ± 0.029

0.153 ± 0.019

0.028 ± 0.010

GeV

FRITIOF

0.149

0.059

0.024

OAu, 200 GeV/nucleon

Data FRITIOF

0.142 ± 0.022 0.152

0.179 ± 0.017 0.073

0.025 ± 0.007 0.028 .

The ratios R of particle production rates in central OAu and pAu collisions in

the acceptance region are shown in Table II. The numbers are close to 16 which one

might naively expect if OAu collisions were a superposition of pAu collisions. The

Table II

RK°

RA

R-A

R.

Data

15.1 ± 3.4

18.6 ± 2.5

16.3 ± 7.0

15.9 ± 1.2

FRITIOF

16.5 ± 0.8

20.1 ± 2.1

18.4 ± 3.8

16.2 ± 0.3
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FRITIOF model, which implicitly makes this assumption, indeed reproduces the

experimental numbers. Production of A in contrast to I<% and A could receive a

significant contribution from rescattering [26]. This might be an explanation of the

discrepancy with FRITIOF which does not treat rescattering.

In SS collisions it suffices to measure particle production in the backward hemi-

sphere of the c.m.s. because of the symmetry of the reaction. The acceptance of

the experiment is then large enough to allow an extrapolation of particle production

rates to full 4x phase space. The kinematic region accessible to measurements is

PT ~ 0.5 GeV/c, 0.5 £ y £ 2.8. The ratio of the average number of A, A and K§ in

the acceptance region to the total number of negatively charged particles produced

in the events is shown in Fig. 15 [27]. One observes that this ratio grows with the

event multiplicity for A and Kg and that in central SS collisions it is more than a

factor 2 higher than in pS and pp collisons.

For comparison with the OAu results the ratios of Kg, A, A rates to negative

particles h~ in the same acceptance region are listed in Table III. All three ratios

are seen to be significantly higher in central SS collisions than in pS collisions and

in the FRITIOF model calculation.

Table III

< "•$ > / < ft >

< A > / < h~ >

< A > / < h~ >

PS

Data

0.154 ± 0.028

0.146 ± 0.024

0.013 ± 0.004

SS central collisions

Data FRITIOF

0.234 ± 0.015 0.138

0.245 ± 0.014 0.101

0.033 ± 0.005 0.019

Table IV gives the ratios of particle production in central SS and pS collisions

for the acceptance region. The strange particle ratios are about 32. However, they

are by a factor ~ 1.5 higher than the one for negative particles in contrast to the

OAu/pAu comparison, where the ratios were similar for strange and non-strange

particles.
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Table IV

R =< N" > 1 < NP' >

K°s A A h~

30.8 ± 5.5 32.9 ± 5.0 51.7 ± 19.1 20.2 ± 1.7

Finally an extrapolation of the SS rates to full phase space was performed, un-

der the assumption that the observed exponential mj1 distributions holds down to

the mx threshold. The results are listed in Table V together with the pS measure-

ments, pp data from [28] and the FRITIOF model prediction. A clear enhance-

ment of Kg, A and A production is seen in central SS collisions compared to pp,

pS and the FRITIOF model. Using Wroblewski's procedure [13] one can estimate

the strangeness suppression factor in central SS collisions to be A as 0.36. Thus

strangeness suppression in SS collisions is weaker than in pp collisions. The value of

A is interestingly close to the estimate derived above from the quark and gluon den-

sities predicted for a phase transition [2]. However, more refined model calculations

are required to assess the contribution of rescattering to strangeness production.

Table V

<

<

\> 1

\> 1

1 <h~ >

' <h~>

' <h~>

PP

Data

0.060 ± 0.003

0.033 ± 0.003

0.005 ± 0.001

pS

Data

0.057 ± 0.006

0.045 ± 0.005

0.006 ± 0.001

SS central

Data

0.10 ± 0.02

0.0S0 ± 0.009

0.015 ± 0.003

collisions

FRITIOF

0.078

0.044

0.010

It is not obvious why there is a stronger suppression of strangeness production

in OAu than in SS collisions. One may speculate that the difference is due to the

fact that the ratio of baryon to meson densities is higher in the accessible rapidity

region in OAu reactions because of the more numerous projectile interactions in the

larger Au-target nucleus.
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4. Transverse momentum spectra

Collective flow may develop in the dense hadron or quark matter which is pro-

duced in nucleus-nucleus collisions [29]. Because the colliding matter is only par-

tially stopped in the c.m.s. one has to analyse the transverse momentum spectra.

In a thermal model the invariant cross-section for producing diiferent particles is a

universal function of the transverse mass mj depending on the temperature T [24]:

This simple picture is complicated by the production of intermediate resonances,

which are known to produce more than half of the stable particles in pp collisions

but probably less in pA and A A reactions [30]. Collective flow will qualitatively

lead to a flattening of the my dependence, increasing with the mass of the particles.

More realistic evolution models [31] allow particle specific freeze-out temperatures

which depend on the scattering cross-section of the particles. The effects due to flow

and/or a deconfinement transition are predicted to be small for the present CERN

experiments.

Preliminary transverse mass spectra for negative particles, R'%, A and protons

from the NA35 streamer chamber experiment are plotted for OAu and SS central

collisions in Fig. 16,17. For negative particles the pion mass was assumed. The

heavier identified particle spectra were renormaiised to join smoothly onto the neg-

ative particle spectra. Within the statistical uncertainties of the experiment the

spectra appear to have a universal shape. It follows the thermal exponential form

with a temperature parameter T ~ 180 MeV for mj- ^ 0.4 GeV (see dashed lines

in Fig. 16,17) and rises more steeply at lower mj \

A recent calculation [32] with the collective flow model of [31] produced the

predictions shown in Fig. 18. The pion spectrum was used to fix the parameters of

the model. The deviations of the shapes of the Kg and A spectra from the pion

spectrum are quite small when plotted versus my and thus precise data are needed

for comparison. Nevertheless the measurements of Fig. 16,17 do not seem to support

the predicted flattening of the A spectrum.
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5. Conclusion

Energy densities in excess of 2 GeV/fm3 have been reached at CERN in 1 6 0-

and 3?S-nucleus collisions and interesting and intriguing effects have been found:

— J / $ suppression

— $/(/> + u>) enhancement

— strangeness enhancement in some reactions

— large effective pion sources

These do not yet constitute convincing evidence for deconfinement. More ac-

curate and detailed data will be provided by improved and new experiments using

the S-beam in 1990 and 1991. The construction and completion of a Pb-ion source

and injector complex is planned at CERN for 1993, which would furnish collisions

with a much larger initial reaction volume. Then, of course, we all look forward to

RHIC which will push into a new energy regime and will provide a further increase

in energy density and a nearly baryon-free central collision region.
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Shape of pion pT-spectra*

P.V. Ruuskanen and M. Kataja

Department of Physics, University of Jyvaskyla
SF-40100 Jyvaskyla 10, Finland

Introduction

If the pions which are observed in the recent heavy-ion experiments *J at CERN and
Brookhaven are extrapolated backwards close to the collision time, one finds densities
which are clearly above the thermal densities at the transition temperature, commonly
estimated to be of order 200 MeV. At this temperature the thermal density of pions is
~ 0.3 fm~3. E.g. in S+S collisions the pion multiplicity2' is dN/dy ~ 90 for all charge
states. Taking R& = 3.5 fm and the initial time TJ = 2 fm/c, one gets n ~ 1.2 fm~3,
which is several times the thermal density at T = 200 MeV.

One can obtain such a high density of quanta in several ways. We would like to convince
ourselves that the observed increase of quanta is due to the phase transition to quark-
gluon plasma (QGP) with roughly 10 times the number of pionic degrees of freedom.
Higher density can also be achieved raising the temperature. At T ~ 320 MeV, pions
reach the density 1.2 fm~3. It is not completely ruled out that such a state of overheated
pion gas could be formed in the collision process. In a static situation we believe, e.g.
from lattice calculations, that QGP is the stable state at such a temperature. In the short
production time and rapid initial expansion this static argument is not necessarily appli-
cable. However, all calculations starting from an initial state of such a high temperature
lead to ^-distributions which are much wider than the observed ones.

At the presently observed densities another quite plausible possibility3^ — instead of
strong heating of pions over the transition temperature — is the formation of dense pion
gas far from chemical equilibrium. If pions with momenta of the order or less than the
thermal momenta are added to thermal pion gas, their number will not immediately
adjust to chemical equilibrium. The rate of reactions which reduce the pion number
compared to two-body reactions which affect iac momentum distribution is expected to
be low4'. What happens then is, that the gas rapidly reaches thermal equilibrium but not

* Based on talks given at the Sixth Winter Meeting on Nuclear Dynamics, Jackson Hole,
Wyoming, Feb., 1990 and Workshop on Heavy Ion Physics at AGS, BNL, March, 1990.
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necessarily chemical equilibrium because the time scale for the latter can exceed that of
the expansion.

The rapid increase of the pion density above the equilibrium value can be a consequence
of the production dynamics. If the final density of produced particles does not reach or
exceed the density of quanta in QGP at transition temperature (expected to be of order
2-5 fm~3), the nucleus-nucleus collision might be described in terms of hadronic degrees
of freedom. One can think of (almost) independent, numerous NN-collisions to produce
pions with momenta, which are independent of the total number of pions. If the dense
state lasts long enough, the system would evolve to a stable state, e.g the mixed phase of
QGP and hadron gas. In the case of rapid expansion the density can drop, however, to
normal hadronic densities before the transition takes place.

If, on the other hand, plasma is formed initially, we still do not know whether the phase
transition leads to hadron gas in chemical equilibrium since the details of the phase
transition in the rapidly expanding system are not known. It could happen, that the
last remnants of plasma are small droplets5J, which decay into numerous low momentum
pions. In summary, there does not seem to be any obvious reasons to believe that the
final hadrons should be initially in chemical equilibrium, even though they might well be
in thermal equilibrium.

As has been pointed out earlier4!, the expanding gas of massive pions will fall off the
chemical equilibrium as a result of the small rate of pion number reducing reactions. We
have performed numerical calculations of this effect by assuming conservation of pion
number and using the equation of state of free gas of massive pions. Even though the
increase of chemical potential from zero is considerable (up to 100 MeV), it does not seem
to lead to values which are close enough to the mass to change the shape of the spectrum
(cf. Fig.l below).

Results

Let us first consider the properties of the distribution function of pions

*, ^ 9 1

with nonzero chemical potential fj..* A positive value of fi means excess of pions and as
fi —+ mv, the excess piles up at low momenta and the system approaches the condensation
point. E.g., the density of 1.2 fm~3 is the condensation density (/t = Tnr) at temperature
T = 220 MeV.

Fig. la shows the dependence of the distribution function on chemical potential for
T/m = 1. When (i is not close to m, say /z/m < 0.75, chemical potential essentially
affects only the normalization of the distribution. As fi approaches ro, the number of pions

* Note that we assume the conservation of pion number. In charge symmetric pion gas
has the same value for all charge states
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with low momenta increases, making the distribution function concave. When fi = m
the distribution function becomes singular behaving like p~2 at small momenta. Since
M 5: mT) a further increase of pions leads to formation of condensate. The distribution
function of massless particles is also shown. It also has a concave shape with a p" 1

singularity.

The effect of fi on pT-distribution is illustrated in Fig. lb in the case of no transverse
flow. As n increases, the low p T part of the spectrum is enhanced and the distribution
becomes concave. With proper choice of ft, the shape becomes similar to that of massless
pions. With transverse flow the two cases usually lead to different behavior as will be
seen below.

An example of a fit with fi^O but without flow is given in Fig. 2a, where the measured
spectrum of negative particles in S+S collisions at 200 GeV/nucleon2' is shown together
with the calculated spectrum for T = 164 Mev and p. = 118 MeV. The quality of the fit
is good (x2/NDF = 1.7), even though there might be slight indication of flattening of
the data at largest values of p T . A slightly better fit {^/NDF = 1.0) is obtained for the
O+Au data with T = 169 MeV and fi = 126 MeV.

The possibly concave shape of the pT-spectrum for p T above 1 GeV has been interpreted6'
as an indication of flow. This might be the case. The evolution of flow presupposes (at
least roughly) thermal behavior of the system. The low p T pions represent a large fraction
of all pions and come from the dense part of the final state. If the flow interpretation of
the high p T part of the spectrum (representing order of 1% or less of the final pions) is
correct, one should expect typical thermal features also in the low p T region. With zero
chemical potential, thermal spectrum always starts with zero slope at zero transverse
momentum7^ and flow can lead even to formation of a dip in the spectrum at p T = 0*1.

The latter feature tends to persists even with nonzero chemical potential as is shown
in Fig. 2b. In this Figure, results from a hydrodynamic calculation with conservation
of massive pions are plotted for different decoupling conditions together with the same
data as in Fig. 2a. The initial conditions, Ti = 230 MeV, pn = 130 MeV, T; = 2.0
fm/c and R^ = 3.5 fm, produce the observed final multiplicity. The dotted line is the
calculated pT-spectrum when the decoupling surface is taken to be a constant number
density surface, nfcc = 0.04 fm~3, in the expanding pion gas. The tail of the distribution
is well reproduced, but ~ 3 pions are missing from the low p.j. peak. This is 10 % of
all the negative particles. They have been shifted to the mid p T values around ~ 0.5
GeV, and are almost unnoticeable there. The overall quality of the fit is poor.

The solid curve corresponds to decoupling at fixed time, t — 5 fm/c. In this case The
temperature of the inner region is ~ 160 MeV and the chemical potential ~ 120 MeV.
The overall representation of the data is better and it could be improved by specifying a
variable initial chemical potential with large values at small r. As fi -+ m the numerics
becomes complicated and we have not tried to push for perfect fits. The dashed-dotted
curve is a calculation for massless pions with Ti = 290 MeV at TJ = 2.0 fm/c. For massless
particles the final spectrum always has a concave shape.
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To conclude, we have shown that the whole range of measured transverse momentum
spectrum of pions can be understood within a single thermal distribution if the assumption
on chemical equilibrium of pions is relaxed. In the rapidly evolving situation of a heavy
ion collision, this appears as a likely explanation of the observed spectra, especially of the
low p-j. feature. The behavior of the large p-p tail of the spectrum gives a slight indication
of transverse flow. Including the flow effects tends to lead to depletion of small momentum
pions even in the case of nonzero chemical potential.
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Figure Captions

Fig. 1. (a) Thermal distribution function for T/m = 1 and different values of fi/m. The dis-
tribution function for TO = 0 is shown in the same figure. In this case the argument is
p/T. (b) The pT-spectrum for matter at rest is plotted for different values of \i(m and
for massless particles at T = 140 MeV.

Fig. 2. Transverse momentum data on negative particles in S+S collisions with various fits, (a)
The curve is calculated from thermal distribution with T = 164 MeV and fi = 118 MeV
with no flow, (b) Results from hydrodynamic calculations. The solid and the dotted line
represent a calculation with conserved massive pions and nonzero chemical potential. For
the solid line the decoupling takes place at fixed time, t = 5 fm/c, and for the dotted
line at constant density, n = 0.04 fm~3. The dashed-dotted line is the case of massless
particles. Initial conditions are chosen to reproduce the multiplicity.
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DILEPTON PRODUCTION

Results from The BEVALAC
Extensions to the AGS

Lee S. Schroeder
Lawrence Berkeley Laboratory

University of California
Berkeley, CA 94720

PROBING NUCLEAR MATTER WITH DILEPTONS

A central focus of studying nucleus-nucleus collisions at energies
ranging from the Bevalac to the AGS and SPS and eventually at RHIC,
is the study of nuclear matter under extreme conditions of density
and temperature. In order to achieve these conditions experiment-
ally, one concentrates on the central collisions of the heaviest
systems possible. Since the transient hot, dense phase is only
expected to be present for the order of l-3xlO"23 seconds, one needs
to seek experimental probes which will be sensitive to these early
times as well as being able to survive this phase and the subsequent
expansion and cooling to carry a signal to the outside world (i.e., our
detectors). The ordinary hadrons, such as pions and protons, are
strongly interacting particles which suffer considerable absorption
and rescattering after production in such an environment. Thus,
they are generally expected to reflect the surface properties of the
system, i.e., after the expansion and cooling and eventually
decoupling of the matter. However, photons and dileptons due to
their weak coupling to matter, should be excellent probes of the
early stages of the collision. Therefore, they are a "penetrating
probe" which can provide relatively undistorted information
concerning their creation. In addition, since they arise from
electromagnetic interactions, detailed calculations can in principle be
readily carried out for comparison with the experimental data.
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SOURCES OF DILEPTONS

At Bevalac energies the primary sources of dileptons (e+e~ pairs) are
shown in Fig.l. Hadronic bremsstrahlung and annihilation processes
are the principal sources of the direct pairs that we are interested in.
Cascading nucleons, deltas and other particles can give rise to pairs in
either the initial or final state of the colliding system and should
therefore be sensitive to conditions in the nuclear environment
produced during the collision. The mass spectra associated with
hadronic bremsstrahlung decreases as a function of pair mass;
whereas the spectrum arising from pionic annihilation should have a
rich structure indicative of the 2it threshold and the intermediate
state associated with the rho-meson. The primary experimental
background arises from the Dalitz decay of neutral pions, etas and
deltas and the Bethe-Heitler process associated with the conversion
of a photon in the target or in the material of the detector. Experi-
mental procedures, generally detector dependent, exist for reducing
and estimating the contributions of such background processes.
These contributions fall with increasing pair mass.

Hadronic Brcmsstrahlung

Hadronic Annihilation

;D—<*

TT" 1" — > e+e- V T>alitz*

X—>e+«- "Bethe-Heitler"

FIGURE 1: Potential sources of dilepton (e+e") pairs at Bevalac energ-
ies along with the expected shape of the mass spectrum.
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Calculations by Kapusta and others1*4 point out that dilepton
production is sensitive to the conditions of density and temperature
achieved in a nucleus-nucleus collision and in addition suggest that
one can obtain unique information on the dynamics of pions in hot
nuclear matter. Figure 2 illustrates an early calculation by Kapusta
showing the mass distribution expected from np bremsstrahlung and
pionic annihilation at normal nuclear density and two different
temperatures. For further details on such calculations see the
articles by Kapusta and Shuryak in these proceedings.
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FIGURE 2: The thermal rate for producing e+e" pairs of invariant
mass M at normal nuclear density and two temperatures.
Contributions from np bremsstrahlung and pionic annihilation (pions
have free space dispersion relation) are indicated.
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At the higher energies of the AGS or the CERN SPS, quark-gluon
degrees of freedom will come into play. Figure 3 illustrates potential
diagrams involving quarks and gluons giving rise to dilepton
production.

a-TT annihilation

annihilation and giuon-bretnsstrahiung

o bremsstrahiung

FIGURE 3: Potential sources of dileptons at high energy.

EARLY RESULTS (pre-DLS)

Before getting to the results from the DiLepton Spectrometer (DLS) at
the Bevalac, let's review the general experimental situation. An
important piece of information is found in the energy dependence of
the direct electron/71 ratio for hadron-nucleon and hadron-nucleus
collisions. It is generally assumed that these direct electrons are the
result of the production of dileptons in the collision. This ratio is
found to be approximately constant, at a value of about 10*4. for
incident energies down to 10 GeV. Below 10 GeV, the only other
measurement is from LAMPF, where an upper limit of about 10"6

was obtained. Thus, the energies available at the Bevalac ^protons to
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4.9 GeV, Ca to 2.1 GeV/nucleon) are in a very interesting energy
range, potentially spanning the range from no direct signal to the
turn on of the signal. Such a threshold-like behavior may indicate an
interesting transition in the dominating physical processes.

Dilepton production was been a topic of many experiments at high
energies. A typical spectrum (for muon pairs) from a FermiLAB
experiment is shown in Fig. 4. Various meson resonances are seen on
top of a continuum. For energies above the J/psi the Drell-Yan hard
scattering process provides an adequate description of the data.
However, extrapolation of Drell-Yan to lower energies (where one
does not expect it to work) shows a sizable excess above this
continuum, i.e., an anomalous yield of low mass dilepton pairs. This
region has become the focus of several experiments over the years,
including the DLS results described next.

TT'H - U * t t - X

Pr'225 GtV/c

(GtV/c*)

FIGURE 4: Mass spectrum of muon pairs measured at FNAL (Chicago-
Princeton) at 225 GeV/c. Solid line is Drell-Yan prediction.
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RESULTS FROM THE DLS PROGRAM

The DLS is a collaboration between the Lawrence Berkeley Labora-
tory, CEBAF, Johns Hopkins University, Louisiana State University,
Northwestern University and Clermont-Ferrand II5. The central goal
of this collaboration is the investigation of nuclear matter at high
density (2-4 x normal) and temperature (50-100 MeV) at Bevalac
energies. Figure 5 shows a representation of the elements of the DLS
which we're in place during its early phase of operation from late
1986 to 1988. It consists of twin magnetic arms, containing: 1) scint-
illation hodoscopes to provide fast electronic timing signals, 2) drift
chambers in front and rear of each magnet for tracking charged
particles and 3) multisegmented cherenkov gas threshold counters in
front and rear to distinguish electrons/positrons from hadrons
(mostly pions and protons)6. The basic trigger requires that there be
an identified electron/positron in both arms. In the 1988-1989
period, the rear drift chambers were upgraded with additional sense
planes, a liquid hydrogen/deuterium target was added, and a 96-
element multiplicity array was constructed to provide information on
the centrality of the dilepton events.

BEVALAC
BEAM

W,

LEGEND

Cerenkov Counter
Drift Chamber
Hodoscope
Lead-Glass Counter
Magnet Pols
Segmented Target
wire unamoer
ton Chamber

FIGURE 5: Schematic representation of the DLS. Each arm subtends
about 170 msr. Typical beam intensities are 107-108/pulse.
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Our published results7"8 for p+Be-->e+e"+X at 1.0, 2.1 and 4.9 GeV is
shown in Fig. 6. Clear evidence for a positive signal, above the
calculated (dashed line) Dalitz background from pions, etas and
deltas, exists for the 2.1 and 4.9 GeV data. However, the 1.0 GeV
data is barely above the estimated background, indicating a strong
energy dependence for the yield of direct dileptons. At 4.9 GeV
substantial structure is also evident. At high pair mass, an enhance-
ment is seen in the region expected for the rho-meson. We also see
the first evidence of a dip-bump structure around 275-300 MeV, i.e.,
in the region of 2mJl, for both the 2.1 and 4.9 GeV results. Substant-
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FIGURE 6: Invariant cross section for p-Be->e+e-+X at 4.9, 2.1 and 1.0
GeV. Dashed line shows estimate of Dalitz contribution.
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ial effort has gone into making sure that the structure near 2mjc is
not related to an acceptance effect. Extensive Monte Carlo's indicate
that the acceptance is smooth in this region of pair mass. In addition,
the like-sign (++ and —) pair mass distribution does not show this
structure. Further studies are in progress to rule out instrumental
effects as the source of this structure.

Additional insight into this structure can be obtained by looking at
the energy dependence of the integrated e+e- cross section/nucleon,
for pair masses>200 MeV8. This is shown in Fig. 7 below. The DLS

0 1 0.5 1 5 10
Q (=VS-2Up)(GeV)

FIGURE 7: Integrated cross sections for DLS proton-induced data as
function of available energy (Q) in CM. Dashed line is single pion
cross section, while solid is for dipion production. Both curves have
been scaled by the fine structure constant squared. Note that the
Dalitz contributions have not been subtracted, which affects 1 GeV
data point the most.

data join smoothly with the higher energy data of Blockus et al.9and
Mikamo et al.1**. The integrated yields fall off rapidly with decreas-
ing beam energy. The dashed curve representing single pion
production is much flatter than the data. However, the cross section
for dipions (solid line) exhibits the same energy dependence as the
data. This observation, along with the fact that the structure occurs
in the region of 2mjc, suggests that pion annihilation may play a
dominant role in these processes. If this is the case, it could provide
new insights into the dynamics of pions in hot nuclear matter.

The dilepton data have been obtained as a function of three
quantities: pair mass (M), rapidity (y) and transverse momentum of
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the pair (pt). Generally we integrate over y and therefore have two-
dimensional data. When fitting model(s) to these data, assumptions
of the model(s) are best tested by comparing simultaneously to both
the mass and pt data. Figure 8 shows the results of a calculation
w e 1 1 have carried out using'the high energy phenomenological KSS
model 1 2 with the inclusion of pionic annihilation. The solid curve
representing the sum of various contributions (including Dalitz
decay) was filtered through the DLS acceptance. Comparison with
the mass distribution (Fig. 8(a)) suggests that pion annihilation does
play a prominent role and accounts to for the observed structure.
However, Kapusta and Lichard13 have performed a model calculation
for pion annihilation which is unable to reproduce the size of the
observed effect. A general question that can be asked and which
must be eventually answered, is whether a nucleus the size of Be is
sufficiently large enough to constitute "nuclear matter."

10-*
0.25 0.5 0.75 1 1.25 1.5

m (GeV) (GeV2)

FIGURE 8: A simultaneous fit (solid line) using the KSS model (with
pion annihilation) to the 4.9 GeV p-Be data in M and p t

2 .

Now we turn briefly to some results from our Ca+Ca-->e+e-+X results
in the 1-2 GeV/nucleon range14. These represent the first data for
e+e~ production for masses up to 1 GeV, with reasonably heavy
beams. Figure 9 shows a comparison of our 1 GeV/nucleon data for
Ca+Ca and p+Be. Again, the dashed curve represents our estimate of
the contribution from Dalitz decays and the solid line is a simple
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exponential fit for M>200 MeV as a guide to the eye. There is a clear
excess of events above 200 MeV for the 1 GeV/nucleon Ca data,
indicating the existence of a direct dilepton signal. In addition, the
data exhibit a shape which is similar to the 2.1 GeV p-Be data (see
Fig. 6). Figure 10 shows the results of a recent VUU calculation15,
with free pions, indicating that dilepton production is sensitive to the
early, dense stages of the collision process. Our present data sample
consists of about 250 events. Clearly increased statistics are
required to extract additional information, particularly on the
possible contributions of pion annihilation in the nuclear medium.

0.0 0.2 0.4 0.6 O.B 1.0
M (GeV)

0.0 0.2 0.4 0.6 0.6 1.0
M (GeV)

FIGURE 9: Mass cross sections/nucleon for: (a) 1.0 GeV/nucleon Ca+Ca
data, and (b) 1.0 GeV p-Be.
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FIGURE10: Time dependence of the central density, number of di-
electron pairs, deltas and pions from Ref. IS.
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SUMMARY OF DLS RESULTS-FUTURE DIRECTIONS

In the initial phase of the DLS program (1986-present) we have
accomplished the following:

1) Observed a "direct signal" for p-Be and Ca+Ca collisions in the 1-2
GeV/nucleon range (up to 4.9 GeV for protons). In doing this, we
have significantly increased the world's sample of dielectron pairs
below 1 GeV. Previous experiments have typically obtained 100-150
per experiment. We now have in excess of 2000 pairs and in the
future our aim is to obtain several thousand pairs per beam energy
and projectile/target combination.

2) Low-mass structure (around 2ni][) has been observed, which may
be indicative of pion annihilation. It will be important to measure
the production of dielectrons from hydrogen and deuterium to see if
this structure is present, and is indeed, really an effect of the nuclear
medium. This is the next set of measurements that we will be
carrying out in the fall of this 1990.

3) In the spring of 1989 we undertook test measurements to see if
the DLS would be able to measure heavier systems. Nb+Nb at 1.05
GeV/nucleon was studied. These data are being analyzed. The
heavier systems are known to have a profound effect on the collision
process at Bevalac energies. Pionic annihilation effects may also be
enhanced for the larger systems. The multiplicity array, which was
operated for the first time in the spring 1989 running period, will
provide us with a unique tool to ascertain whether the dielectrons
are indeed coming from central collisions. This is a necessary
condition if we want to obtain information on the hot, dense phase of
the collision.

CONSIDERATIONS FOR AGS ENERGIES

The question of dilepton production at AGS energies is an intriguing
one. In particular, at Bevalac energies one is in a region which is still
dominated by nucleons, i.e., maximum charged multiplicity for
heaviest systems studied (Au+Au) is about 150-200. At the AGS,
again for the heaviest systems, one expects several hundred pions to
be created in a central collision-they will dominate the multiplicity
of produced particles. Therefore, if one is interested in the pionic
annihilation process, this would appear to be a favorable regime.
However, there are experimental penalties associated with higher
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annihilation process, this would appear to be a favorable regime.
However, there are experimental penalties associated with higher
energy. One of these is that the production of neutral pions will also
go up, each pion providing two gamma-rays, which can materialize in
the detector volume into an electron and positron. Thus, there is a
potential combinatoric problem that must be faced. Some scenarios
(worst case) have this background scaling as N^2. More can be found
on this problem in AGS proposal (P843-Study of Electron Pair
Emission in Nucleus-Nucleus Collisions at the AGS) which was
submitted, but not approved, in 1987.

My personal approach to the measurement of e+e~ pairs at AGS
energies would be to attempt to build on the results of the DLS and
the results from KEK. Figure 11 shows the KEK data for p-Be at 13
GeV/c, close to the heavy ion operating energy of the AGS. First,
measure the yield for the proton-nucleus case and eventually work
up to heavier systems. However, there are several considerations of
a political and sociological nature which should be put down at this
point. Given that the AGS is presently only operating for a few
weeks per year for heavy ions; the pressure which will surely come
to use the heaviest systems with the Booster; and the competition for
personnel, time, money, etc., which will occur as RHIC construction
(the machine and its detectors), all suggest that it will be impossible
to carry out the approach I have suggested. This is too bad, since I
believe that there is a rich regime of physics which can be probed at
AGS energies with dileptons. Some of this richness is indicated in the
results of a calculation by Xia et al.16 and shown in Fig. 12. The
calculation shows contributions to the dielectron spectrum from pn
bremsstrahlung, pion-pion and quark-antiquark annihilation, for
14 GeV/nucleon Ca+Ca. At AGS energies one may be at or near the
region of maximum baryon density. Dilepton production would be an
appropriate tool for probing this region, with or without a baryon-
rich quark-gluon plasma.

This work was supported by the Director, Office of Energy Research,
Office of High Energy and Nuclear Physics, Division of Nuclear Physics
of the US Department of Energy under contract DE-AC03-76SF00098.
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FIGURE 12: Dilepton invariant mass spectra for central Ca+Ca
collisions at 14 GeV/nucleon. Various contributions are indicated.
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DILEPTON PRODUCTION THEORY

Joseph Kapusta
School of Physics and Astronomy

University of Minnesota
Minneapolis, MN 55455

Bitnet: FVS6269@UMNACVX

Whenever charged particles collide they radiate real and virtual photons,
the virtual ones decaying into lepton pairs. The advantage of observing
electromagnetic signals from a strongly interacting many-body system is that
they travel relatively unscathed from the production point to the detector.
Since production rates are rapidly increasing functions of temperature and
density these electromagnetic signals are good probes of the early high
temperature and density stage of heavy ion collisions. The purpose of this talk
is to provide an exploratory study of electron-positron radiation from finite
temperature and density nuclear matter, and to make some corresponding
comparisons with the p(4.9 GeV) + Be measurements of the DLS group .

In the nuclear many-body environment there will be a profusion of micro-
processes leading to dilepton production. Let us focus on just two of them. At
Bevalac, SIS and AGS energies the nuclei essentially stop in the center of mass
frame leading to a compression of baryon density. Among baryon-baryon
scatterings np will be the most important for radiation, since pp contributions
are suppressed in the dipole limit, and nn can only contribute via magnetic
dipole couplings. At temperatures of order 100 MeV pions are rather abundant.
Annihilations of IT with ir into e e will be another important contribution.
For very high temperatures relevant to the formation of quark-gluon plasma,
quark-antiquark annihilation into dileptons has long been considered a possible
probe. However, in a heavy ion collision the quarks and gluons must eventually
hadronize, primarily into pions, and these pions can annihilate to provide a
background to the quark-antiquark annihilations. At the energies relevant to
the accelerators mentioned above, quark-gluon plasma formation is not expected.
Then pion annihilations are actually a process of primary interest, not a
background, since these annihilations may yield information on the properties of
pions in the hot and dense system.

A first estimate of thermal rates is based on relativistic kinetic theory.
The rate for the reaction a + b to produce a dilepton pair plus anything else is

r e l

where the f's are the momentum distributions, v . is essentially the relative
velocity of a and b, and the elementary cross section to produce a pair of mass
M must be known. The rate has the dimensions of number of such reactions per
unit time per unit volume per unit invariant mass. As an example, if we use
thermal momentum distributions then we get the rates as shown in figure 1. We
see that two-pion annihilation dominates np bremsstrahlung for masses exceeding
the two-pion threshhold.

The rate for two-pion annihilation is proportional to the square of the pion
number density and so informs us of the number of pions produced when nuclear
matter is very hot and dense. This number may very well be different than the
number of pions observed asymptotically in the detectors. In addition it is
expected that the pion dispersion relation is softened in nuclear matter. The
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energy of the pion may even have a local minimum at nonzero momentum due to p-
wave attraction to nucleons (delta resonance) and this could drastically alter
the pion annihilation rate into dileptons. The rate for pion annihilation into
dileptons with zero total momentum (back-to-back) in the nuclear matter frame,
including a modified pion dispersion relation « - w(k), is

dReV

d3qdM k
such that
2w(k)-M

d k

Here F (M) is the pion electromagnetic form factor. The rate involves a
Jacobian of the transformation from momentum to energy, namely the group
velocity dw/dk. The rate is inversely proportional to the group velocity, and
at a local minimum dw/dk vanishes, hence the rate diverges. An example is
plotted in figure 2 as well as the rates for pions with their free space
dispersion relation and the contribution from np bremsstrahlung. There is a big
enhancement of the dilepton production rate due to the softening of the pion
dispersion relation. More importantly there is now some interesting structure
to the spectrum, which is important in heavy ion measurements.

Scott Pratt argued that since the current is proportional to the group
velocity, the rate should be proportional to the group velocity rather than
inversely proportional to it. Although this is an argument valid only in the
infinite wavelength limit and hence not applicable in this context.it does raise
the question as to what the exact expression for dilepton production is. It
turns out that the following expression is exact with respect to the strong
interactions, and correct to lowest order in e with respect to the
electromagnetic interactions:

Here TSr is the retarded photon self-energy at finite temperature and density.
To compute it in the context of self-interacting pions alone requires knowledge
of both the pion self-energy (which gives the pion dispersion relation) and the
pion electromagnetic -vertex. One can show that the most general form of the
latter involves three scalar functions each of which depends on five variables.
The vertex is related to the propagator by the Ward-Takahashi identity.
Unfortunately this identity is only one scalar equation and cannot be used to
determine the vertex from the propagator. Recently Korpa and Pratt have used a
simple version of the delta-hole model to compute the vertex at finite density.
When this modified vertex is used to compute the rate the curve shown in figure
2 is obtained. There is no longer a big enhancement of the rate above 300 MeV.
However, the Jacobian peak is still present at threshhold, and this leads to an
important structure in the spectrum. Observation of a bump or similar structure
in heavy ion collisions below the free space two-pion threshhold would be
important information of the behavior of pions in high density nuclear matter.

The DLS has reported a bump in the dilepton mass spectrum around 275 MeV in
p + Be collisions at 4.9 GeV. Previous calculations have shown that this bump
cannot have its origin in nucleon-nucleon bremsstrahlung nor in the Dalitz decay
of the delta resonance. Peter Lichard and I attempted to explain this bump by
considering the annihilation of two pions produced in the collision. We used
the experimentally observed cross-sections for the production of 2, 3, 4 or 5
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pions in a pp collision at essentially this energy. We used a phase space
generator which included transverse momentum cut-off and leading particle
effects, and from it obtained the momentum-correlated two-pion distributions.
We assumed that these pions were created independently in a region of position
space modelled by a Gaussian of width 1 fm. Once created the pions were assumed
to follow straight-line trajectories out to the detectors. Of course, once in a
while the pions' trajectories overlap, and when that happens they may annihilate
into e e". The number of pairs produced is

N dt J d3

e e •K It

where W is the two-pion phase space density. Invariant mass and momentum cuts
can be introduced in the integration. Our result is shown in figure 3. The
absolute rate is not too bad for large mass, but in fact the yield is inversely
proportional to the square of the Gaussian radius, so there is some freedom in
the absolute normalization. Most importantly there is no enhancement of the
yield near threshhold; it misses the data by more than an order of magnitude.
The nuclear system studied is so small one could hardly believe that many-body
effects of the type described before would come into play. Therefore the origin
of this bump remains a puzzle. We anxiously look forward to accurate
measurements of the yields in heavy ion collisions!

This work was supported by Department of Energy Grant No. DE-FG02-87ER40328.
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Abstract

Issues relevant in a soft (< 5 GeV) muon pair experiment at the AGS or the

RHIC central region are investigated. Observation of direct muon pairs is difficult

because the muon pair to pion ratio is O(10~4). Absorber penetration is the only

means available to identify high energy muons among a large number of hadrons.

Three important sources of background are sail-through hadrons that fail to interact

in the absorber, the decays of pions and kaons to muons in the absorber, and leakage

of hadronic shower products through the absorber. An absorber thick enough to

limit the ratio of combinatorics! background pairs to pions to C(10~4) imposes

a significant muon kinetic energy threshold due to muon range in the absorber.

Absorbers with low atomic number Z are preferred to keep this threshold low, and

to avoid loss of invariant mass resolution due to energy loss straggling and multiple

coulomb scattering. Long-lived meson to muon decays can be directly suppressed

only by picking an absorber with short interaction length, which implies a high

density, high Z material. With sufficiently high statistics, a subtraction of the

spectra of like-sign pairs from the spectrum of opposite-sign pairs should recover

the direct muon pair spectrum.

Direct photons and lepton pairs are interesting probes of hadronic collision processes

because they do not have significant final state interactions. Unfortunately, the same

characteristic weakness of interaction suppresses their yield relative to produced hadrons,

handicapping their usefulness. The direct photon signal is all but overwhelmed by the
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copious production of background photons from ir° —» 2y decays. Dielectrons must be

detected amid a huge background of charged hadrons, and "interesting" electron pairs

must be distinguished from ir° —> *ye+e~ decays, and 7 + Z —> e+e~ + Z conversions.

This motivates the study of dimuons, for which the lack of hadronic interactions again

can be used advantageously to identify them from background hadrons. All high energy

physics experiments which study muons use absorbers to filter out hadrons and identify

the penetrating particles as muon candidates. Very few high energy physics experiments

have studied muons below a muon kinetic energy of ~5 GeV [1]. The central rapidity

region of Au + Au collisions at AGS fixed target energies (11.9 AGeV/c) is at rapidity

1.62, and the central rapidity region at RHIC energies (100 + 100 AGeV/c) is at rapidity

\y\ ^ 1. Most direct muons from these sources will have kinetic energies < 2 GeV. The

dimuons produced in these kinematic regions could yield extremely interesting information

about the collision processes, if the muons can be identified. T l 2 purpose of this article

is investigate whether soft ( ;$ 5 GeV) muons can be studied experimentally in either of

these domains.

There are two main sources of "interesting" dimuon production:

• the decay of massive virtual photons, and

• the decay of neutral vector mesons, namely the p, tf>, and J/r/>.

The Feynmann diagram for virtual photon production and decay contains two electro-

magnetic vertices, one for the emission of the photon from a charged hadron current,

and the other for the decay of the photon into the (i+fi~ pair. Semi-quantitatively, each

vertex contributes one power of the fine structure constant a to the rate, so the order

of magnitude of the overall rate for the process is O{a2) = 1/1372 = 5.3 x 10~B. The

production cross section for p mesons in hadronic collisions is ~ mb, but the branching

ratio (B.R.) for p —> fi+(i~ is 6.7 x 10~5. The cross section for <f> production is < mb, and

the B.R. is 2.5 x 10"4. The B.R. for tp -> fi+fi~ is 7.4 x 10"2, but the production cross

section is < fib. Experimentally, the ratio of muon pair to pion production is observed

to be (t+fi~/ir < 10~4 for almost every energy and colliding system measured [1,2]. This

means that the muon identification in any soft muon experiment must reject oppositely-

charged pairs of background particles at the level of < 10~4 just to provide a 1:1 signal

to background ratio.

The experimental definition of a muon is a minimum ionizing particle that does not

interact hadronically or shower electromagnetically. This is the only characteristic that
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can be used to discriminate between high energy muons and charged pions, because the

muon mass is 75.7% of the charged pion mass. To understand why other methods of

particle identification cannot help, consider the example of time-of-flight vs. momentum

identification. A formula for the maximum momentum the muon candidate could have

and still allow a pion to be rejected by time-of-flight is

An AGS experiment with a flight path of 8 m, and a 5<r At of 400 ps, has pmax < 530

MeV/c. This momentum range is too low to identify the muons from the symmetric

decay of a mid-rapidity (y = 1.62) p meson, where each muon has momentum 1005

MeV/c. Note also that 23.7% of 530 MeV/c pions will decay into muons within an 8 m

flight path. These factors force a soft muon experiment to use the traditional principle of

muon identification, a hadron absorber.

There are three obvious sources of background for a soft muon experiment:

• sail-through hadrons which fail to interact in the absorber,

• secondary muons from the long-lived meson decays IT —> fiu and K —* fiv, and

• secondary hadronic shower particles that leak through the absorber.

This article will explore the consequences of the first two of these backgrounds, the sail-

throughs and the long-lived decays. The third background, leak-throughs, is the subject

of RHIC R&D Experiment RD10 [3], since it is impossible to calculate or model that

process to the desired level of accuracy, C?(10~4).

To what level must all the backgrounds (from sail-through hadrons, long-lived meson

decays, and leak-through shower particles) be reduced? Let w be the probability that a

hadron causes a fake muon candidate by any of the background mechanisms. If there are

N hadrons in an event in the acceptance of the experiment, then the probability that n

of them fake muons in that event is given by the binomial probability distribution,

The probability that n > 1 is 1 — p(0) % Nw for small w. The dimuon signal is actually

a pair of muon candidates of opposite charge. Assume that the probability of a real

fi+(i~ pair is ( as 10~4 per hadron, and (approximating the binomial distribution again),
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the number per event is s» N£. The probability of 1 or more fake pairs in an event is
(prob. of n+ > 1) x (prob. of n" > 1) « (N+w)(N~w) = N+N~w2. Assuming that
N+ = N~ = N/2, then for a 1:1 signal to background ratio, N( = N+N~w2 = i W / 4 .
Thus the limit on w is

t» < 2(C/iV)1/2- (3)

For N = 100, w < 2 x 10~3, and for N = 1000, to < 6.3 x 10"4. These numbers are the
goals background rejection must strive to achieve.

Hadronic interactions exponentially attenuate the hadron flux penetrating an ab-
sorber. Disregarding hadronic secondaries generated by interacting hadrons, the fraction
of hadrons that exit the absorber without interacting is exp(—x/A), where x/A is the
absorber thickness in interaction lengths. For a fi+fi~/v ratio of C ** 10~4, and num-
ber of hadrons per event of N w 400, the minimal criterion from Eq. (3) requires that
w = exp(—x/A) ;$ 10~3. This means that the absorber thickness must be x/A ^ 6.9, so
that sail-through hadron pairs are attenuated to the same flux level as the direct muon
signal. Muons penetrating an absorber do not interact hadronically, but they do lose
energy continuously by dE/dx, exciting or ionizing atoms in the absorber. Soft muons
will range out and stop in a sufficiently thick absorber, but if they do not penetrate far
enough, discrimination against hadrons is impossible. Thus muons must have a minimum
kinetic energy to penetrate at least 7 interaction lengths of material; that kinetic energy
depends on the absorber material's atomic properties. Figure 1 shows the average range of
a muon in interaction length units as a function of muon kinetic energy for three absorber
materials: beryllium (Be), carbon (C), and copper (Cu). Figure 2 shows the exponentially
decreasing probability that a hadron can sail through an absorber just thick enough to
range out muons of kinetic energy given on the abscissa. This figure shows that to achieve
w < 10~3 for sail-throughs alone, muons must have kinetic energy > 900 MeV for a Be
absorber, K.E. > 1100 MeV for a C absorber, and for Cu, K.E. > 1450 MeV. Absorbers
with higher atomic number than Cu (Z = 29), have even higher kinetic energy cut-offs.

To understand the effect of these kinetic energy cut-offs on experimental observables,
consider the example of vector mesons produced at mid-rapidity in AGS fixed-target colli-
sions. Assume that the mesons have mass M, p± = 0, and that they decay symmetrically
into equal energy muons in the lab frame. In the meson rest frame, the muons share
equally the energy available, so the total relativistic energy of each is Ep = M/2. In the
lab frame, each muon has total energy E'^ = E^ coshy, where y was the mesons' rapidity.
At mid-rapidity at the AGS, y = 1.62, the muons from p mesons (mass 770 MeV) each

321



have kinetic energy 906 MeV, marginal to penetrate even the Be absorber. Practically,

this means that a muon experiment is incapable of observing low-px p mesons at mid- or

lower rapidity at the AGS. With a 7A C absorber, p± = 0 p —* fi+fi~ decays could be

observed only for rapidities y > 1.80, and the rapidity threshold for px = 0 <j> —> fi+fi~

decays is y > 1.50. Muons from the decay of a mid-rapidity, px = 0, if? meson (mass

3100 MeV) each have ample kinetic energy, 3965 MeV; however the kinematic production

threshold for the ip in fixed-target p-p collisions is 12200 MeV/c, so ij> production is very

small at AGS energies.

Note also that the kinetic energy of each of the muons from the decay of a y = 0, p± =

0, V* in the central region at RHIC is 1444 MeV, borderline to penetrate a realistic absorber

in a cylindrical detector. This implies that the detection efficiency of a muon experiment

at RHIC for ip —> fi+fi~ decays will be poor for small y, low p± if>'s, and that the efficiency

will be strongly px- and y-dependent. Dimuons with invariant mass below the ip will be

essentially unidentifiable in the central region. More specific statements require detailed

study of the rates of signal and background for particluar detector geometries as a function

of rapidity y, transverse momentum px, and invariant mass M.

The absorber also has a serious impact on the quality of the muon momentum mea-

surement. The invariant mass of the muon pair is

[ ] 1 / \ (4)

where E^ is the total energy of a muon, pM (p^) is the muon's momentum (magnitude),

mM is the muon mass, and Q\2 is the angle between the muons. For a symmetric decay

with muon pair px — 0, and 6' = Ou/2 (half the lab angle between the muons), the

fractional invariant mass resolution is

AM ^ A P \ 2 ( M'VY12

Ap is experimental uncertainty in the muon's momentum, due to measurement accu-

racy and energy loss straggling (ELS) in the absorber, and A9' is the uncertainty in

the half-angle between the muons, due to measurement limitations and multiple coulomb

scattering (MCS). ELS is proportional to the total energy the muons lose in the absorber,

which is greater for absorbers with large atomic number. The mean MCS angle is also

approximately proportional to the atomic number Z of the absorber.
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In order to quantify the effect of ELS and MCS on mass resolution, a series of simple

GEANT simulations were done [4j. Muons of several kinetic energies (2, 5, 10, and 20

GeV) were shot through several kinds of absorber (Be, C, and Cu) of various thicknesses

(~3A, ~.'/\. id ~7A). The distributions of muon momentum and angle on exit from the

absorber were accumulated. In Fig. 3 are ELS histograms of |ppeafc — Pe*tt|/|Ppeafc| for

1500 Monte Carlo muons of 2000 MeV K.E. incident on three absorbers: 4.5A Be, 3.9A

C, and 2.9A Cu. In Fig. 4 are muon exit angle distributions for the same three absorbers.

The histograms in both Figs. 3 and 4 were smoothed to compensate for low statistics.

These distributions were then used to determine values for Ap and A6' in Eq. (5). Fig.

5 shows the fractional invariant mass resolution for two cases of invariant mass (p meson,

mass 770 MeV, and i> meson, 3100 MeV), and three absorbers (4.5A Be, 3.9A C, and 2.9A

Cu), for meson kinetic energies ranging from 1 to 19 GeV. The fractional resolution in all

cases is below 0.12, and in all but one case less than the fractional intrinsic width of the

p, 0.085.

The rationale for using such thin absorbers in these examples is to try to preserve as

much resolution as possible. One possible experimental configuration would divide the

total thickness of absorber into two parts: the first part between the target (or inter-

action region) and the momentum analyzer, and the second part following the analyzer

to complete the thickness needed for confident muon identification. The first absorber

would only need to be thick enough to attenuate the hadron flux down to a level which

the tracking in the momentum analyzer could handle without confusion. This could be

approximately half the total absorber thickness, resulting in nearly twice as good mass

resolution as tracking after the full absorber. The experiment would be triggered by two

or more muon candidates penetrating the second absorber to a sufficient depth. Because

there is no tracking after the full absorber, the kinetic energy of muons is efficiently ex-

pended reaching the minimum absorber depth required, giving the lowest possible kinetic

energy threshold.

Probably the most serious backgrounds confronting a soft muon experiment are the

decays w —> fit/ and K —* fiu. The production of muons from the decay of mesons in an

absorber can be described by the pair of simple differential equations,

^ ^ (6)

where T is the flux of mesons, M. is the flux of muons, A is the mean free path of the
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mesons, r = C/3JT0 is the lab distance equivalent to the meson lifetime, and a is the

branching ratio for the meson to muon decay. Solving these equations, the integrated

muon yield (neglecting decay of the muons themselves) for an absorber of thickness x, is

M = frffi^fr ~ exp[-*(l/A + 1/r)]}, (7)

where To is the initial meson flux. In Fig. 6, the probabilities (on a log scale) for ir and

K mesons to decay to muons are given for the range of meson kinetic energies along the

abscissa, 0 - 20000 MeV. The four curves correspond (in descending order) to kaons in a

Be absorber, kaons in Cu, pions in Be, and pions in Cu. It is more probable for kaons to

decay than pions because kaons have a shorter lifetime, 12 ns vs. 26 ns for pions, and a

smaller time dilation factor 7 at a given K.E. (although the branching ratio to muons is

only 63.5% for kaons, whereas it is virtually 100% for pions). The probabilities for decay

are lower in Cu than Be because A is shorter in Cu and the mesons are more likely to

interact in a given decay length in Cu than in Be. The probabilities are not drawn for

low meson kinetic energy, because muons from the decays of such mesons have too little

energy to penetrate a ~7A absorber.

The only optimization available to the experimenter in Eq. (7) is to make the ratio r/A

as large as possible. For high energy muon experiments, r is long because of relativistic

time dilation, but this advantage is unavailable by definition to a soft muon experiment.

The requirement that A be as short as possible demands a high density absorber material.

Unfortunately, high density materials invariably have a high atomic number Z, with

accompanying high ELS and MCS to the detriment of resolution, and high total dE/dx

energy loss which raises the muon kinetic energy threshold. The experimenter must trade

off these incompatible criteria when choosing an absorber material.

In Tables 1 and 2 are listed properties of 31 low-Z absorber candidates [5,6]. The

list excludes organic materials, because all organic materials have density p < 1.3 g/cm3,

which gives them distressingly high probabilities for long-lived meson to muon decay.

Properties listed include the density p, radiation length Xo, hadronic interaction length

A, range R of a 2000 MeV (K.E.) muon, energy loss AE of a 2000 MeV muon penetrating

9A of absorber; the mean MCS angle 9MCS of a 2000 MeV muon, and the probabilities

P(7r) and P(K) for a 2000 MeV ir or K meson to decay to a muon before interacting in 9A

of absorber. Be is an excellent material for reducing ELS and MCS, but its price is about

$500. per pound [7]. BeO might be a good candidate for the first absorber material, since

it has the same effective atomic number as C, and > 1.3 times the density; unfortunately
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BeO costs approximately $275. per pound [7]. The cost of p = 1.72 g/cm3 C (CS grade

graphite) is about $2.33 per pound, and the cost of p = 2.0 g/cm3 C (ZTA aerospace

grade) is about $50. per pound (p = 2.25 g/cm3 C is not readily available) [8]. A12O3

might be a good material for the second absorber, since it is almost 50% denser than Al,

and has a lower effective atomic number.

The kinematics of meson —> fiv decays exhibit several important features. In the

meson rest frame, the total muon energy is E^ = (A/2 + m2
i)/(2Af), and the muon

momentum is |p^| = pM = (M2 — m2
1)/(2M), where M is the meson mass and m,, is the

muon mass. In the lab frame,

cos* = (Elft - EjliPpJ, (8)

where 7 and j3 are the Lorentz factors for the meson (the boost), and 9 is the angle between

the meson direction and the muon direction in the meson rest frame. 9 is random, and in

the meson frame, cos 9 is uniformly distributed because TT and K mesons have spin 0, so

the probability law is

Thus the muon total lab energy E'^ is also uniformly distributed, between E'min =

f3Pfi) and E'max = -t{E» + 0Plt); E'mJE« w 0.57 and E'min/EK n 0.046. In Fig. 7 are

shown the probability distributions of muon lab kinetic energy for six cases: IT —»fiu for

2000, 5000, and 10000 MeV K.E. pions, and K -> (ii> for 2000, 5000, and 10000 MeV K.E.

kaons.

The probability distribution law for the lab angle 9' between the meson direction and

the muon direction is quite complicated. In particular, if the meson /? > (M2 —m2
(l)j{M2 +

m£), then there are two angles 9 in the meson rest frame that correspond to the same 9'

in the lab, and there is a maximum lab angle given by

The probability distribution p(9')d9' diverges at 9'max (although Jp(9')d9' = 1 of course).

In Figs. 8 and 9 are shown the probability distributions for the lab angle between the

meson direction and the muon direction, for pions and kaons of kinetic energies 2000,

5000, and 10000 MeV.
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One simple strategy to reject some of the meson —> fit/ decays is to cut on muons
that do not point to the interaction vertex. The mean muon momentum transverse to the
meson direction is <p±> = (TT[M2 — m2])/(8M), and the mean muon momentum along
the meson direction is <p\\> = (/?7[Af2 + m£])/(2M). Thus the mean lab angle 9' is

<0'> _ I 1.
0MCS \ 5.

<9>> « <tan*'> = M \ «
\ p , l /

A fo.mula for the mean MCS angle for muons is OMCS = {0-134/(/327)}[a;/Xo]1^2, for an
absorber x/Xo radiation lengths thick. The ratio of these two angles is

.62/?[X0/*]1/2, for x -» nv

,34/?[JV*]1/2, for K^ftv.
Even for a 4.5A Be absorber, \xjXo]x^ = 2.3, and the ratio in Eq. (12) for ir —* pv is < 1:

the mean decay angle is completely obscured by the MCS angle.. This approach does not

work.
Another, more complicated method to reduce the meson —* fiv background is to

measure the particle momentum before it has a chance to decay, and compare that to
a second momentum measurement made downstream of absorbers which identify the
particle as a muon. If the two momenta agree, then the probability is reduced that
the muon originated from a long-lived meson decay between the two measurements. This
method can be called double momentum analysis. Consider an experimental configuration
consisting of a first absorber immersed in a first magnetic field, followed by tracking in
a second magnetic field in an absorber-free region, followed by a second absorber thick
enough to complete muon identification. Assuming that all particles originate from the
vertex (and do not decay before they are bent appreciably), the position and direction
at the exit point of the first absorber give the first momentum measurement. The arc
in the second magnetic field (in the absorber-free region) gives the second momentum
measurement. If the second absorber is instrumented at regular depth intervals, then the
end of range of slow particles gives a total energy that can be used as a third measurement
that must agree with the other two.

What power does this scheme have to reject background? The accuracy of the first
momentum measurement is limited by MCS in the first absorber. Consider an example
configuration consisting of a first absorber of 1.83 m of Be (4.5A) in a 1.5 T magnetic
field. An analytic study was made, assuming the average MCS angle is given by the usual
analytic formula, 6MCs = 14.1(MeV/c)[a;/Xo]1/2/(p/3). The MCS-limited momentum res-
olution obtained was Ap/p = {+0.090, -0.075}, for both p = 2000 and 5000 MeV/c.
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This ratio is independent of p (to first order), because the momentum measurement es-

sentially involves measuring the lateral distance between the exit point and a straight-line

(no curvature) exit point; this distance is proportional to 1/p. The MCS angle also goes

like l/p, so in the ratio Ap/p, the momentum dependences cancel to first order. For

comparison, the momentum deduced from the "average" decay of a 2135 MeV/c IT into

a 1675 MeV/c \i half way (0.92 m) through the absorber was also calculated. Using the

muon exit point and exit angle from the absorber, the apparent momentum of the muon,

if it were coming directly from the interaction vertex, was only 3.4% to 7.7% greater than

the actual 1675 MeV/c momentum the second momentum analyzer would find. This is

within the 9% momentum resolution of the first measurement, so it would be impossible

to reject this particle as a muon from meson decay in the absorber. Although more study

is needed, this background rejection scheme is not very promising either.

In any soft muon experiment in a high multiplicity environment, the signal to back-

ground ratio will not be large, so a statistical correction for the background will have

to be made. The spectrum of detected pairs will be composed of like-sign and unlike-

sign pairs in not-quite-equal numbers. Can the real fi+{i~ spectrum still be extracted,

with sufficiently high statistics, by subtracting the like-sign spectrum from the unlike-sign

spectrum? Let N*± and NR± be the numbers of pions and kaons per event, and let gw

and (JR be the probabilities that they contribute fake muon candidates (primarily from

fit/ decay). Assume that iV+~ = JVMM + Nf~ke, i.e. the total number of candidate pairs in

an event is the sum of the real pairs plus the combinatoric fake pairs. The numbers of

combinatoric pairs are

N- = N^q
2J2 + N^NK^qK + N^ql/2. (13)

(The terms N(N — l)g2/2 =s N2q2/2 arise from the combinatorics of pairing identical

particles without double counting.) Further assume that N*+ = N*_, but that iVK+ ^

NK- • Then like-sign subtraction almost recovers the true signal,

Ar+- _ JV++ _ AT— = (14)

except for the asymmetry in kaon abundance. Unequal K+ and K yields are well es-

tablished at AGS energies [9], but the asymmetry should be much smaller in the central

rapidity region at RHIC. It may be possible to correct for the residual background with
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a Monte Carlo simulation to derive the true signal, iV^M. Note that NMli oc N* has been

assumed, and that Nt~ke oc N%, so the combinatoric background problem worsens pro-

portionally to the event multiplicity.

In conclusion,

• a soft muon spectrum hurts because the muons range out, killing the muon detection

efficiency at low energy, and because soft muons suffer moderate to severe energy loss

straggling and multiple coulomb scattering, which harm invariant mass resolution;

• in order to provide a low muon kinetic energy threshold and to preserve invariant

mass resolution, low atomic number (Z) absorber materials (like Be and C) must be

used, and these requirements are incompatible with traditional calorimeter materials

like Fe, Cu, Pb, or U;

• even though muon candidates must penetrate ~7A in order to eliminate sail-through

hadrons and shower products, to preserve resolution, the muon momentum measure-

ment should be made after the least thickness of absorber necessary (~4A); this in-

creases the difficulty of tracking because of the large number of extraneous particles,

and requires a second absorber downstream to complete muon identification;

• the accompanying soft hadron spectrum in not very time-dilated, and pions and

kaons have a significant likelihood of decaying into background muons before they

interact in the absorber;

• the 7r —> fit/ background cannot be eliminated by tracking through an absorber,

because the muon angle and momentum distributions overlap the parent pion angle

and momentum too closely;

• with sufficient statistics, a like-sign subtraction and Monte Carlo correction may al-

low a direct muon pair spectrum to be seen even with a modest signal to background

ratio.
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1 Tables

Table 1: Properties of 31 lovr-Z absorber candidates are listed, including the density p,

radiation length XQ, hadronic interaction length A, and ratios of XQJX.

Table 2: Further properties of 31 low-Z absorber candidates are listed, including the range

R of a 2000 MeV (K.E.) muon, energy loss AE of a 2000 MeV muon penetrating 9A of

absorber, the mean MCS angle 0MCs of a 2000 MeV muon, and the probabilities P(?r)

and P(K) for a 2000 MeV i or K meson to decay to a muon before interacting in 9A of

absorber.

2 Figures
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Figure 1: The average ranges of muons, in interaction length units, as a function of muon

kinetic energy, for three absorber materials: beryllium (Be), carbon (C), and copper (Cu).

Figure 2: The exponentially decreasing probabilities that a hadron can sail through an

absorber just thick enough to range out muons of a given kinetic energy. To reduce the

probability to < 10~3 in a Be absorber, muons must have kinetic energy > 900 MeV, in

a C absorber, K.E. > 1100 MeV, and in Cu, K.E. > 1450 MeV.

Figure 3: Energy loss straggling (ELS) histograms of \Ppeak — Pexit\/\Ppeak\ for 1500 Monte

Carlo muons of 2000 MeV K.E. incident on three absorbers: 4.5A Be, 3.9A C, and 2.9A

Cu. The histograms were smoothed to compensate for low statistics.

Figure 4: Muon exit angle distributions due to multiple coulomb scattering (MCS) for

the same Monte Carlo muons in the same three absorbers as in Fig. 3. The histograms

were smoothed to compensate for low statistics.

Figure 5: The fractional invariant mass resolution AM/M for two cases of invariant mass

(p meson, mass 770 MeV, and tp meson, 3100 MeV), and three absorbers (4.5A Be, 3.9A

C, and 2.9A Cu), for meson kinetic energies ranging from 1 to 19 GeV. The fractional

resolution in all cases is below 0.12, and in all but one case less than the fractional intrinsic

width of the p, 0.085.

Figure 6: The probabilities (on a log scale) for TT and K mesons to decay to muons for the

range of meson kinetic energies 0 - 20000 MeV. The four curves correspond to kaons in a

Be absorber, kaons in Cu, pions in Be, and pions in Cu. The probabilities are not drawn

at low meson kinetic energy (on the left) because the muons resulting from the decay of

such mesons have too little energy to penetrate a ~7A absorber.

Figure 7: The probability distributions of muon lab kinetic energy for six cases: ir —* fiv

for 2000, 5000, and 10000 MeV K.E. pions, and K -> fiv for 2000, 5000, and 10000

MeV K.E. kaons. The probabilities are uniformly distributed between E'min — m^ and

E'max — Trip, as explained in the text following Eq. (9).

Figure 8: The probability distributions of lab angle between parent pion and daughter

muon for three cases: v -> /it/ for 2000, 5000, and 10000 MeV K.E. pions. The distribu-

tions are (integrably) singular at the angle given by Eq. (10).
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Figure 9: The probability distributions of lab angle between parent kaon and daughter

muon for three cases: K -»fiv for 2000, 5000, and 10000 MeV K.E. kaons. Note that the

angle scale is much larger for kaons than for pions (Fig. 8).
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Table 1

Light Materials Properties - I

Compound

Li
LiH
LiD

L12C2

Li2CO3

Li2C2O4

LiOH

LiNO3

Li2O

Li3N

Be

Be2C

BeO
Be3N2

Be.62Al.38

B

B4C
BN

B2O3

LiBH4

C (graphite)
(diamond)

MgO2

Al

AIB12

A1B2

A14C3

A1N

AI2O3

Fe

Cu

0.534

0.82

0.92 (?)

1.65

2.11

2.12

1.46

2.38

2.01

?

1.848

1.90

3.01
?

?
2.37

2.52

2.25

2.46

?

2.265
3.51

?

2.70

2.55

3.19

2.36

3.26

3.97

7.87

8.96

82.05

78.7

88.6

51.8

39.9

39.2

42.1

37.2

46.95

56.0

65.3

53.9

41.3

47.8

30.9

52.7

50.1

43.25

38.4

61.3

42.7
"

29.55

24.0

43.7

31.7

27.0

27.5

27.9

13.8

12.9

Xo (cm)

153.65

96.0

96.3

31.4

18.9

18.5

28.9

15.6

23.3

35.3

28.35

13.7

22.2

19.9

19.2

15.6

18.85
12.2

8.89

17.1

9.93

11.4

8.42

7.04

1.76

1.44

M*)

72.8

69.0

67.4

79.6

86.1

86.6

82.5

88.4

81.7

78.2

75.3

78.6

84.9

81.2

92.8

81.6

82.2

85.1

88.1

70.95

84.1
"

96.1

106.3

85.0

93.7

99.7

99.2

98.7

131.2

136.2

A (cm)

136.3

84.2

73.3

48.2

40.8

40.9

56.5

37.2

40.65

40.7

41.4

28.2

34.4

32.6

37.8

35.8

37.15
24.0

39.4

33.3

29.4

42.3

30.4

24.9

16.7

15.2

0.60

0.93

1.21

1.07

0.98

0.96

0.75

1.00

1.16

1.60

1.30

1.46

1.53

1.54

1.14

1.07

1.15
1.78

0.61

1.31

1.08

0.64

0.90

1.12

0.83

0.85

) " A 1

1.13
1.14

1.31

0.651

0.463

0.453

0.510

0.421

0.575

0.716

0.867

0.686

0.486

0.589

0.333

0.646

0.609

0.508

0.436

0.864

0.508
"

0.307

0.226

0.514

0.338

0.271

0.277

0.283

0.105

0.0947
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Light Materials Proper t ies - I I

Compound

Li

LiH

LiD

Li2C2

Li2CO3

Li2C2O4

LiOH

LiNO3

Li2O

Li3N

Be

Be2C

BeO

Be3N2

Be.e2Al.38

B

B4C

BN

B2O3

LiBH4

•R2000 (cm)
range of a

2000-MeV ,•

2130

1205

1209

657

508

502

703

448

551

626

583

365

549*

475

440

480

437

•R2000 (^)

15.6

14.3

16.5

13.6

12.5

12.3

12.4

12.0

13.6

14.1

15.4

14.1

12.9

13.5

12.1

13.8

13.5

12.7

12.2

12.9

A£9 A (MeV)
energy loss of /t

in 9 A at 2000 MeV

1160

1250

1090

1320

1440

1460

1440

1490

1430

1280

1170

1280

1390

1330

1490

1300

1330

1410

1470

1390

dJE 1 MeV \
dx vj/cm2 /
1st g/cm2 of
2000-MeV /1

1.815

2.074

1.842

1.906

1.934

1.947

2.016

1.947

1.867

1.880

1.780

1.863

1.881

1.882

1.868

1.834

1.860

1.916

1.927

2.247

QMCS (rad)

2000-MeV n
into 9 A

0.032

0.033

0.028

0.048

0.063

0.065

0.060

0.070

0.051

0.044

0.037

0.045
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Abstract

The Lorentz invariant molecular dynamics approach (RQMD) is employed to in-
vestigate the space-time evolution of heavy ion collisions at energies (Ekin = lOAGe V
.. .200AGeV). The calculations for various nucleus nucleus reactions show a high de-
gree of stopping power. The importance of secondary rescattering at these beam
energies is demonstrated. The computed nucleon rapidity distributions are com-
pared to available experimental data. It is demonstrated that nonlinear, collective
effects like full stopping of target and projectile and matter flow could be expected
for heavy projectiles only. For nuclear collisions in the Booster era at BNL and
for the lead beam at CERN SPS we predict a stimulating future: Then a nearly
equilibrated, long lived (8/m/c) "macroscopic" volume of very high energy density
(> lGeV//m3) and baryon density (> 5 times ground state density) is produced.

In the last few years much theoretical and experimental effort has been devoted to the

study of A A collisions in an energy range beyond the " Bevalac energies" around 1 GeV per

projectile nucleon. At BNL silicon beams have been accelerated up to 14.6 AGeVand at

CERN oxygen and sulfur beams up to 200 A GeV. The main goal of these experiments

is the exploration of the nuclear stopping and thermalization in such light ion induced

reactions. It sets the stage for massive beams (A > 200) which will become available in

the 1990's. Those will enable the search for the quark gluon plasma, a state in which the

partons are no longer confined into individual hadrons, but can propagate nearly freely

over large distances. Some of the most important questions with respect to the possible

phase transition from hadronic to quark matter: Is a near equilibrium state formed? What

are the maximum energy and baryon number densities? The question whether the plasma

if created is baryon-rich or baryon-pobr is also vitally important for its detection, because
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some signals are only present in the case of high baryon number densities (e.g. strangelets

[1]). Does the matter exhibit interesting macroscopic behaviour, e. g. collective flow? The

strength of the nuclear stopping power is a key variable for all these questions.

The AGS energy seems to be very promising to achieve nuclear stopping: Experimental

data for pA collisions at 24 and 100 GeV [2, 3] indicate that a nucleon suffers a mean

rapidity loss of Ay ~ 2 in a high energy collision with a heavy nucleus like lead. This

rapidity loss due to interactions between the projectile and the target nucleons would lead

to a high amount of stopping at AGS energies, because the initial rapidity gap between

target and projectile is around Ay = 3 only. Furthermore, it is expected that the formation

time, which is necessary for a produced secondary to materialize and be able to interact with

its environment, is short enough that secondary reseattering can be important. Detailed

calculations within the relativistic quantum molecular dynamics approach (RQMD) for the

reaction Si(14.5AGeV) on Au actually have confirmed that the additional meson-nucleon

collisions lead to a nonnegligible contribution to the total interaction and therefore enhance

the stopping of the nucleons [4, 5].

In this letter we want to present predictions for nuclear stopping, equilibration, baryon

and energy densities and collective flow which are based on calculations within the RQMD

approach. A detailed description of the RQMD approach can be found elsewhere [6]. In

the following we only summarize the basic features of RQMD. In this Lorentz invariant

microscopic phase space approach one explicitly follows the trajectories of all hadrons

(including the produced particles). The propagation is done in the framework of relativistic

constraint Hamiltonian dynamics. The classical motion is determined by Lorentz invariant

mass shell constraints and time fixations. The nucleons interact due to quasi-potentials

which reflects "the soft part" of the nucleon interaction in matter. The quasi-potentials

lead to saturation in the nuclear ground state and are repulsive at higher densities. RQMD

combines the classical propagation of the hadrons with stochastic scattering and decay of

unstable hadrons. Two hadrons can scatter at minimum two body CMS distance d if

their cross section is high enough: d < UCT/TT. Pions and other mesons are not directly

produced, but result from the decay of excited resonances which are produced in inelastic

collisions. The resonance production probabilities in the inelastic nucleon nucleon, pion

nucleon, pion pion and kaon pion channels have been fitted to available experimental data.

Various resonances (e.g. for nonstrange baryons all resonances with a mass below 2GeV)

decay according to their experimentally given branching ratios after a mean life time given

by the inverse of their width.

Resonances with even higher masses decay jetlike. Their decay is based on a string

fragmentation scheme with parameters giving good agreement with the experimentally

observed particle multiplicities, rapidity distributions and transverse momentum spectra

in binary collisions between nucleons, pions and kaons. The constituent quarks at the

ends of the decaying color string can interact afterwards without time delay, because these
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quarks are "dressed". In the spirit of the additive quark model their interaction probability

remains the same before and after the color string decays. The other produced hadrons

need some time before they can interact with other particles. This leads to the inside-

outside picture for fast moving particles.

In Fig.l we show proton momentum distributions for inelastic pp collisions in the AGS

energy region. They are directly compared to experimental data [7, 8]. The agreement for

the proton stopping and the particle production is reasonable. Therefore, an extrapolation

to proton-nucleus and nucleus-nucleus collisions seems appropriate. The calculated rapidity

distribution for p(24GeV/c) + Pb is also shown in Fig.l. Unfortunately experimental

data are only available in the projectile fragmentation region. Here the calculated and

the experimental data agree quite well. The experimental data are integrated over the

transverse momenta [9, 10]. One important message of our calculations is that the proton

distribution in the projectile fragmentation region depends strongly on the cross section

and the excitation scheme for the projectile after the first collision [11]. In the RQMD

approach the leading diquark can be decelerated in a subsequent collision with a probability

based on the diquark-nucleon cross section (2/3 of the NN cross section). The energy and

momentum of the diquark which must be fixed for the subsequent collision is determined

by the same stochastic distribution as for the leading baryon. In contrast, a leading baryon

cascade - with zero formation time for the baryon and full NN cross section assumed [12] -

gives too much stopping in high energy pA collisions. The other extreme, namely that the

diquark of the original projectile always fragments into a leading particle (this is realized

- for instance - in the LUND model [13]), underestimates the nuclear stopping power.

At AGS experiments with lOAGeV and 14.5AGeV Silicon beams on various targets

have been performed. Published RQMD calculations for the transverse energy production,

the charged particle pseudorapidity distribution and the spectra of strange and nonstrange

mesons agree very well with the experimental data [4, 5]. Let us focus now on the problem

of nuclear stopping. It was pointed out that the measured transverse energy production

supports a picture of complete stopping in heavier targets [14], in agreement with quan-

titative predictions of the RQMD approach. The E802 spectrometer group analysed the

proton rapidity distribution for Si(14.5AGeV) on an Au target for "central collisions" (the

7% highest multiplicity events) within a limited acceptance in rapidity (roughly between

1 and 1.5) [15, 16].

In Fig.2 we show the calculated time evolution of the rapidity distribution of the nu-

cleons and produced particles. The finite lifetimes of the resonances and the color flux

tubes lead to a strong retardation in meson production. The final snapshot compares the

calculated rapidity distribution for the protons with the experimentally measured distri-

bution. The measured distribution has been multiplied by 100/85 to take the estimated

experimental efficiency of 85% [15] into account. Note that the calculated "protons" in-

clude protons bound in clusters (mainly deuterons) while the experimental data exclude
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those.

Both the calculated and the measured proton rapidity distribution show a strong decel-

eration of the projectile. This confirms a high degree of projectile stopping. Essentially no

nucleons are left over at projectile rapidity in the calculations for central collisions. This

has recently been supported by the E814 group [17].

Let us now turn to collisions between equal mass nuclei. Experiments with heavy

symmetric systems (e. g. Pb on Pb) are planned at the AGS booster in the near future.

Fig.3 shows the RQMD predictions of the final nucleon and meson rapidity distributions

for three symmetric systems at lOAGeV: Si + Si, Nb + Nb and Pb + Pb. The calculations

were done at the same scaled impact parameter bjR: b — 0.64/m (Si), b = 1/m (Nb) and

b = 1.3/m (Pb).

The distributions for Nb and Pb look quite similar. The nucleon rapidity distribution

in the Si reaction, however, exhibits a dip at midrapidity and maxima near the original

target and projectile rapidities. This indicates incomplete stopping. We can compute from

the final nucleon rapidity distributions the stopping ratio S = dNiPu5m • S is equal 2.0

for Si and increases strongly to 4.3 for the Nb and 5.6 for the Pb reaction, i. e. there is

substantially more stopping in the Pb + Pb reaction than with medium mass nuclei like

Nb.

Note that an independent fragmentation approach with simple straight line geometry

predicts only 1050 collisions between the nucleons of the two lead nuclei to occur. In

contrast, in the RQMD calculations 5500 collisions are predicted. The importance of

reseattering at AGS energies is obvious.

This large number of collisions (more than 5 per particle on the average) is of utmost

importance: It demonstrates that substantial equilibration may be achieved, which may

lead to macroscopic, collective behaviour predicted on the basis of the fluid dynamical

model [18]. Collective flow may be observable even at these ultrarelativistic energies.

This in turn is of vital importance for diagnostic purposes: The predicted bounce-off and

squeeze-out eiFects can be used as barometers to measure the pressure built up in the hot

dense participant matter. The bounce-off e. g. can be quantified via the measurement of the

directed in-plane transverse momentum transfer which has been widely used at BEVALAC

energies [19].

Our previously published results show no flow effect for asymmetric systems [20]. WA80

data from CERN do indeed show this predicted null px at target rapidity for O(200AGeV)

on Au [21]. However, the situation does change dramatically if suitably massive projectiles

are used. In Fig.4 we present the RQMD results for the reaction Pb(lOAGeV) on Pb which

demonstrates that strong flow effects can be observed. This prediction can be tested as

soon as the booster with heavy ions becomes operational at BNL. If confirmed it would be

a dramatic signal for the formation of a ultradense state of matter.

The RQMD calculations are useful not only to predict experimental nbservables, but
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also to analyse in depth the transient stages of a collision, especially the early stages where

the matter is most strongly heated and compressed. In Fig.5 we show the maximum local

energy and baryon densities in such collisions and their time evolution in the rest system of

all participant nucleons (the fireball). A nucleon is defined as a participant if its position

lies in the volume which is swept out by the projectile moving on a straight line through

the target. We compare the asymmetric reaction Si(14.5AGeV) on Au with the symmetric

high mass system Pb(lOAGeV) on Pb for very central collisions (b = lfm). Note that

the observer system is different in these two cases, because in the asymmetric case much

more target than projectile participants shift the fireball rapidity (y — 1.2) towards the lab

rapidity. In contrast, the number of participants is equal for target and projectile in the

Pb on Pb reaction just because of symmetry. However, the reaction time scale which is

given by the time needed by the projectile to pass without interaction through the target

is quite similar (around 5.6/m/c) in these different observer frames. Fig.5 shows averages

over cells of finite volume (2/m • 2/m • 1.5/m). Just after the collision has started the local

maximum densities are simply given by an addition of the projectile and target densities in

the observer frame in which projectile and target frame have the same speed, i. e. for the

lOAGeV collision we expect an initial maximum local baryon density of 0.81/m~3 and for

the 14.5-.4GeV collision a value of 0.95/m~3 (5 up to 6 times groundstate nuclear matter

density). However, these baryon densities and the associated energy densities are relevant

for macroscopic processes (like a phase transition) only if these two matter currents do

indeed stop each other in a time which is short compared to the expansion time scale.

We see (Fig.5) that in the reaction Si on Au this "kinematic limit" for the local baryon

density can be reached in the early stage of the collision. In contrast, the baryon density in

the reaction Pb(lOAGeV) on Pb exceeds its kinematic limit by far. This can be understood

as a shock compression due to multiple collisions with a density pile up. The time evolution

of the maximum energy and baryon densities is strongly correlated as can be seen from

Fig.5.

How large is the region of high densities in these reactions and what is its life time? Let

us define the high density region by the prescription that the local energy density exceeds

lGeV/fm3. The RQMD results are that in the Si on Au collisions a volume of about

14/m3 - containing an average number of 20 hadrons - has a larger energy density for a

time interval of approximately 4/m/c. In the case of the Pb on Pb reaction a corresponding

volume of 35/m3 containing 60 hadrons exists for a time interval of 8/ro/c. Afterwards

the volume of high density drops quickly. The "macroscopic" high density region in the

Pb on Pb collisions therefore has roughly double the life time than in the case of the Si on

Au collisions.

The achieved thermal eqilibration can be quantified by computing the degree of anisotropy

locally which can be expressed by the ratio R = £<)?>• R = 0 means total anisotropy

which is characteristic for the first stage of a collision in which the two nuclei start to
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overlap and no transverse momentum has been created yet. An isotropic momentum dis-

tribution would lead to R = 1. In Fig.5 the time evolution of R is plotted for the cells

of maximum density. For both systems it lasts typically 5/m/c until R jumps to values

above 0.5. Due to the larger lifetime of the high density region in the Pb on Pb reaction

the matter becomes nearly equilibrated while the region of high density is still existing.

Can we expect new phenomena to occur if the lead injector will be built at CERN in

comparison to the recent light ion experiments? In Fig. 6 the energy and mass dependence

of the total number of collisions - calculated by RQMD - is plotted. The number of

collisions per final hadron stays roughly constant with increasing energy: around 5 for

heavy projectiles like Pb. The effects of increasing effective formation time and particle

production nearly cancel each other. Note that the number of collisions per particle is the

more relevant quantity, because it is a measure of thermalization which could be reached in

such collisions. However, there is a strong mass dependence at CERN energies (as well as

at AGS energies). In Fig. 7 the calculated mean collision numbers in central S(200AGeV)

+ S collisions and Pb(160AGeV) + Pb collisions are shown for different hadron species.

Note that some subset of these collisions are interactions with constituent quarks of the

hadrons, before these have been formed. Near midrapidity the rescattering of secondaries

is clearly enhanced, for both systems S + S and Pb + Pb. This is quite easy to understand.

The number of collisions is the key variable for baryon stopping, because one single collision

does not populate the midrapidity region with baryons at these energies. And the particles

which are produced near midrapidity remain for a larger time in the central collision region

than hadrons from the projectile and target fragmentation region, because their velocity

relative to the total fireball is smaller.

The proton rapidity distributions of S + S and Pb + Pb which were calculated by

RQMD show - see Fig. 7 - full stopping for the protons in the heavy system, but not in

the light ion reaction. Note that the recent NA35 measurements of the proton distribution

in the S + S reaction is in good agreement with the calculated one as it is shown in Fig. 7.

The RQMD calculations indicate that a quark gluon plasma - if created at all in these

future CERN experiments - would have to be very baryonrich.

The large interaction probability of anti-nucleons which can be extracted from the

RQMD calculations is remarkable, because it means that a considerable fraction of pro-

duced anti-baryons is annihilated lateron. Therefore we predict much smaller total anti-

baryon yields - relative to all charged particles - than in elementary pp collisions (see

Fig. 7). Looking at the anti-proton yields has been suggested as a tool to explore the con-

flicting effects of baryon densities in the central collision region versus antiproton formation

time [22].

Finally we would like to point out that such large regions of high density living for such

large times and strongly interacting - as found in the RQMD calculations for the Pb on Pb

collisions - pose the important question whether the parametrization of this many-body

349



problem in terms of two particle collisions is still justified. However, it is unknown at which

energy and baryon densities irreducible many-quark and gluon interactions - for instance a

quark gluon plasma - show up. The RQMD calculations presented here should be seen as

a first step to explore this unknown region of nature. Thermal matter at such high baryon

densities has probably not been produced since the big bang. Therefore we are looking

forward for an exciting future with the AGS Booster and CERN lead beam experiments.
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Figure Captions:

Figure 1 a) Invariant momentum distribution for p(l 2 GeV/c) + p —>
p + X as a function of x (inelastic collisions), x is the Feynman-variable. The distribution
is plotted for various values of pt (0.35, 0.4, 0.6 and 0.8 GeV/c). b) Rapidity distribution
for protons and pions in p(24 GeV/c) + p collisions, c) Rapidity distribution for protons
in p(24GeV/c) + Pb collisions. The lines represent the RQMD results, the point symbols
the experimental data.

F igu re 2 RQMD calculation for the time evolution of rapidity dis-
tributions in the Si(14.5AGeV) on Au reaction at b = 1/m. The full lines represent the
nucleons (in the last picture the protons only), the dotted lines the produced particles
and the dashed line the charged mesons including those from weak neutral strange hadron
decays. The final proton distribution is compared to experimental data (dots) for high
multiplicity events.

r igUie 3 RQMD calculation for the rapidity distribution of nucleons
(full lines) and mesons (dashed lines) in the reactions Si on Si, Nb on Nb and Pb on Pb
at lOAGeVbeam energy. The impact parameter in units of the target radius is the same:
b = 0.64/m (Si), b = 1/m (Nb) and b = 1.3/m (Pb).

r lgUre 4 The mean px of the nucleons as a function of the rapidity.
px is the projected transverse momentum in the collision plane. The reaction is Pb on Pb
at lOAGeV beam energy with impact parameter b = 3/m.

r lgure 5 a) Local energy density, b) baryon number density and c)
degree of isotropy £££> for the two reactions Si(14.5AGeV) on Au and Pb(lOAGeV) on Pb
at fixed impact parameter b = 1/m. These variables are plotted for the cell of maximum
energy density at given time in the fireball system.
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Figure 6 Mass and energy dependence of total collision number and
total hadron production in various symmetric reactions (S+S, Nb+Nb and Pb+Pb) for
central collisions: 6 < 1 fm (S),6 < 1 fm (Nb), b < 3 fm (Pb).

F igure 7 RQMD calculations of final (anti-) proton rapidity distribu-
tion in S(200AGeV)+S and Pb(160AGeV)-|-Pb (upper two plots). Full line histograms are
protons, full line (S+S) and dashed histogram (Pb+Pb) the anti-protons. The dots (for
S+S) are preliminary "proton" data from the NA35 group for very central collisions (<r = 34
mb) [23]. The "protons" are constructed by subtracting the negatively charged from the
positively charged particles. The produced protons cancel with the produced anti-protons.
Therefore one has to subtract the calculated anti-protons from the calculated protons for
a comparison between RQMD calculation and experiment. The centrality trigger was
minimum energy How into the forward direction (FET trigger). The trigger conditions
have been simulated in the RQMD calculations. The two plots below show the rapidity
dependence of the mean collision number for various hadron species in these reactions.
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Figure 4
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Kaon Enhancement as an Evidence for Chiral Restoration
in Hot Dense Nuclear Matter Formed in Heavy-Ion Collisions

C. M. Ko, Z. G. Wu, L. H. Xia*
Cyclotron Institute and Physics Department

Texas A&M University, College Station, Texas 77843
and

G. E. Brown
Physics Department, State University of New York

Stony Brook, New York 11794

Kaon production from meson-meson annihilation is enhanced signifi-
cantly if the hadron masses are reduced in hot dense nuclear matter as a
result of the restoration of chiral symmetry. In an expanding fireball model
for heavy-ion collisions, we demonstrate that the observed enhancement of
kaon yield in high energy heavy-ion collisions can be explained by this effect.

1. Introduction
High energy heavy-ion collisions offer the possibility of creating a high density nuclear

matter in the initial stage of the collision. According to transport models, the nuclear
matter density can reach about 3po , where po is the normal nuclear matter density, at
the Bevalac energies of up to 2 GeV/nucleon1. Moving up to the AGS energies of about
15 GeV/nucleon, tbe initial density is even higher and the central density exceeds 6/?o2-
The creation of such a high density matter is naturally accompanied by high excitations.
Although an equilibrium state may not be achieved due to the finite size of the colliding
systems, it is helpful to use the concept of temperature to describe qualitatively the ex-
citation. The temperature of the initial high density matter is then about 50-100 MeV
at the Bevalac energies1 and about 150-200 MeV at the AGS energies2. In such a hot
dense nuclear matter, one expects that not only the properties of hadrons but also their
interactions are modified. There are already some studies on the medium effect on the
nucleon-nucleon interaction3"6. It has been found that the nucleon-nucleon cross section
increases substantially with the density. Also, works have been carried out in studying
dilepton production from pion-pion annihilation in heavy-ion collisions to see how the
medium-modified pions affect its production rate7"9.

Because of the conservation of strangeness, kaons will not be absorbed by the nuclear
matter after creation and carry therefore information on their production mechanism. At
the Bevalac energies, kaon production is mainly through the process BB —> BYK, where
B, Y, and K stand for baryon, hyperon, and kaon, respectively10'11. The process nB —*
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YK from the interaction of secondary pious with baryons gives only about 25% of the
total contribution while the process vv —* KK from pion-pion annihilation is negligible12.
Kaon production from nuclear reactions has also been studied at the AGS energies13'14.
The measured K+/ir+ ratio is about 4% from the p+Be interaction and is similar to
that from the proton-proton interaction at the same energy. This is consistent with the
assumption that the dominant process is BB —> BYK. In the p-Au interaction, this ratio
is increased to about 10% and the peak of the kaon rapidity distribution is also shifted from
the nucleon-nucleon center-of-mass rapidity towards that of the target. This implies that
the contribution from the secondary process itB —• YK becomes important. For heavy-ion
collisions such as Si+Au, this ratio increases to about 20% and suggests strongly the need
for the contribution from irir —* KK. Using an expanding fireball model, we have shown
that the K/x ratio is only about 10% if a cross section of about 3 mb is taken for the
process iric —* KK15. In calculations based on the transport model, a similar ratio is also
obtained although the dominant contribution is from BB —» BYK2'16-17.

In these studies, the elementary kaon production cross sections for the two processes
BB —* BYK and irB —* YK are extracted from empirical data and should be quite
reliable. For the process TTTT —• KK, no experimental information is available. Esti-
mates based on the quark-model give values of the cross section that differ by an order-
of-magnitude18'19. In the calculations mentioned above, the larger value has been used.
With the lower value, the theoretical calculations will lead to even much fewer kaons. The
enhanced kaon production from heavy-ion collisions at the AGS energies can, of course,
be explained if one assumes that a quark-gluon plasma is formed in the initial stage of the
collision15. From the analysis of experimental data on the rapidity and transverse energy
distributions of all particles, the extracted energy density is lower than that for the forma-
tion of the quark-gluon plasma20'21. To understand the enhancement of kaon production,
we therefore propose to take into account the effect of hot dense nuclear matter on the
elementary kaon production cross section.

2. Hadron masses

It is well known that the effective mass of a nucleon in nuclear matter is less than its
mass in the free space. For mesons such as <r, w, and p, Brown has argued that they can
be considered as correlated pionic states and their masses are also density-dependent22

because the pion dispersion relation in nuclear medium becomes softer as a result of the
delta-hole polarization of the nuclear matter23. Based on chiral model for the meson-
nucleon interaction, one expects that the restoration of chiral symmetry at high density
would also lead to the reduction of hadron masses with increasing nuclear density24. The
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ratio of the hadron mass m(/>w) in nuclear matter of density p^ to its value in the free
space m(0) has been parametrized as m(/>iv)/m(0) « 1 - (A/2)(/?w/po) by Brown. With
A « 0.2 — 0.4, such density-dependent effective hadron masses can consistently explain
recent experimental results on the scattering of kaon25, proton26, and electron27 off the
nucleus. In normal nuclei, the hadron masses are only reduced by about 10-20%. Much
larger effects will be expected in the hot dense matter created in high energy heavy-ion
collisions.

As the chiral symmetry is also restored when the temperature of the system is high,
hadron masses will decrease with increasing temperature as well28. A fundamental ap-
proach to the density and temperature dependence of hadron masses requires the solution
of the quantum chromodynamics (QCD). Although lattice calculations have not reached
the stage that reliable results can be obtained, the QCD sum rule method29 has confirmed
the results of the chiral model that hadron masses decrease with increasing density and tem-
perature and give indications that they may vanish when the chiral symmetry is restored at
the critical density and temperature. The temperature dependence of the hadron masses
obtained by the QCD sum rules can be approximately parametrized by [1 — (T/Tc)

2)1^,
where Tc is the critical temperature at which the hadronic matter is expected to transform
into the quark-gluon plasma. Taking both the density and temperature dependence into
account simply by multiplying the effects, we have

Because of such density and temperature dependent hadron masses, heavier hadrons will
become increasingly important at high density and temperature. Also, a much smoother
transition from the hadronic matter to the quark-gluon plasma is obtained and this is con-
sistent with results from the lattice gauge calculations. Requiring the equality of pressures
on hadron and quark-gluon plasma sides then gives Tc ss 195 MeV, consistent with chiral
perturbation theory30.

For strange hadrons, their masses at Tc can not be less than that of the strange quark
ma ss 175 MeV. We therefore parametrize the masses by

mY(T,p) » [my(0,0) - m.][l - (£)2]1/6[l - ^ ) ] + m,. (2)
J-C £ Pa

We would like to emphasize that the parametrizations introduced in Eqs.(l) and (2) are
meant to demonstrate the effect of hot dense nuclear matter on hadron masses. The
detailed form may be differed when improved studies are carried out.
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3. Elementary processes for kaon production

K K

I I
I I
I J

M M

(a)

Y K

B M

(b)

B Y K

B B

(c)

FIG.l. Feynman diagrams for kaon production from (a) MM —* KK,
(b) MB -* YK, (c) BB -* BYK.

The model that we use to describe the three elementary kaon production processes
is shown by the Feynman diagrams in Fig.l. In Fig.la, M stands for either pion or rho
meson. A K* is exchanged in the pion-pion annihilation while a kaon is exchanged in the
rho-rho annihilation. Both coupling constants gien*27(4*) ana gPKK2l{^) are taken
from Ref.31) to be as 0.525. In the present work, we have neglected the annihilation of a
pion with a rho meson. Other mesons have also been ignored. The calculated cross section
is only of a few tenths of a mb for both XT -+ KK and pp —* KK. We have neglected
the s-channel process in which the /o(975) is formed from pion-pion annihilation and then
decays into the kaon-antikaon pair. Although its cross section has a similar magnitude just
above the threshold, it becomes negligible with increasing energy because of the narrow
width (33 MeV) of /0 . In Fig.lb, Y denotes the hyperon and is dominated by A due to
its smaller mass. The intermediate states include N(1650), N(1710), and N(1720) with the
corresponding coupling constants determined by their widths. The cross section calculated
from this model agrees fairly with the empirical one12. In Fig.lc, only a pion is allowed to
be exchanged and it gives a reasonable description of the data5.

These cross sections are drastically modified when the medium-modified hadron
masses as given by Eqs.(l) and (2) are used. To illustrate this effect, we show in Fig.2
the temperature and density dependence of < <rv > obtained by averaging the prod-
uct of the cross section a and the relative velocity v over particle distributions. The
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solid, short-dashed, and long-dashed curves correspond, respectively, to < (TMMVMM >,
< <TXtBvMB >, and < <T§%KVBB >• An average over the initial hadronic states assum-
ing that they are in equilibrium has also been included in the calculation. We see that
< aMiiivMM > n«« the largest value when the density and the temperature are high. In
the above calculation, we have used A = 0.3 and Tc = 195 MeV in Eqs.(l) and (2).

T (MeV)
3. TOO 15O 200.

T (MeV)

FIG.2. The density and temperature dependence of < av > obtained
by averaging the product of the cross section a and the relative velocity v.
The solid, short-dashed, and long-dashed curves correspond, respectively, to
< % lK , and %%K

4. Kaon production from nucleus-nucleus collisions

To model the collision between two nuclei at high energies, we assume that a fireball
is fonned with the number of participants determined by the geometry. The initial baryon
and energy densities can then be estimated by assuming that the two nuclei are fully
stopped. For collisions between identical nuclei at about .15 GeV/nucleon, the initial
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baryon and energy densities axe about 6po and 3 GeV/fm3, respectively. For the collision
between Si and Au that is currently available at the AGS, it is not clear how to determine
these quantities properly. Assuming that the fireball volume is given by the arithmetic
mean of two Lorentz contracted volumes, we obtain that the initial baryon and energy
densities are about 4.5/?o and 1.9 GeV/fin3, respectively. In reality, these numbers could
be smaller.

To describe the fireball expansion, we use the hydrochemical model of Biro et al.32 in
which the fireball is assumed in thermal equilibrium and the thermal energy in the fireball
is converted into collective flow energy via a simplified relativistic hydrodynamical equation
with linear scaling Ansatz for the velocity profile. In Ref.32), chemical equilibrium is not
assumed. Due to the enhanced interactions among nonstrange hadrons as a result of the
reduced masses in hot dense nuclear matter, it is reasonable to assume that they are also
in chemical equilibrium. But the strange hadrons are not in chemical equilibrium and are
determined by rate equations. For kaons, the rate equation is

1 f y

< > +< > PMPB

+ j < °BBKVBB > PB- < °KRvKfi > PKPR, (3)

where p's denote the particle densities. A similar equation applies to antikaons except one
needs to include an extra term to take into account the absorption of antikaons by nucleons
via KN -* TTY.

Using an initial baryon and energy densities of 4p0 and 1.4 GeV/fm3, respectively, we
have solved the hydrochemical equations and the results are shown in Figs.3 and 4. The
left panel of Fig.3 shows the time evolution of temperature T, radius i2, and the collective
flow velocity R of the fireball. The initial temperature of the fireball is about 190 MeV and
is very close to the critical temperature. Because of the large pressure at the initial hot
dense stage, the fireball expansion velocity is seen to increase very rapidily at this stage.
The radius of the fireball increases, however, more or less monotonically. Accompanying
the expansion of the fireball is the decrease of its temperature. The time when a particle
freezes out from the fireball depends on its transport mean free path and is thus different
for different particles. In the present study, we assume for simplicity that all particles
freeze out at the same time when the fireball density is about half the normal nuclear
matter density. This occurs at about 6 fm/c after the expansion when the temperature is
about 120 MeV and the collective flow velocity is about 0.6c. These values are very similar
to those of Lee et al.33 who have treated more carefully the freezeout conditions in the
hydrodynamical model.
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The right panel of Fig.3 fif.ves the time evolution of the abundance of nucleon (N),
baryon resonances (B-N), pion («•), rho meson (p), kaon (K), and antikaon (K). We see that
initially there are more rho mesons and higher baryon resonances than pions and nucleons
because of the reduction of hadron masses at high density and temperature. The initial
number of kaons and antikaons is taken to be about ten and zero, respectively, to simulate
their production from the nonequilibrium stage of the collision. This would give an initial
K/it ratio similar to that from the proton-proton interaction at the same energy. The
detailed nonequilibrium transport model calculations2'17 also give rather similar results
at this stage. Most kaons are produced during the first one fm/c when the density and
temperature of the fireball are high and are mainly from the process pp -» KK because of
the initial large rho meson density.
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FIG.3. Left panel: The time evolution of temperature T, radius R, and
the collective flow velocity R of the fireball. Right panel: The time evolution
of the particle abundance.

To obtain the momentum distribution of particles, we need to fold their thermal
distribution at freezeout with the collective flow velocity34. In Fig.4, we show both the
rapidity (left panel) and transverse kinetic energy (right panel) distributions of particles
and compare them to the measured data. For the rapidity distribution, we see that the
pion distribution agrees very well the data but the peaking of the proton distribution at
the central rapidity is in variance with the measured proton distribution which increases
instead with decreasing rapidity. The latter is due to our neglect of protons from the
target spectator. Both kaon and antikaon rapidity distributions agree fairly with the
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data. The theoretical kaon distribution again centers at the central rapidity while the
measured one centers at lower rapidity. This can be explained if we allow some of the initial
kaons to be produced from the interaction of pions with the target spectator nucleons.
As to the transverse kinetic energy distribution, all particles have essentially exponential
distributions and agree with the data except for protons, which has a flatter slope than that
of the data. The agreement will be improved if we include properly the cool protons from
decays of higher baryon resonances that are present at freezeout35. Also, the collective flow
has the largest effect on heavier particles such as protons and the reduction of the collective
flow velocity would lead to a lower proton apparent temperature. This is expected to be
the case after freezeout as particles must regain their free masses from the collective flow
energy.

J0.75 1.00 1.25 1.50 1.75 2.00 2.25
y

1.0 0.2 0.4 0.6 0.8 1.0
TT (GeV)

FIG.4. Left panel: The rapidity distribution of particles. Right panel:
The transverse kinetic energy distribution of particles. Curves are from the
theoretical calculations while data are from Ref.13).

5. Conclusions

The creation of a hot dense nuclear matter in the initial stage of heavy-ion collisions
provide us with the unique opportunity to study how the properties of hadrons and their
interactions are modified in such a medium. The recent experimental results on kaon
production at the AGS suggests that the pion-pion annihilation plays an important role.
Theoretical considerations indicate that the cross section for WTT -> KK is quite small and
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its contribution to kaon production based on both the fireball model and the transport
model is insufficient to explain the data. From chiral models and QCD sum rules, hadron
masses are expected to decrease when the density and temperature of the matter are high.
With such density and temperature dependent hadron masses, the cross section for the
process MM —» KK is seen to increase significantly in hot dense nuclear matter. Using the
expanding fireball model, we have calculated the kaon yield for heavy-ion collisions at the
AGS energies and have found that indeed the contribution to kaon yield from the process
MM -» KK is appreciable. This result is very encouraging and it is thus of interest to
pursue similar studies in the transport model so that we can use the experimental data to
extract the information on the density and temperature dependence of hadron masses.

The work of Ko, Wu, and Xia was supported in part by the National Science Foun-
dation under Grant No. PHY-8907986 and the Robert A. Welch Foundation under Grant
No. A-1110 while that of Brown was supported in part by the Department of Energy
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The rapidity and/or pseudorapidity spectra of pions produced in nuclear collisions

at beam energies of 14.5, 60 and 200 GeV are fit well by gaussian distributions^]. The

centers of these gaussians occur at ye ~ In7(1 + (3), where /? is the relative velocity

betwren the nucleon-nucleon center of mass and the laboratory frames. The heights

grow approximately according to 2Ellk while the widths increase with i?u*- Indeed,

these spectra seem to follow the trend observed in hadronic collisions at ISR energies[2].

The many attempts to model ultrarelativistic collisions can be broadly classified into

two groups: (i) hydrodynamic models, and, (ii) sequential scattering models. Typical

examples of the first category are the Landau-Milekhin[3,4] approach at one extreme

and the Bjorken[5] approach2 at the other. The Lund model[6] based on string dynamics

exemplifies the second category. Both of these approaches roughly reproduce the essential

features of the rapidity spectra. Whether the similarities of the final results from these

two different approaches is due to the smooth behaviour of multi-particle final states

alone or whether the two approaches are related at a deeper level is a topic presently
xThii work wai done in collaboration with Raju Venugopalan and Gerd Welke. The author gratefully

acknowledges their invaluable help.
2The scaling assumption inherent in this approach leads to flat rapidity distributions observed only at

much higher energies than considered here.
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under scrutiny[7]. Some vexing questions remain for both models. Two examples of

these in the hydrodynamic model are the a priori justification of local equilibrium and

the appropriateness of boundary conditions. In the string picture, on the other hand,

interactions between the strings remain to be included. ,.

Here we seriously entertain the idea that hydrodynamics is applicable and discuss the

predictions of the Landau model. Curiously, the discourse regarding the interpretation

of the rapidity spectra in the Landau model is somewhat confusing, given its apparent

simplicity. We shall discuss how one might draw erroneous conclusions regarding the

predictions of the rapidity spectra as well as the quality of fits predicted by the model. We

discuss concurrently how Milekhin's[4] reformulation of Landau's original model makes

predictions about these spectra which are potentially interesting.

We initially consider only the stage of one dimensional hydrodynamic flow in central

collisions of symmetric nuclei. The more general three dimensional case will be discussed

later. From energy-momentum conservation, d^T'"' = 0, and the continuity equation

dM(nu") = 0, one obts.ina[8]

where \ = xiiiV) « a potential function of fluid flow. The independent variables are

t7 = tanh"1!; and y = ln(T/Ti). The fluid velocity is «" = 7(1,«), T is the proper

temperature and Tf is the same at the beginning of fluid flow. The physical properties

of the fluid, with the chemical potential assumed to be zero, are contained in the sound

speed c0 = (dp/dejg2, where 5 is the entropy which is conserved during the flow.

We emphasize that the Khalatnikov potential equation is valid for a hot excited sys-

tem undergoing longitudinal expansion (provided that it is bounded by outward bound
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progressive waves) irrespective of the dynamics of its past history. Following Milekhin,

we shall term such a hot expanding region, initially confined to a region of width I, the

non-trivial region. Guided essentially by the above viewpoint, Milekhin[4] derived the

following exact solution of the Khalatnikov equation for constant Co,

] W
With this expression for % one then obtains[4] the distribution of entropy in pseudora-

pidity

Above, y — ln(Tk/Ti) where Tj, is the temperature at the end of one dimensional flow,

z = (ya — cj»7a)1/2 • (1 — cj)/2cp and Io and It are imaginary modified Bessel functions.

The height of the distribution depends on Si and Co, where Si is the initial entropy, while

the width depends on Tk/Ti and Co. One may further observe that the range of physically

permissible rapidities is limited to r ^ . = [y|/c0.

For \y\ > > COT), asymptotic expansions of Eq. (3) lead to gaussians with the variance

squared Lo = 21n(Tj/Tfc)/(l — cj). Fig. (1) shows a comparison of results from Eq. (3)

and the gaussian distributions. The gaussian approximation is inapplicable for <;„ = 1/3

contrary to what is widely believed, but becomes valid for cj —• 0. The reason Landau

obtained the asymptotic result to Eq. (3) for cj = 1/3 is because of a number of approx-

imations^] he made to Eq. (2) which are unlikely for physically plausible temperatures.

Curiously though, the distribution in Eq. (3) is extremely well fit by a gaussian of

larger variance L —» aL0 for a wide range of Ti/Tk and c*. The bottom right panel in

Fig. (1) shows a vs Ti/Tk for cg=l/3 and 1/7. The constraint that Milekhin's exact
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solution for the entropy distribution fit the heights and widths of the experimentally

observed gaussians results in specific predictions for 5,-,Co,Tj/7* and the initial width t

of the expanding system within the model.

The viewpoint stated earlier enables one to exploit the experimental spectra most

effectively. For one, the above conclusions do not presume full stopping. In as much as the

one dimensional expansion governs the rapidity spectra, gaussian profiles of the rapidity

spectra are insensitive to the degree to which the projectile nuclei are stopped. Indeed,

our minimal assumptions are better served by having only part of the energy density in

the non-trivial region. Secondly, Landau's detailed geometrical assumptions (which, in

our current theoretical understanding, are questionable) are completely absent from our

picture. Thus our conclusions regarding the fewer physical variables are theoretically on

firmer grounds.

We turn now to our present understanding of c% given the constituents of the expand-

ing region. It is well known that c\ = 1/3 only for massless non-interacting particles.

Fig. (2) shows c\ vs T for massive non-interacting pions (solid line). The limit cjj = 1/3

is reached only for T » 200 MeV. Using the results of recent work[9] on effective chiral

lagrangian theories of interacting hadrons at finite T, we have calculated c\ for interacting

pions for T < 190 MeV. With r = T/m, and using the notation of Ref. [9] the pressure

of interacting pions is given by

P/T4 = (3/2)ho(r) + 4ira{h1(T)]2 + iTT4h(r)btff(r) , (4)

' - ' * S _ , ( U / T ) , r = 0,l , (5)
n=l

o + /ii/r2) and b,ti(r) = b - ^ . (6)
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In Eq. (4), the first term gives the ideal gas pressure, the second term includes (small)

effects from a— and d— wave IT — IT scattering and the last term contains contributions

from p-wave scattering. The function j(r) summarizes contributions from three loop

integrals results for which are given in Fig. (2) of Ref. [9j. We use the following values[9]

for the other constants occurring in Eq. (4): a = -0.03. 6 = 0.216/mJ and F = 88.3

MeV. Using the relations s = 8P/dT, E = Ta - P, and c» = d£/dT, the squared speed

of sound c\ = s/cv is readily calculated.

These results are shown by the dashed lines in Fig. (2). As the net effect of ir —

ir interactions is attractive, c\ is reduced from its non-interacting values. While the

inclusion of interactions when more massive states are present remains a challenging

task, a clue to their effective role may be gleaned from the values of c\ in a gas of free

TT,K,T),P and w-mesocs (long-dashed curve). The important point is evident - even in

the absence of phase transitions c\ is considerably less than 1/3.

The above features may also be understood from the fact that interacting pions behave

like a system of non-interacting pions and p—mesons. In terms of the experimental IT — IT

phase shifts the interaction part of the entropy density JW and the heat capacity at

constant volume c['\ to order n = 2 in a relativistic virial expansion are given by[10]

(7)

4 ° = j ^ i ^d€ C "{ i f3 (e /T) + 3 ^ ( 6 / 7 ) } X ' */*/(«) , (8)

where, e = 2(q2 + m*)1/2 IB the total center of mass energy. The full state variables are

given as sums of the corresponding ideal gas quantities and their interaction counterparts.

In the upper panel of Fig. (3), parameterized experimental IT — IT phase shifts versus pion
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momentum q in the cm. system are shown. In the lower panel we show the squared

speed of sound cj = a/{Tda/dT) = a/cv versus T in the interacting pion gas (solid

curve). Also shown are c\ for free pions (dashed line) and mixtures of free pions and

p-mesons (dot-short-dashed). It is evident that the interacting system behaves, to a

good approximation, like a gas of free v— and p-mesons. The differences between the

results of Fig. (2) and Fig. (3) roughly represent the role of loop effects not contained in

the virial expansion.

Earlier on we had spoken of the conclusions about a low c\ drawn from a comparison

of the Landau-Milekhin hydrodynamical model to the experimentally observed rapid-

ity distributions. In the absence of a phase transition and with parametrized forms of

Co = co{T), it has been shown[11] that the rapidity spectra are mostly sensitive to the

initial c0 for a 1+1-dimensional flow and our conclusions remain valid. With a phase

transition and lattice simulations of co(T), the spectra for 1+1-dimensional flow acquires

oscillations which vanish however in a 2+1-dimensional model[12]. Further investiga-

tions of the extent to which rapidity spectra are sensitive to different equations of state,

or equivalently co(T) vs T are under progress.

With regard to the transverse momentum spectra, it has been shown[14] that the

Landau-Milekhin hydrodynamical model provides good qualitative fits to the CERN pt

spectra. In Fig. (4), the model predictions (see Ref. [14] for details) are compared with

data. It should be noted that the data are fit by a range of anticorrelated values of the

breakup temperature (80 < T < 120 MeV) and the average transverse hydrodynamic

velocity (0.7 > (V.L)/C > 0.4). It is somewhat surprising that the values of the breakup

temperature and the average transverse hydrodynamic velocity do not overlap although
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the beam and energy per nucleon are the same for both NA34 and NA35 data. The quality

of the fit for the NA35 data is decidedly better than that for the NA34 data where one

observes an experimental excess at both very low and high pt. It will be interesting to

ascertain whether this is due to the different rapidity cuts of the two experiments.

The extent to which transverse flow affects the pt spectrum requires further inves-

tigation since as discussed in Ref. [14], Milekhins' quasi-analytical solution of the hy-

drodynamic model, performed in terms of averaged quantities, is accurate only up to ~

20 %. Further, Milckhin's algorithm for the single particle distributions underestimates

the total energy of the system and yields too few fast particles(15]. Interestingly, this

discrepancy is much less pronounced for c \ « 1/3.

It is plausible from yet another viewpoint that the synthesis of our previous mi-

croscopic considerations to the macroscopic dynamics of the hydrodynamic model is a

realistic description of heavy-ion collisions at ultrarelativistic energies. The collision time

for interacting pions (for ft — 0) ranges from 1 fm/c at T = 180 MeV to 3 fm/c at T

= 140 MeV (see also Ref. [13]). These times are considerably smaller than the time of

hydrodynamic expansion R/co ~ 7 — 10 fm/c which suggests that the pions collide often

enough to be sufficiently thermalized. Inclusion of more massive particles is expected

to further reduce c0 and the time between collisions so that a detailed study of their

interactions and transport properties appears a useful direction for future work.

This work was supported by the Department of Energy under Grant No. DE-FG02-

88ER40388.
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ture of Tfc = 80 MeV and average transverse hydrodynamic velocity («x)/c —

0.7. Lower panel: Same as above but the rapidity range is 0.8 < yjnfc < 2. The

calculations are for Tk = 110 MeV and (wx)/c == 0.6.
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Studying Extremely Peripheral Collisions of Relativistic

Heavy Ions.

M. Fatyga (E814 Collaboration)

Physics Department
Brookhaven National Laboratory

Upton , NY 11973,
USA

ABSTRACT

New possibilities for a study of higher order photonuclear exci-

tations in extremely peripheral collisions of relativistic heavy ions

are discussed in this contribution. Data on the electromagnetic and

nuclear fragmentation of a 14.6Gev/nucleon 28Si projectile are pre-

sented.
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1. Introduction

Relativistic heavy ion facilities have been proposed (and in some cases con-

structed) with an intent to search for a new state of matter, a quark gluon plasma.

As with all tools in the experimental physics, one should always search for ways

in which relativistic heavy ions can be used to study physical phenomena beyond

this original goal. In the following presentation, I will discuss an example of such

an alternative use of heavy ion beams for a study of a dissociation of a projectile

due to electromagnetic interactions in extremely peripheral collisions of relativistic

heavy ions.

2. Studying the Photonuclear Physics

2.1 Introduction.

We begin with denning basic terms in which a peripheral collision of relativistic

heavy ions can be described. We assume, that a projectile with the nuclear radius

Rp is incident on a stationary target with the nuclear radius J?j. A collision is char-

acterized by its impact parameter b. The trajectory of a projectile is approximated

by the straight line (no recoil corrections). The value of an impact parameter allows

one to distinguish three distinct classes of collisions.

1. A collision without the nuclear contact.

Such a collision is characterized by impact parameters greater than the sum of the

projectile and target radi,

6 > Rp + Rt

Two ions can only interact electromagnetically in this case. Even if the projectile

decays as a result of an interaction, all nucleons of the projectile remain within the

projectile rapidity range (±0.2 units of rapidity at our energies).

2. A nuclear grazing collision.
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In this collision the impact parameter is approximately equal to the sum of nuclear

radiuses of the projectile and the target (within one fermi, or so).

b = Rp + Rt

The decay of a projectile is caused by the nuclear interaction in this case. An inter-

action is gentle enough however, so that all nucleons of the projectile remain within

the projectile rapidity range. This type of collision constitutes the main physics

background in a study of the projectile dissociation due to the electromagnetic in-

teraction.

3. A hard nuclear collision.

A hard nuclear collision occurs when the impact parameter is smaller than the sum

of the projectile and target radiuses.

b < Rp + Rt

Operationally, we define this type of collision as a collision such that at least one

nucleon of the projectile was knocked out of the projectile rapidity range. A hard

nuclear collision can be easily distinguished from a purely electromagnetic interac-

tion, provided that the final state of a projectile is fully defined in an experiment.

2.2 A description of the electromagnetic interaction.

To describe an electromagnetic interaction between a target and a projectile,

one usually follows the Weizsacker-Williams approximation. In this approximation,

an interaction between a projectile and an electromagnetic field of a target is rep-

resented as a flux of photons incident on a projectile along the beam direction.

Basic properties of the photon flux are defined by the Fourier transformation of the

Poynting vector constructed out of time varying electric and magnetic fields which

are seen by the projectile. The following formula describes the Weizsacker-Williams

flux:

S H ) 1 ( ' ? ^ ) (2-1)
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x = —

Functions K\ and KQ axe Bessel functions. For values of 7 which characterize col-

lisions at AGS, the term with KQ can be neglected. The function x2K\{x) can be

approximated by the step function:

x2K\ (as) = 1 if x < 1

x2K\ (X) = 0 if x > 1

This leads one to a concept of an adiabatic cutoff. Namely, for a collision with a

given impact parameter b and a given 7, the frequency spectrum of virtual photons

does not extend much beyond a limiting frequency

-

In particular, if one considers a minimum impact parameter allowed in a collision

without nuclear contact

bmin = Rp + Rt

one obtains an absolute limit on a photon frequency (energy) which can be obtained

in a collision with a given 7 and with a given projectile - target combination. At the

AGS, the energy of available virtual photons is limited to approximately 250MeV.

One should remember that this number represents an approximation. Processes

requiring photons of higher energy can still be observed, but with a very low cross

section. The total cross section for a photodissociation of a projectile in a collision

without a nuclear contact can be expressed to first order as:

<?tot = I dw I d2bN (a, b) aexp (w)

where <TeXp(u) represents a photonuclear cross sections measured with real photon

beams. The integration over an impact parameter begins at 6mtn = Rp+Rf Having

measured <Ttot, one could try to deduce 0ezp(<*>) through a deconvolution of the cross

section integral. Such a deduction is not necessarily a trivial task, however. Given
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the present state of the experimental technology, tagged photon beams can be used

equally well to measure simple photonuclear cross sections.

2.3 Special features of relativistic heavy ion collisions.

The question then arises, what is the advantage of studying the photonuclear

physics with relativistic heavy ions?

One of the areas in which relativistic heavy ion collisions offer unique opportunities

(potentially at least), is that of a multiple photon absorption. The equivalent pho-

ton flux in the heavy ion collision at the AGS is of the order of 1046 photons/MeV *

s * cm2. Such intensities are unavailable with beams of real photons. With the ad-

vent of relativistic heavy ion beams one can hope to study rare processes in which

more than one photon gets absorbed by the nucleus in a single collision. Throughout

the remainder of this paper we will refer to multiple photon absorption as higher

order phenomena, in opposition to a single photon absorption being a first order

phenomenon.

An excitation of a giant dipole resonance represents a dominant excitation mode

leading to projectile dissociation at AGS energies. It therefore seems natural to

search for higher order phenomena in the region of a multiple excitation of the

giant dipole resonance. An absorption of a single photon in the giant dipole reso-

nance region transfers approximately 25MeV of the excitation energy to a (light)

nucleus. The second order excitation should therefore be associated with approxi-

mately 50MeV of an excitation energy.

2.4 Detecting higher order processes.

There is no disctinct signature of a decay of an excited state created by a higher

order process. Two somewhat distinct criteria can be used to separate a second or

higher order process from the first order background:

1. A dependence of a cross section on the charge (Z) of a target.

A first order process depends on the charge of a target approximately like Z2. A

cross section for the second order process will exhibit a ZA dependence, and more
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generally a cross section for a n-th order process should have a Z2n dependence on

the charge of a target, (small modifications to this simple Z dependence are caused

by variations in the minimum impact parameter). A precision measurement of the

Z dependence of a cross section can be used to determine whether the cross section

for a particular decay channel has a contribution of a higher order process. The

precision to which an absolute cross section must be measured, depends strongly

on the relative strength of a second order process in a particular decay channel.

Simple estimates of the cross section that might be expected for a second order

process indicate that 5% - 10% of an electromagnetic cross section at excitation

energies around 50MeV can originate from the second order process (Pb target).

Such estimates are based on the assumption of an independent absorption of virtual

photons. [1] The modification to the Z dependence of a cross section is very small

,unless the second order process is enhanced via a resonance of some form. Even

if the total cross section for the high order excitation is not enhanced, one may

hope that the excited state will decay differently than in the case of a first order

excitation, thus enhancing a cross section for a decay into some exclusive channels.

2. One can also examine the dependence of attributes of a decay channel on the

charge (2?) of a target. An excitation energy distribution or a momentum distri-

bution in a given decay channel are examples of such attributes. Suppose that one

measures an excitation energy distribution in a given exclusive channel on several

targets. One can then compare shapes of these distributions for different targets.

If any difference m a shape is detected, one concludes that an evidence of a higher

order process has been seen. This is a weaker argument than the measurement of

the absolute value of a cross section, since it works in one direction only. If no

difference in shape is seen, one can not conclude that there is no evidence for a

higher order process. One can only say that a higher order excitation, if it exists,

decays in a way similar to the decay of a first order one. The measurement of an

absolute cross section is then a final criterium.
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2.5 Primary backgrounds in the measurement (a reason for E814).

A primary background in the measurement which is being discussed here is a

nuclear grazing collision (a physics background). Both a nuclear grazing collision

and an electromagnetic dissociation can lead to the same final state of a projectile.

In an experiment which is only capable of measuring the final state of a projectile,

one can not distinguish an electromagnetic dissociation from a dissociation which is

induced by a nuclear grazing collision. Two methods can be used to separate these

two reaction channels:

1.Cross sections for both processes exhibit very different dependence on the charge

Z and the mass number A of a target. It is often assumed on the basis of simple

geometrical arguments that the nuclear cross section depends on the A of a target

like

where 6b is approximately lfm, Nn is a normalization constant and Ap,At represent

mass numbers of a projectile and a target. On the other hand, the cross section

for an electromagnetic channel changes quite rapidly with a Z of a target (like

Z2). Hence, one can assume that all of the cross section which is measured on

a light target (small Z) originated in a nuclear grazing collision, extrapolate the

measured cross section to heavy targets and c-rbtract a result of the extrapolation

from a measured cross section on these targets. Using this procedure one can not

select an electromagnetic process on the event by event basis, but one can measure

the cross section. Two difficulties arise when one tries to apply such a method

to our problem. First, it appears that at AGS energies electromagnetic processes

can constitute a significant fraction of a fragmentation cross section even on light

targets (for decay channels which require low excitation energies). Second, when

one considers decays with a relatively high excitation energy in the projectile, cross

sections are dominated by the nuclear grazing collision. In other words, to study

electromagnetic processes which require high excitation energies one must find a

way to trigger on the electromagnetic channel.
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2. The second method (which makes E814 unique) relies on an application of a

simple principle which one might call a principle of exclusive excitation. Since

a probability of absorbing a photon in a given collision is typically less than 1%, a

probability that a projectile and a target simultaneously absorb photons in the same

collision is very small. Hence, an electromagnetic dissociation of a projectile should

not be accompanied by the excitation of a target. This statement should no longer

be true in the nuclear grazing collision, in which both a projectile and a target should

get excited with a high probability. If one succeeds in including an excitation of a

target in a description of the final state in a reaction, one can distinguish both classes

of reactions on the event by event basis. One should remember, that a principle of

exclusive excitation is at best an educated guess, until confirmed experimentally.

2.6 The E814 experimental apparatus.

In fig.(l) we show the E814 experimental apparatus. For the purpose of this

discussion we will divide it into two sections. Section I is a forward spectrometer

which is used to analyze the final state of a projectile. It consists of two dipole

magnets, three tracking chambers, segmented U/Cu/scint calorimeters capable of

detecting all products of the projectile decay, and a set of scintillators positioned in

front of calorimeters to measure the charge of a fragment. The identification of a

final state is in principle overconstrained through a simultaneous measurement of a

charge, total energy, and charge to momentum ratios for all fragments. It is hoped

(although not verified experimentally yet) that E814 will be able to reconstruct the

excitation energy in a projectile, particularly in neutronless channels. Although

the transverse momentum of neutrons can be measured accurately, the longitudinal

momentum component is lost due to insufficient energy resolution in a calorimeter

(11% at this energy). Momentum distributions of projectile fragments can be mea-

sured using tracking and a pattern recognition in calorimeters.

Section II of the apparatus consists of detectors which can detect the final state of

a target. This section consists of three major detector systems:
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a) Target Calorimeter, consisting of nearly 1000 NaJ crystals surrounding the tar-

get. This device is designed to detect soft nuclear excitations in a target.

b) Participant Calorimeter, a highly segmented Pb-scint calorimeter covering the

midrapidity region. This calorimeter is capable of detecting forward going pions or

nucleons which may be emitted in the nuclear grazing collision.

c) Magnet Scintillators, a set of plastic scintillators lining the walls of both spectrom-

eter magnets. These scintillators axe designed to detect pions which are produced

approximately at rest in the projectile center of mass system (via hadronic excita-

tions). They are also sensitive to showers which might be created in a magnet or in

a back section of the Participant Calorimeter.

In fig.(2 a-b ) we show an example of the identification of a projectile final state in

the spectrometer. In part (a) one finds an energy in the neutron calorimeters gated

by the multiplicity of neutrons according to a simple pattern recognition algorithm.

In part (b) we show the identification of a charge of a projectile remnant. Hence, if

one wants to identify the 285z >27 Si+n channel, a condition on the multiplicity

of neutrons (Mn — 1) combined with the condition on the charge of an ion (Z=14)

provides one with the appropriate selection criterium.

3. Presentation of the data.

In this section we will present a sample of data which were taken in December

of 1988 with a partially completed E814 setup.

Electromagnetic cross sections for exclusive channels of a projectile decay are shown

in fig.(3). The electromagnetic component of a cross section in these data was ob-

tained using the requirement that no energy is being detected around the target.

A simple Weizsacker-Williams calculation is shown on the same plot. In fig.(4) we

present cross sections for a projectile decay due to a nuclear collision. A simple

calculation with the limiting fragmentation model is shown. It is clear from these

two plots, that electromagnetic and nuclear cross sections follow proper trends with
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changing Z and A of a target. In other words, a principle of exclusive excitation

works in practice, to some degree at least.

Unfortunately, an attempt to detect second order excitation imposes very demand-

ing requirements on this experimental method. In fig.(5) one finds a comparison

between cross sections for the nuclear and electromagnetic excitation of a projectile

as a function of the Q value necessary to induce a decay into a given exclusive

channel (on a Pb target). Fig.5 is a compilation of data presented in fig.4 and

fig.3. It seems that for decays requiring 40-50MeV in a Q value, the cross section

becomes dominated by a nuclear grazing collision. The signal to background ratio

gets rapidly worse for lighter targets (essential for a comparison). Hence, in order

to accumulate sufficient statistics in the double giant dipole resonance region one

needs a gating procedure which works with good efficiency and which is understood

in detail. At this time E814 still is not in a position to say whether the rejection of

a nuclear component works well enough to carry out a successfull search for second

order phenomena. More data, with the complete apparatus, is needed to address

this question quantitatively.

4. Summary and Conclusions.

We have discussed opportunities for a unique study of photonuclear phenomena

which can be carried out in extremely peripheral collisions of relativistic heavy ions.

An experimental method which allows for the on-line triggering on the electromag-

netic component of a cross section for the projectile fragmentation was presented.

In this method one includes the excitation of a target in the description of a final

state following a collision. Initial data from E814 indicate that such a method does

work in practice. More data is needed to assess its usefulness for a study of very

rear photonuclear phenomena. Finally, one should mention that the principle of

exclusive excitation can be very naturally extended to collider experiments with

relativistic heavy ions. The decay of either participant can be detected as long as
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it involves an emission of a proton or a neutron. Not all, but most decays of ex-

cited nuclei will include the emission of a single nucleon. Very interesting studies of

electromagnetic processes, particularly a production of lepton pairs in two photon

processes, can be envisioned at higher energies.
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1. P.B.Munzinger and W.J.Llope - to be published in Phys.Rev.C.

Figure Captions.

Fig.l - A schematic view of the E814 apparatus.

Fig.2a - Charge identification in forward scintillators.

Fig.2b - Three energy spectra in the neutron wall, a part of the forward spec-

trometer. Each of these spectra was gated by a simple pattern recognition in the

calorimeters. ln,2n,3n correspond to one two and three neutrons respectively.

Fig.3 - Exclusive cross sections for the electromagnetic dissociation of a projectile.

A simple Weizsacker-Williams calculation is shown.

Fig.4 - Inclusive cross sections for the dissociation of a projectile due to a nuclear

grazing collision. A simple calculation with limiting fragmentation model is shown.

Fig.5 - A comparison between cross sections for an electromagnetic and a nuclear

dissociation of a projectile plotted against a minimum excitation energy necessary

to induce a decay into a given exclusive channel {not a measured excitation energy)
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E802 HBT Results

Richard J. Morse
Laboratory for N'tclear Science and Department of Physics

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Abstract: In the past, the technique of second-order intensity interferometry
has been used in order to infer the space-time structure of hadron-hadron and
nucleus-nucleus reactions. In the latter case, the observation has been that the
measured source size scales with the projectile size. The E802 spectrometer at
the Brookhaven AGS has been used in order to obtain two-particle inclusive
pion distributions from E/A=14.6 GeV 28Si +197Au and 27A1 collisions near
midrapidity for the nucleon-nucleon system. We present preliminary results for
the source sizes and lifetimes obtained by fitting the two-particle correlation
function.

Invite talk presented at HIPAGS, March 7, 1990.
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I. Identical Particle Interferometry
Identical particle interferometry is considered to be a valuable tool in the elucidation of the processes

underlying strong multiparticle production. In the context of relativistic (E/A=l-4 GeV/c) heavy-ion colli-
sions, which have in the past been found to be understandable in terms of classical geometry and nucleon
trajectories, the direct geometrical information provided by this technique has been viewed as crucial; this
is because of its potential to distinguish between competing models based upon these concepts. As exper-
imental programs exploring the new energy regimes available for the study of multiparticle production in
relativistic heavy-ion collisions at the BNL AGS and the CERN SPS mature, it is inevitable that models
which have met the tests of charged particle multiplicity distributions, transverse energy distributions, and
single particle inclusive spectra confront particle interferometry data. Unfortunately, due to the fact that
in most cases the models lack explicit space-time pictures for the evolution of the hadronisation process,
experimentalists may have to content themselves with comparing their data to derived quantities such as
energy and baryon densities at freeze-out.

The technique of identical particle interferometry rests on an underlying physical property of many-body
wavefunctions, namely the (anti-)symmetry of a multi(-fermion)-boson wavefunction imposed by spin statis-
tics. This (anti-)symmetrisation of the wave function causes a distortion of the two-particle phase space distri-
bution of the particles emerging from a multiparticle produced final state. In particular, for the Bose statistics
case, one would expect an enhancement in the number of bosons lying close to each other in phase space,
which for suitable choice of two-particle phase space variables leads to an enhancement in a characteristic re-
gion of two-particle phase space. Such enhancements have been observed in the past [Gol59a,Fun78a,Zaj84a],
and further have been used in order to intuit the space-time structure of the source of multiparticle produc-
tion. The basic argument leading to the formalism applied is as follows. The probability density, p, for the
observation of the two pion event displayed in Fig. 1 is proportional to [Aiipi, Pi)\2, and hence

~1 + cos[(pi - p2'r{fa - n,)], (1)

where the relative positive sign of the two terms comes from the symmetrisation of the wavefunction. Hence,
given the assumptions of uncorrelated emission amplitudes and a source distribution function,/?, we can see
that for the coincidence probability we have the form

/ dradrbp(ra)p(rb)p{pi, p2)

pl)!2, (2)

where p is the Fourier transform of p. This argument can serve as the motivation for the definition of the
two particle correlation function

dpi dp~2

where we have included the factor A in order to parameterise the strength of the correlation and rewritten
the argument of the Fourier transform of the source density distribution in terms of the relative momentum
of the two pions, q. We can recast this last equation in a form evocative of an analogous measurement made
with photons instead of hadrons, the Hanbury-Brown-Twiss experiment [Han57a],

where the i's might be currents read from photomultiplier tubes.
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In practice, the above formulation (3) of the correlation function is not used directly. Instead, a change
of variables is made from those appropriate to single particle phase space to those approriate for two particle
phase space. Then the correlation function is calculated as

Actual(q)
Backgroitnd(q)' (5)

where the Actual is the observed phase space distribution and Background is generated to represent the
observed phase space distribution sans the distortion due to statistics. For the purpose of this presentation,
we will present data distributed according to two different sets of two-particle phase space variables, the
one-dimensional invariant four-momentum difference, qinv, and the two-dimensional set (qi,qt), where the
beam direction is taken as reference and the working Lorentz frame is the so-called clean-cut geometric
fireball CM frame. We note that implicit in our choice for the two-dimensional phase space variables (and
the conventional Gaussian source distribution) is the fixing of the source lifetime to zero.

Fig. 1

II. £802
The E802 spectrometer at the BNL AGS is a large acceptance magnetic spectrometer system. It consists

of twenty planes of projective drift chambers before and after the Henry Higgins dipole magnet (for a total of
forty planes of drift chamber information) and a highly segmented plastic scintillator hodoscope array (TOF)
used for time-of-fiight particle identification. There is also a Gas Cerenkov detector used in order to extend
the dynamic range of particle identification, and a smaller acceptance Cerenkov Complex, used for studies of
high p t particle production, but these components are not a part of this analysis. For sake of triggering, the
Target Multiplicity Array (TMA), which also provides the experiment's central collision trigger, was used
in conjunction with the TOF wall and a plastic scintillator hodoscope placed between the target and the
first tracking chamber (FO). For details concerning the beam counters, and the segmentations of the various
components, the reader is refered elsewhere [Abb89a].

In order to make this measurement practical, it was necessary to use a trigger which consisted of
requiring that an event be: i) central, in the sense of being in the upper 12% of the charged particle
multiplicity distribution seen by the TMA, ii) two-negative, in that it contain two or more hits on the 70%
of the TOF wall predominately struck by negative particles, and iii) spectrometer, in that it contains one
hit on the FO counter in addition to the TOF wall hits demanded by the two-negative requirement. Note
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that the usual spectrometer trigger requires one hit anywhere on the TOF wall and a hit on the FO counter.
In order to further reduce trigger background, the magnetic field polarity was chosen to bend negative
particles away from the beam pipe. A less stringent two-particle trigger, intended to enhance the sample
of two-positive track and hence two-positive pion events, was also used in which the two-hit requirement is
enforced across then entire TOF wall. This measurement was made with the spectrometer subtending polar
angles of approximately 14 — 28° and at a magnetic field setting of 0.4 Tesla. Th^ negative pion acceptance
in the variables of lab rapidity and transverse momentum is schematically shown m Fig. 2. Note that the
nucleon-nucleon cm rapidity is at 1.72 units while the clean-cut geometric fireball cm rapidity is at 1.25 units
for the central 28Si +197Au system. In this same region of phase space, the centrally triggered single particle
inclusive pion distributions are found to be well characterised as exponential in mt with slope parameters of
approximately 160 MeV [Abb89b].

For single tracks, the spectrometer has a single plane spatial resolution of approximately 150 ixm. In
addition, Monte-Carlo studies indicate that for the measured region in (y, pt), the momentum resolution
is such that <5p/p < 1.0%; furthermore, it is dominated by multiple scattering and energy loss in the tar-
get [Jur89a]. The observed two track spatial resolution is approximately 3-4 mm per projection. Further,
the Monte-Carlo indicates that over the region of interest, in terms of the invariant four-momentum differ-
ence, 6qiny«6-10 MeV (cf. Fig. 3). In order to put in perspective this information concerning instrumental
limitations, we make the following back-of-the-envelope calculations. First, given two pions having momenta
of 1 GeV (typical momenta in the region of phase space measured) and a vector momentum difference of
30 Mev (i.e., in the low q region of two particle phase space which simultaneously has the least statistics and
is most important in accurately fixing source parameters) one would calculate for the pion opening angle

0,r~1.7 . (6)
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This translates into a spatial separation of 4.5 cm at a distance of 1.5 m from the target, the position of the
second module of ten drift planes before the magnet; this is an order of magnitude larger than the single pro-
jection two track spatial resolution. Further, if we assume the Goldhaber source distribution [Gol59a,Go!60aj,
i.e., a Gaussian in space and time, for which:
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where he = 1, and if we require that the strength of the correlation has fallen to no less than half of its value
in the first bin, then we find that

- =exp(-r?nax6q?nv), and thus

(8)

where A = 1. This implies that for a resolution of 10 MeV in qjnv we should be able to resolve up to 16 fm
sources [Jur89b].

III. Data and Reduction
During the June 1989 running period, we collected HBT data for the reactions

28Si + 197Au - 2ir± + X and
J8Si + 2 7 A l - 2 i r ± + X

by bombarding 197Au and 27A1 targets, of 1 and 3% interaction lengths respectively, with an E/A=14.6 GeV/c
28Si beam from the BNL Tandem-AGS complex. For the purpose of this presentation, we combine data
collected with the two-negative and two-particle triggers (described above) by filtering the data triggered
according to the latter prescription offline with a software trigger emulating the two-negative trigger; thus
the combined data are subject to a uniform trigger bias. Following data reduction and the imposition of
cuts, the yield is approximately sixty thousand negative pion pairs for the asymmetric system and approxi-
mately twenty-three thousand negative pion pairs for the symmetric system; the positive pion pair yields are
approximately half of the negative pion pair yields for each system. The cuts require that accepted pion pair
candidate tracks be: i) reconstructed with good status on both sides of the magnet, ii) positively identified
by time-of-flight, and iii) verified on different time-of-flight slats.

The data are then binned in the two-particle phase space variables as the raw Actual distribution.
In order to account for the combined effects of pair reconstruction inefficiency, energy loss and multiple
scattering, the raw Actual distribution is subjected to a bin-by-bin two-particle acceptance correction. The
correction factors are calculated by passing an uncorrelated set of pairs, distributed according to the observed
phase space, through the E802 Geant Monte-Carlo with the physical processes of energy loss and multiple
scattering activated. The result is then subjected to a data reduction process identical to that employed in
the reduction of the physics data. This process was repeated in turn for the cases of negative, positive, and
mixed-sign pairs.

The Background distribution is generated by randomly matching like-charged pion tracks from different
events in order to populate a presumably uncorrelated two-particle phase space distribution. This Background
phase space distribution is then distorted in order to reflect the effect of the di-pion Coulomb final state
interaction; this effect is presumably present in the Actual distribution, but absent from the Background
distribution. In addition, the event-mixed Background suffers from a subtle distortion arising from its
construction as a product of "single-particle" phase space distributions which actually arise from integration
over an intrinsically correlated two-particle phase space distribution. There are two prescriptions for dealing
with this distortion, it is either accounted for at the fitting stage with an empirical pre-factor such that

C(u = (l + aq)C2, (9)

or the Background distribution is iteratively recalculated with weights intended to reflect a distortion com-
mensurate with extracted source parameters; these weights amount to the average value of the correlation
function over the single particle phase space cells contributing to a given two-particle phase space cell
[Zaj84a],[Jur87a]. It is observed that for the case of one-dimensional two-particle phase space, the fitted
parameters extracted using the empirical pre-factor and the iteration procedure are consistent. For the
one-dimensional case, results using the empirical pre-factor prescription are presented, and for the case of
two-dimensional two-particle phase space, results using the iteration procedure are presented. It is also
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observed that for the two-dimensional fits, the source parameters extracted before iteration can differ by a-s
much as one sigma (68% confidence levels) from those extracted after iteration.

Finally, the source parameters are extracted from the ratio of Actual and Background distributions
using the principle of maximum likelihood. For the one-dimensional case we assume the so-called Goldhaber
source distribution; the actual function fit is (he = 1):

+aqinv)(l (10)

where jV is for overall normalisation and the prescription (1 +aqjnv) is used in order to account for residual
correlations in the generated background. Likewise, in the two-dimensional case we assume a static non-
relativistic Gaussian in space and time (where the temporal source paramter is implicitly set to zero) and
fit the form:

f f 22 ( 11 ) .

IV. Results
The two particle correlation functions resulting from the one-dimensional analysis are displayed in

the following two figures. In Fig. 6, we plot the negative and positive pion correlation functions for the
28Si + 197Au system; in Fig. 7, we likewise plot the correlation functions for the 28Si + 27A1 system. In all
cases, the solid curves correspond to the fits and the error bars are purely statistical in origin. Below, the
final fitted parameters are presented in tabular form.

System
* sSi+ l a vAu-*27r-+X
28Si + l97Au — 2ir+ + X
*BSi + 2TA1 — 2ir~ + X
Z8Si + -'Al - 2n-+ + X

Rin« A y-'/dof
5.2 ±0.50 0.76 ±0.09 16.9/25
4.9 ±0.60 0.60 ±0.09 16.2/25
4.5 ±0.30 0.90 ±0.13 17.8/25
5.2 ±0.70 0.70 ±0.15 31.6/25

Table I

In Fig. 8, we display the correlation functions generated for the unlike-signed pairs in each of the two
reactions; in this case the di-pion Coulomb final state interaction approriate for unlike-signed pairs is applied.
Note that the results are consistent with no correlation, as expected. This systematic cross-check provides
a sense of the internal consistency of the analysis procedure; note that all of the above data come from
the same spectrometer angle and magnetic field settings. In order to display part of the two-dimensional
correlation function fits, we plot a slice along the qj = lOMeV axis in the variable qt; in Fig. 9 are presented
slices from the two-dimensional correlation functions for two-negative pion final states. It should be stressed
that although the slices are in one dimension, the actual fits, from whence come the plotted curves and the
quoted source parameters, are over the entire (qi, qt) phase space. Shown in Table 2 are the extracted source
paramters for the two-dimensional fits.

System
Z8Si + iaYAu -> 2-
Z8Si + ls"Au — 2i
'•i8Si + '!7Al-H.2ir
•"Si + ^ A l - ^ i r

r"+X
T++X
- + x
+ + x

Rt
3.8 ±0.20
3.7 ±0.40
3.4 ±0.20
3.5 ±0.30

Rt
2.5 ±0.20
3.8 ± 0.50
2.8 ±0.30
2.3 ±0.50

A
0.86 ±0.06
0.59 ±0.08
0.95 ± 0.07
0.57 ±0.05

*2fdof
728/826
786/853
542/564
566/523

Table II

In order to facilitate comparision with other measurements using differing conventions for source param-
eterisation, we may convert our source radii to RMS values; for the parameterization that we have chosen,
this leads to multiplication of our extracted transverse radii by a factor of \/3/2. We have done this for the
four reactions and plotted the results in Fig. 10, along with similarly calculated RMS radii from different
experiments, as a function of the projectile mass number; the additional data come from a recent compilation
by Zajc [Zaj89a]. Along with the data is plotted a curve intended to permit comparison of the various results
with a linear variation of measured source radius with the projectile radius.
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V. Conclusion
We have reported the first use of the technique of identical particle interferometry in order to estimate

the temporo-spatial extent of the source of produced pions in nucleus-nucleus collisions at AGS energies. It
is found that for both negative and positive pion pairs, the observed transverse source size in the reaction
geometric CM frame is equal to the projectile radius for both the symmetric and asymmetric systems studied.
It is further found that the 'chaoticity' parameter, A, is greater than one-half. The issue of sensitivity to
source lifetime is not addressed, but rather the source lifetime is implicitly set equal to zero in the spirit
of other measurements [Bea86a],(Bam88a]. The source extent in terms of an 'invariant' radius is extracted,
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and is not found to be identical to the transverse source radius as has been reported elsewhere [Bam88a].
In concluding, we observe that this is part of an ongoing survey of the E802 June '89 HBT data set; more
detailed studies of various systematic effects in the processes of data reduction and the drawing of statistical
inferences from the reduced data are in progress or being planned. Specific directions include: i) further work
on multidimensional correlation functions, ii) work with alternative source distribution parameterisations,
iii) model studies in order to estimate resonance contributions to pion production at AGS energies, and iv)
the characterisation of any variations in source geometry arising from differences in the phase space regions
observed, i.e. rapidity or pt variation of source geometry.
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HBT MEASUREMENTS IN RELATIVISTIC
HEAVY ION COLLISIONS

William A. Zajc
Physics Department
Columbia University
New York, NY 10027

Abstract

A informal introduction to Hanbury-Brown-Twiss measurements in
heavy ion collisions is presented. The systematic effects in interpreting
such data are emphasized, rather than the implications of any single
experiment.

1 Introduction
The correlations in relative momentum between identical bosons are determined, in
part, by the geometrical properties of the boson source. This fact was first exploited
in hadron physics by Goldhaber, Goldhaber, Lee and Pais (GGLP) in 1960 [2]. In the
intervening three decades, this approach has been applied to lepton-lepton, lepton-
hadron, hadron-hadron, and heavy-ion collisions (for a recent review, see [1].) A
cynic would observe that all these experiments have succeeded in measuring is n fin,
where 0.5 < n < 5.0 - something one already knew via more direct techniques.
An optimist might contend that these investigations have laid the groundwork for
the 90's - an era of quantitative application of pion correlations to determine the
mechanism(s) of pion production. In this note, I hope to illustrate the basis for
both of these widely divergent views. With the possible exception of Section 4,
cognoscenti will find little of interest here. However, it is hoped that those new to
the field will be able to discern, and thereby avoid, some of the mistakes that have
appeared in the literature.

A word about nomenclature: The correlations in relative momentum between
identical mesons arise from Bose statistics. Even previous to GGLP, this fact
was applied by Hanbury-Brown and Twiss to measure stellar radii via two-photon
interferometry[3]. Thus an alternative name for the "GGLP effect" is the "HBT
effect". Unfortunately, there are plethora of alternative phrases: intensity interfer-
ometry, two-pion correlations, identical-particle correlations, Bose-Einstein corre-
lations, etc., etc. While these different descriptions all illustrate different aspects of
the same phenomenon, they do make searching on-line databases somewhat more
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problematic than necessary. As indicated by my title, current usage favors the HBT
label, but I will not follow this convention slavishly in this text.

Notation: Since four-vectors and three-vectors will simultaneously appear in
some equations, I will take care to always label three-vectors, so that unlabeled
quantities are assumed to be four-vectors. Thus, p = (E,p), and (pi -pa) = (EiE3 -
Pi • Pi)-

2 Are HBT Measurements Hard or Easy?

The correlations in relative momentum is "best" expressed in terms of the two-
particle correlation function C2{p\-,p2)- A particularly precise definition of C2 is
found in Gyulassy, Kaufmann and Wilson[4]:

dn

If one is not too fussy about various correction factors an elementary calculation
then shows that

C2{pi,P2) = 1 + \p{Pi ~ P2)\2 , (2)

where p is the four-dimensional Fourier-transform of the source space-time density
p{r, t). It is this ability of the correlation function to measure the extent of the source
in space and time that attracts the interests of theorists and experimentalists alike.

However, one can search the entire experimental literature and never find a six-
dimensional Ci as shown on the LHS of Eq. 2. Furthermore, I am quite certain that
no group has yet measured the four-dimensional projection that appears on the RHS
of Eq. 2. In fact, until recently a one or two dimensional correlation function was
considered state of the art, e.g.,

or perhaps

where on the RHS I have indicated a typical function to which one might fit C2.
(I will not address the important question of A ̂  1 here, since my remarks apply
regardless of the value of A. The reader may find a brief discussion in Ref. [1]; a
more up to date set of references will appear in Ref. [5]

In both of these equations, A and B are only indirectly related to the measured(?)
cross-sections. Instead, they represent the Actual and Background number of counts
in the relevant variables. The A distribution is of course obtained by binning the
observed events, while B is calculated via some ansatz that is intended to provide
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the two-particle phase space in the absence of Bose-Einstein correlations. The most
commonly used such prescription calculates B by making fake pair events by taking
one track from Event N and one track from Event N + I.

What factors lead to the (experimental) demise of Eq. 1? This is fairly obvious:
binning anything in six dimensions requires a very large number of events. Fur-
thermore, one is not guaranteed that the systematic errors associated in calculating
a two-particle inclusive cross-section will cancel in the product of the two single-
particle inclusive cross-sections. By decreasing the phase-space from six to one or
two dimensions, it is relatively straightforward to obtain "adequate" statistical pre-
cision in the binned distributions to produce rather nice correlation functions. In
this sense, HBT measurements are "easy". The price to be paid, of course, is that
one is measuring only an average source dimension. Given that all of strong interac-
tion physics has a one fermi scale, it is hard to infer much from the small variations
in the obtained numbers.

Two further aspects of interferometry deserve note. First, the phase-space for
relative momentum goes as |gl2d|$, so that the rate goes to zero for the interesting
(low \q\) region. In addition, since the basis of the technique is the uncertainty
relationship A|<f| • AR ~ ft, the larger the source is, the harder it is to measure! This
is a fundamental concern for HBT measurements in nuclear collisions, and we will
return to it in Section 5.

3 Four Dimensions or Three?

Let us assume that, through diligent design and commissioning, the phase space
difficulties alluded to in the previous section have been overcome in a particular
experiment. This assures us of adequate statistics, so that fitting our correlation
functions in multi-dimensional spaces is no longer a problem. Or is it? Let's assume
that we attempt to fit to the simplest four-dimensional form possible:

C2(q) = 1 + exp[-(qxRxf - (qyRvf - {q,Rz)* - {q0r)2} . (5)

(The apparent lack of Lorentz covariance in this expression will be dealt with in
the following section.) Typically, one finds that parameter r is not well-determined
by the fitting procedure, leading many analyses to either fix it to some value (often
zero!) or ignore it altogether. Additional statistics do little to alleviate this problem,
or even make it worse.

Eventually, one will discover that this phenomenon occurs because q0 is not
an independent variable, since q0 = q- V^, where Vvv = (pi + pbj/l^i + E2\ is the
velocity of the pion-pair in the analysis frame. (More properly, one might say that qo
contains a hidden dependence on a variable not used in the fit, Vvv .) An immediate
consequence of this is that r is not separately measurable via interferometry, but
always appears in combination with the spatial dimension in the direction of the
pair motion. The gaussian form of Eq. 5 illustrates this very neatly, as shown in
Figure 1. Depending on the orientation of 9*relative to Vv7t, one has

C2 = l+exV(~\q\2R2), q±V^ (6)
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Figure 1: A schematic illustration of the effect of non-zero lifetimes for HBT mea-
surements.
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C2 = l+exp[-|g-1
2(i22 + | ^ | V ) ] , ?\\?n (7)

Therefore, fits that ignore the temporal dependence should expect a "trivial" vari-
ation in R by a factor of order y/2 (assuming |FTT| ~ 1 and r ~ R), depending on
the orientation of q. This effect has recently been emphasized by Padula, Gyulassy
and Gavin [6] as a, in fact, trivial result from a much more general model.

It is important to realize that, contrary to popular wisdom, these results do not
depend on the particular source parameterization, nor do they result (necessarily)
from dynamical features such as collective flow. They are an intrinsic consequence
of the relation q0 = q- V^. Alternatively, following Koonin[7], one can note that
correlation function is dominated by the overlap of wave-packets at the time both
particles are "emitted", and their mutual separation at this time is fj(ij) - fr

1(f2)
r"

flit?) — [^(^l) + ^nr • (*2 — h)]. Regardless of the approach used, the conclusion is
in contradiction to the naive expectation that "each component of q measures the
corresponding canonical source dimension."

4 How Do Correlation Functions Transform?

The ratio of cross-sections in the definition of the correlation function (Eq. 1) is
explicitly Lorentz invariant. Yet most parameterizations for C2 are explicitly frame-
dependent. This observation has motivated many authors to argue that these func-
tional forms must therefore be intrinsically wrong. For example, some have argued
that the problems in fitting r result from the "wrong" sign of the go term in Eq. 4
is wrong, since an obviously invariant form such as Eq. 3 expands to

l + exp(-Q2tf2) = l + exp[+^i*2-|g-12fl2] , (8)

so that q\ "must" enter with a positive sign to preserve Lorentz invariance.
I will argue here that such analyses are fundamentally flawed. Roughly speaking,

they are analogous to stating that the Coulomb potential, V(r) = e/[f] is necessarily
"wrong", since it is not a Lorentz four-vector. Stated in this way, it is clear how to
approach the issue: The problem results in failing to clearly specify a frame. In the
case of the Coulomb potential, the non-covariant version is nonetheless correct in
the rest frame of the charge. The covariant generalization,

correctly incorporates the charge four-velocity it, and reduces to V(r) in the rest-
frame of the charge[8]. The corresponding generalization of Eq. 4 is due to Yano
and Koonin[9]:

Here, of course, u is assumed to be the four-velocity of the pion source.
Let us apply the Yano and Koonin form to resolve yet another area of confusion,

the Lorentz transformation properties of the derived correlation function parameters.
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CASE I

CASE I I

•TTJI

t

Figure 2: Case I: No distortion of the source dimension occurs for q L Vm. Case II:
The fitted source dimension is larger (not contracted) by a factor of 7 ^ for g"|| t^*-.

(See also Tincknell [10] in this regard.) Assume that we are fitting to the explicitly
invariant form Eq. 3. Recall that this form measures the source as it appears in the
I T rest frame. Naively, one would expect that source dimensions transverse to VirK

would be unaffected (true), but that the dimension parallel to V ^ would appear
Lorentz contracted by a factor of [1 - IVU-I3]"1''2 (FALSE!). The simplest possible
case arises when one looks at a spherically symmetric source, for two different ori-
entations of q\ wrt to VirK (see Figure 2). (I will evaluate all four-products in the
source rest-frame, where q = (qOl q).)

q ± V^i In this case go = 0> so Q2 = -(q • q) = +\q\2. Evaluating (q • u) in the source
rest-frame, we have (q • u) = (Q,q) • (1,6) = 0. The Yano-Koonin form then
tells us that the correct Cj is given by Cj = 1 + e~^3R2

t so fitting this to an
assumed form of 1 + e~Q*Ri** gives Rinv = R, i.e., no distortion of dimensions
transverse to the pair-velocity.

qWV^: In this case q= [q-V^q) = {\\qvec\\%*\,q),soQ* = -(q-q) = (l-|F,,|J)|g12 ,
or |<fl = JTTWQ. Again evaluating (q • u) in the source rest-frame, we have
(q • u) — q • V»». The Yano-Koonin form for Cj then becomes Cj = 1 +
exP[-|g13(Ji2 + |Knr|3T3)] = 1 +ap[-Q2i2*(R2 + \?„|ar3l], so fitting this to

an assumed form of 1 + exp(-Q2R2
m) gives Rinv = 1^\/R2 + [V^l2^2

i.e.,
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the usual non-relativistic mixture of R and V^ , plus a Lorentz extension
of the measured source dimension!

The arguments presented here are not simply idle exercises in kinematics. They
demonstrate that even extracting the most mundane features from an interferometry
analysis require a careful attention to the Lorentz properties of the correlation. In
particular, it is crucial to establish in what frame the source is at rest. It may very
well be that be such a frame is an unacceptable idealization, which then implies that
a more thorough treatment of the ensemble of pion emitters is required, as done in
Ref/ [6].

5 What Do HBT Results Tell Us About Heavy Ion
Collisions?

Prior to the advent of truly relativistic heavy ior. beams, at BNL and CERN, the
accepted wisdom was that interferometry measured the initial transverse size of the
(smaller of) the colliding nuclei[l,llj. This knowledge was challenged by the result
of NA35[12], who found a large (~ 8 fin) transverse radius in the central rapidity
region of 16O + 208Pb collisions as 200 A • GeV . These authors argued that such
a result may be understood in terms of hadronic freeze-out of a expanding pion
"cloud", leading to a dependence RT ~ VN^-

Should this trend be born out, it is of crucial importance for designing exper-
iments at RHIC. I have argued this point elsewhere, on the basis of the one lone
NA35 data point at high dn/dy [13]. This conference has seen a significant extension
of that early result, providing new measurements on 32S + 32S , 32S -f-Ag and 32S
+Pb collisions[14]. The new data are plotted as solid circles in Fig. 3, which shows
that they are consistent with the trend inferred from 18O +Pb collisions. Results
from the E802 collaboration for 28Si + Au and 28Si + Al collisions[l5] are also
plotted, and are in rough agreement with the sjdn/dy behavior of Ri.

Some care should be exercised in interpreting this result. First, larger mass
nuclei naturally produce a larger multiplicity, perhaps JV* ~ Ap, where Ap is the
projectile mass number, so that R ~ Ap' should be expected on the basis of simple
geometry. For low mass systems, which make up the majority of the systems at low
dn/dy in Fig. 3, one might expect some intrinsic size on the order of the strong-
interaction range r0 to enter. Thus, the correct expression is more likely to be of
the form

Rim. ~ r% + rP{AP?t* + rftidn/dy)1'2 + • • • (11)

I have left open the issue of yet higher-order dependencies of R on dn/dy. For
instance, UA1 has recently reported Bose-Einstein measurements of the radius
that increase linearly with dn/dy\ Nonetheless, even if only the term proportional
to yjdn/dy is present, the unavoidable implication! 16] is that interferometry at RHIC
will require extraordinarily good two-particle resolution- or entirely new techniques.
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Figure 3: The rms radii measured via interferometry in high energy hadron-hadron
and nucleus-nucleus collisions is plotted versus the corresponding rapidity density.
The solid circles are new results from NA35 for 32S beams; the solid squares are
from E802 for a8Si beams.
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6 Conclusions

To summarize the lessons of the pi . IOUS sections:

• Ignore the role of non-zero lifetimes at the risk of distorting inferred spatial
information.

• Ignore the role of frame-dependence at the risk of correcting your data in the
wrong direction.

• Ignore the implications of present heavy-ion data at the risk of being unable
to measure anything at RHIC.
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1 Generalities

1.1 Introduction

The study of the production of rare composite objects offers a unique and highly
interesting aspect of the dynamics of collisions of high energy heavy ions. The talk
by C. Dover [1] in these proceedings discusses some of the theoretical ideas which
have been developed, and which are still evolving, for predicting and interpreting
the the results which have been and will be obtained in this research.

The heavy ion collisions are unique sources for some of the objects of interest because
multiple nucleon nucleon collisions occur in the same individual heavy ion collision.
These provide the necessary multiplicities of the ingredients - e.g. strange quarks
or antiquarks - needed to build up the composite object.

The interest of these studies derives from two related characteristics.

• The objects are of intrinsic interest in their own right. Examples of such are
the strangelets and the H° dibaryon.

• The study of the production characteristics probes high energy heavy ion
collisions in a different manner than is done in the study of the distributions
of individual particles. Examples are the production systematics for p, d, I,
and *He.

These two features are clearly related because the significance of the searches for the
speculative particles depends upon our understanding of the production dynamics
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which would apply to them and this in turn is studied by the measurements on the
rare composites which are known to exist: antinuclei and light nuclei.

Finally, it is perhaps worth while to recall that every time a new experimental regime
has become available in high energy physics, there has been a suitable program of
"bias free" experimental searches. The heavy ion program should also contain such
a broad range of experimental attacks since it provides a radically different collision
environment than has been available heretofore.

1.2 Kinematics and Experimental Strategies

The characteristics which drive the experimental strategy for the studies of these
particles are the particle charge, the lifetime, and whether or not the mass of the
particle is known.

For the study of the H(), the experiment must deal with a neutral particle with
a lifetime between 5 ns and 100 ns [2]. Thus, tracking cannot be used. Time
of flight combined with calorimetry is a possible method and tests are underway
in the E-814 collaboration to see if a significant experiment can be done in that
apparatus. A proposed experiment (no. 864) has a similar approach but with
improved calorimetery.

An experimental design using the distinctive nature of the interactions of the H{>

has been suggested by S. Nagamiya. This is illustrated in figures 1 and 2. Figure
1 shows the conceptual layout of an experiment which would search for an H° and
for a double A° hyperfragment. The idea being that if the Hti does not exist then
a double A0 hyperfragment should exist. Conversely, if the H" exists the double A"
hyperfragment will not exist since the two A" system will decay to the lighter H"
on a strong interaction time scale.

Figure 2 shows the distinctive pattern of an interaction of the H° with a proton.
Even a very low energy H{) will produce five charged particles, coming from the decay
of two A0 and the recoil proton. Thus the H° interaction provides a characteristic
signature.

The study of antinuclei requires the detection of charged particles with known masses
and charges so that a tracking detector can be optimised for the observation. Here
there are two general approaches, a quadrupole focussing spectrometer or an open
geometry magnetic spectrometer. The quadrupole spectrometer approach is used
in the experiment E-858 [3], while the open geometry approach is the basis for a
proposed experiment at the AGS [4]. The open approach allows a much larger
acceptance and simultaneous search for a large variety of particles but makes it
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Figure 1: Conceptual layout of an experiment by S. Nagamiya to search for the H"
and a double Au hyperfragment.
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Figure 2: Conceptual design of a detector for the Hn based on the interaction of the
H" leading to a recoil proton and two Au which decay in the apparatus.
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rather difficult to use Cerenkov counters.

The search for strangelets is complicated by the lack of knowledge of the masses or
charges of the particles. Strangelets could be positive, negative, or neutral, although
there is a substantial theoretical prejudice in favor of positive charge. Their masses
are most likely > 10 GeV/c2 and they are expected to have charge to baryon number
{Z/A) with \Z/A\ < .3.

We are interested in composite objects which have rapidities close to the rapidity
of the center of mass (treating the target as a system with the mass of a cylindrical
plug, with radius equal to the projectile radius, cut out of the target nucleus). These
are the ones produced in the collision, not fragments of the incident nuclei.

At a given rapidity, the trajectory of a strangelet in a magnetic field is almost
completely determined by the Z/A. This follows from the fact that the mass per
unit baryon number of a strangelet cannot be very different from 1.0 GeV/c2.

We make the following observation on the transverse momentum spectrum of com-
posite particles produced in heavy ion collisions. All known models of the production
of composites predict that the mean transverse momentum, < Pt > , of the particles
will scale as the y/A.

As an example, consider the thermodynamic model. In this model it is assumed that
the average kinetic energies of all the constituents of the hadron gas before freeze
out are equal. Since at AGS energies, the motion in the center of mass system of
the composite particles of interest are essentially non relativistic, the momenta will
scale as the square root of the mass. The mass scales as the baryon number and the
motion is isotropic, thus the claim is established.

In a coalescence model the result follows from the random walk in transverse mo-
mentum space occasioned by the transverse momenta of the accreted constituents.
A similar effect occurs for strangelet production in the model proposed by Greiner
et al. [5] in which a quark gluon plasma droplet is formed in the collision which
subsequently cools down to a strangelet by the emission of pions and kaons with
positive kaons more likely to be emitted than negative kaons.

Looking at the details of the nucleon and A0 transverse momentum spectra we
deduce that

< Pt >= CVI

with
.5 < C < .9 GeV/c
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2 Strangelet Search in E-814

The basic approach in the E-814 search has been spectroscopic. Particles have been
sought with masses greater than 10 GeV/c2 and with Z/A between .1 and .3. The
experiment is sensitive to such particles if their rapidity is approximately within .5
units of the center of mass rapidity.

The experiment has run with 14.6 GeV/c per nucleon 2aSi ions and a copper target.
We note that the total kinetic energy of the 2aSi ion is 380 GeV.

Figure 3 shows the experimental arrangement in E-814. The forward scintillator
hodoscope measure time of flight, charge (via pulse height), vertical position (via
time difference between top and bottom photomultipliers), and horizontal position
(within the 10 cm width of the counters).

The drift chamber system measures the trajectory of the track to better accuracy
but in the strangelet analyses which have been done to date the drift chambers have
not been needed and have not been used.

The calorimeters measure the energy deposited by the particle and also give an
independent measure of position with an accuracy of the order of 10 cm (standard
deviation).

We thus can determine the mass of the particle from the momentum (determined
from the magnetic rigidity and the charge) and the time of flight, or from the
calorimetric energy deposit and the time of flight. To date, we have only used
the calorimeter and time of flight. As our statistical sensitivity improves in future
runs, we anticipate that the use of the drift chamber determination of the magnetic
rigidity will be an important feature in rejecting background.

In December 1988 a short run was taken with the strangelet field setting. The
data from this run have been analysed and a paper has been submitted to Physics
Letters. No candidates survived all the requirements for strangelets.

In this run the triggers for charge 1 particles (ECAL triggers) were downscaled
relative to the triggers for charge greater than 1 (DSUM triggers) by a factor of 7.
Both types of triggers had very loose requirements on the centrality of the event
and background from peripheral protons made a large charge 1 trigger rate.

The offline analysis proceeded by applying a series of requirements which good
strangelet candidates had to meet. Table 1 shows the effects of the sequence of
requirements (cuts) applied to the data sample.

We briefly describe these cuts. The 2 ns cut requires that at least one of the hits in
the forward scintillator hodoscope be later than 2.0 ns than at) = c particle. The box
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Table 1: Sequence of Cuts in 814 Strangelet Analysis

1 Description

Recorded triggers (all)
Survived 2 ns cut

Survived "box" cut
survived dt vs t

Reconstructed mass > 10.0 GeV/c2

Survived double beam cut
Survived single FSCI hit

consistent with Cal. cluster

No. of ECAL {Z = 1)

95,000
2013
175
78
10
0

0

No. of DSUM {Z > 2) |j

128,000
7297
421
202
21
1

0

cut requires that the centroid of some valid cluster in the calorimeter be consistent
in horizontal and vertical position with the late hit in the forward hodoscope.

The dt vs t cut requires that the timing of the calorimeter signal be consistent with
the timing of the hodoscope signal. Although the calorimeter time resolution is
considerably poorer than the resolution of the forward scintillators this requirement
still makes a significant improvement. This illustrates the power of repeated time of
flight measurements in rejecting background. The forward hodoscopes had a time
resolution (sd) of .4 ns and the calorimeter had a time resolution which depended on
the energy of the particle but was around 1.5 ns for most of the particles of interest.

The requirement on the mass is simply there because we are looking in this analysis
for strangelets with mass greater than 10.0 GeV/c2. That most of the background
occurs at lower masses is due to the fact that it is much easier for a downstream,
interaction to fake a low mass particle than a high mass particle. A high mass corre-
sponds to a large time of flight particle depositing a large energy in the calorimeter.

The double beam cut removes events in which two beam particles passed through
the target within the time window of 30 ns. These events can fake a strangelet when
the first beam particle interacts and satisfies the interaction part of the trigger and
the second one interacts peripherally and produces a beam rapidity fragment which
deposits the requisite energy in the calorimeter. The time between the two beam
particles is interpreted as a long time of flight.

The experiment has a time window of 2.0 ns to 30.0 ns relative to a v = c particle.
The space between the hodoscope and the calorimeter (5.0 m) was chosen to prevent
albedo from the calorimeter from reaching the hodoscope before 30.0 ns. This time
window corresponds to a rapidity interval of 1.1 to 2.6.

The final cut requires that there be only one scintillator hit which matches the

429



calorimeter cluster. This is to prevent cases in which a soft background late particle
in one hodoscope counter satisfies the late requirement and a neighboring counter has
an energetic fast particle which strikes the calorimeter within the matching zone of
the late hit. This would be eliminated by the calorimeter timing but, unfortunately,
the calorimeter timing discriminators did not always fire during the December 1988
run.

Taking into account the acceptances, and the efficiencies of the cuts, we calculate
an upper limit (at the 90% confidence level) for the ratio of the total strangelet
production cross section to the interaction cross section. To do this we needed to
assume a strangelet production model. We have used the following inclusive cross
section for strangelet production.

_ np e

where
a = 2.0 (GeV/c)/ < Pt >

We have taken < Pt > between .5 and .9 GeV/c as noted earlier and have taken
(3 = 2.0 corresponding to a standard deviation in the rapidity distribution of .5.

The result is a limit of 8 x 10 ' of the interaction cross section for Z = 1 and 1 x 10~"'
for Z > 2. The E-814 collaboration has submitted these results for publication [7]

Data taken in another short run in June 1989 should allow a limit of 10"' to be
reached for Z = 1 as well. In the June 1989 run the late timing requirement for the
hits in the hodoscope was installed in the on line trigger. The trigger worked very
well and the rate of data accumulation was about a factor of 20 greater than in the
earlier run. However, the available running time and electrical brown outs combined
to reduce the data sample to about the same size as obtained in the previous run.
Since the Z = 1 downscaling was no longer required this represented a significant
improvement for the Z — \ search.

Future runs in the 814 apparatus can yield limits to the strangelet cross section of
10~6. Beyond that a new approach is required.

Before leaving the subject of strangelets in E-814, we make two further comments.
The first is that a positive result in this experiment would simply indicate that a
particle with mass greater than 10 GeV/c2 and with 0.1 < Z/A < .3 had been found.
To prove that the particle was indeed a strangelet would require a second experiment
showing that the particle in a subsequent interaction manifested a large strangeness
content. Clearly if a signal were observed there would be a strong motivation to
carry out the second experiment.
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The other known possibility for such a particle is that it is one of the nuclear species
11 Li, U 5 e , l7B, or 2 2C. The charges end masses of these isotopes are well known
and if the candidate strangelet was not consistent with one of them there would be
no known particle that would fit the candidate. The above isotopes are the only
ones with Z/A < .3. They are all weak decaying states but with lifetimes long on
the scale of 50 ns.

3 Antinuclei Measurements in 814

The 814 experiment has also begun to measure antiproton yields successfully using
an analysis similar to that for the strangelets with the exception that the drift cham-
ber system is crucial for rejecting the background at the low mass of the antiproton.
These results have not been fully analysed at this time and they will be presented
later.

The experiment has the resolution and sensitivity to measure antideuteron yields as
well as antiproton yields and it is anticipated that a first measurement will be done
in the forthcoming heavy ion run in May, June 1990.

4 Future High Sensitivity Experiments at the
AGS

4.1 Generalities

Present experiments are very important but are limited to production cross sections
of < 10~6 of the interaction cross section. On the other hand, as was pointed out
in the preceeding talk by C. Dover, many interesting species can be expected to
have much smaller production cross sections. A good target would be to develop
sensitivity in the 1O~10 to 10~12 range.

This would permit the study of the production of antinuclei through mass 3 at least,
would be sensitive to the H° — H° and H° — d complexes if the if" exists, and would
permit a search for strangelets at a level which should observe them if an inter-
mediate quark gluon plasma state is formed in the collision (assuming strangelets
exist). A level of 10~12 is close to what is needed to observe low mass strangelets
(A ~ 10) on the basis of the thermodynamic and coalescence models. With refined
calculations and phenomenological fitting of parameters from the production of the
known particles, it may turn out that 10~!O to 10~12 is adequate for these models
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as well.

Recognizing this, a group of about 30 physicists have met twice to discuss ways of
achieving such an experimental program. Meetings were held on July 31 and August
1, 1989 and on December 13 and 14, 1989 at Brookhaven.

Two general approaches, alluded to earlier are possible. These are the quadrupole
spectrometer and the open magnetic spectrometer designs. The open design ap-
proach has been pursued and has resulted in a proposal to the AGS [4]. The
quadrupole spectrometer approach is under study and will be the basis for another
proposal [6]. In the remainder of this talk, I will concentrate on the open geometry
approach.

4.2 An Open Geometry, High Sensitivity, Experiment for
Rare Composite Particles Produced in High Energy
Heavy Ion Collisions

4.2.1 Basic Approach

The multiplicity of tracks produced in collisions of 11.71GeV/c per nucleon l9 ' Au
ions with high A targets such as lead is large, of the order of 1000 particles are
produced. This is graphically illustrated in figure 4 which shows a typical central
event as generated by the HIJET program.

As a result, high granularity is required as well as careful attention to the problems
engendered by overlapping tracks. If this can be done, as we believe that it can, the
open geometry, large acceptance design offers many advantages.Among these are:

1. The large acceptance allows high sensitivity at modest beam rates (e.g. instan-
taneous beam rates of 1.0 x 10' ions per second, assuming a 10% interaction
length target).

2. The large acceptance allows a number of related measurements and searches
to proceed simultaneously.

3. The open geometry, large acceptance has considerable growth potential. Be-
cause the beam rate and target thickness are modest, they could be increased
when the trigger and/or the D/A system is improved.

4. The large acceptance design is the most "open" to possible surprises in the
rapidity or transverse momentum behaviour of the particles.
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Figure 4: A typical central event in a collision of a *97Au ion with 11.71 GeV/c per
nucleon and a lead nucleus as generated by HIJET
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Figure 5: Detector layout for proposed high sensitivity, rare composite particle
experiment
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The basic design of the experiment is illustrated in figure 5.

The major detectors are four planes of scintillation counter hodoscopes and a wall
of lead scintillator, "spaghetti", calorimeters. A key element in this approach is the
concept of tracking in time as well as in space. The same "hits" that make a good
track in space (x vs z and y vs z) must also make a good track in t vs z. That is,
the candidate particle must slip in time relative to a v = c particle by the correct
amount as it travels from one plane to another.

The role of the calorimeter is to eliminate background from soft particles produced
in secondary interactions giving late hits. The calorimetric energy measurement
together with the time of flight measurement also permits a measurement of the
particle mass. The precision of this measurement, in the worst case (highest rigidity,
lightest particle) is about 17%.

The mass can also be measured by the magnetic rigidity determination coming from
the trajectory as denned by the hodoscope counters. We plan about 270 counters
per plane which leads, again in the worst case, to a mass resolution of about 17%.
The contribution to both measurements from the error in time of flight is negligible
so that the two measurements are essentially independent leading to a net mass
resolution of 13%.

4.2.2 Trigger

The interaction rate planned for the new experiment is ~ 106 per second. At this
rate it is impossible (or at least impractical) to record all the interactions, thus a
selective trigger is necessary. The role of the trigger is to reduce the rate of events
to be recorded to a manageable level, which we take to be a few hundred per second,
without sacrificing efficiency for the events of interest.

Our approach is to require first of all a central event by measuring the multiplicity
of tracks (or a suitable sample of the tracks) produced. The centralilty requirement
will reduce the rate by about a factor of ten. Then, still within the fast (~ 100 ns)
pretrigger decision time, to also require a "late" hit in the fourth wall. This will
reduce the event rate to the order of 10'. A second level trigger, with a decision
time of the order of 20 fis, can now be used to require a calorimeter tower with late
energy greater than 1 GeV to reduce the event rate another factor of the order of
30 to give an event rate of 300 Hz. The factors quoted are based on experience with
E-814 as well as simulation.

As experience is gained, one can imagine improving the trigger in a number of
ways. One development which would be very powerful would be to implement the
time tracking (or part of it) on line. This could be done at the higher level using
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processors.

4.2.3 Backgrounds

At the levels we desire to reach in the proposed experiment the questions of possible
backgrounds are paramount. The complete discussion is beyond the scope of this
talk and indeed is still ongoing. Nevertheless, some useful comments can be made
which will indicate why we believe that the backgrounds are manageable.

For the positively charged species, the time tracking together with the calorimetry
forms an extremely selective system. We believe that only background processes
which actually produce a slow track traveling through the apparatus will have a
chance of faking the detector. These tracks will be rejected by the calorimeter
energy requirement. For example, say a proton with 7 = 2 is produced by an
interaction in the first hodoscope. Most of these will fail the time slip requirement
from the target to the hodoscope, but let us consider the ones that don't. The
proton will make a good time and space track in the remainder of the hodoscopes.
However, it will deposit about 1 GeV in the calorimeter. By contrast, a strangelet
with the same 7 and mass 10 GeVjc2 will deposit over 10 GeV in the calorimeter.

It turns out that one must consider multiple events to find processes which have a
chance to fool the detector. For example, in the above there could be a second event
which sends a fast neutron into just the right calorimeter tower and which occurs
at just the right time to fit with the velocity of the proton from the interaction in
HI.

Obviously, things get complex but it seems that sufficient handles exist to reject
background at the needed levels. Multiple events, for example, can be detected in
a number of ways including the presence of a large number of late tracks in the
hodoscopes, all with the same "lateness".

For the neutral particle searches the background arises from neutrons and antineu-
trons which strike the calorimeter. Here the energy and especially the timing resolu-
tion of the calorimeter is crucial. The rate of production of the H" is expected to be
between .001 and .01 per interaction while the rate of central neutrons will be of the
order of 103 to 10̂  larger. The average transverse momentum of the H" is expected
to be larger than that for neutrons so that the neutron to H° ratio seen by the
detector will be somewhat more favorable. The energy deposited in the calorimeter
by an H° will be somewhat more than twice that deposited by a neutron of the
same velocity.

The antineutron background , while only of the order of the expected H° rate is also
of concern. An antineutron with 7 = 2 would deposit 3 GeV in the calorimeter while
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an H° would deposit 2 GeV. Since the antineutron and the H° have comparable
rates, it should be possible to observe the Hl) signal. The overall rate with the large
acceptance and high rate capability of the proposed apparatus means that this study
will have good statistics.

4.2.4 Acceptance and Rates

The acceptance of the design has been calculated for reasonable models of the pro-
duction of the composite particles. Basically, a Gaussian rapidity distribution cen-
tered on the center of mass rapidity with a standard deviation of .5, and an ex-
ponential transverse momentum spectrum with slopes which correspond to mean
transverse momenenta between .5 and .9 GeV/c.

The resulting geometrical acceptance for strangelets is around .2 (with the magnet
set to 20 Kg). For antinuclei, (with the magnet set to 10 Kg) the geometrical
acceptance is around .15.

These values together with reasonable assumptions about trigger deadtimes and
AGS duty cycles, permit a strangelet search at the 5 x 10~n level (90% confidence)
for a run of 1200 data (calendar) hours.

For the antinuclei, the acceptance allows some tens of t and :iHe in a run of 1000
data (calendar) hours.

Both runs would be sensitive to neutrals and would detect the H" and its complexes
H{> — H1' and Hv — d if the Hi} exists and has a lifetime in the 50 ns range or longer.

4.2.5 Final Comments

We conclude with the observation that this is a new program which will clearly
evolve as time progresses. To some extent it is made possible by the calorimeter
advances which have been carried out for the SSC and LHC projects. These can
also be expected to improve as the new designs are refined.

One example of a possible evolution is the development of a 100 ps timing calorimeter
which would allow an experiment for the iT° to use a calorimeter placed behind H1
or H2 and to be sensitive to H[) with lifetimes as short as 5 ns.

Finally, we note that this experiment provides an exciting and fascinating opportu-
nity for new collaborators!
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PRODUCTION OF RARE COMPOSITE OBJECTS

IN RELATIVISTIC HEAVY ION COLLISIONS
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ABSTRACT

We discuss the production of antimatter, multiply strange objects and
stable multiquark systems containing both strange and charmed quarks
(csuud). The possibilities for studies of charm production at RHIC energies
are probed.

1. Introduction

Relativistic heavy ion collisions in the central regime are characterized by the forma-
tion of dense, hot hadronic matter, or with luck, a region of quark-gluon plasma. The
multiplicity of particles emitted from this zone of dense matter is large. In addition to
pions, the dominant component, one also finds antiprotons, strange particles (iT±,A...)
and charmonium in the collision debris. The emphasis of this talk is on the formation of
rare composite objects, such as antinuclei A, multiply strange particles ("strangelets", H
dibaryons, etc.) and multiquark composites containing heavy quarks (charm or bottom).
Heavy ion collisions offer unique possibilities for fabricating such objects. For instance,
the dense hadronic environment of such collisions offers the only practical way of creating
systems of multiple strangeness S (with \S\ > 3, for instance). Kaon induced reactions,
(K~, TT~) and (K~, K+) for instance, are fine for producing single and double A hypernu-
clei, but are not competitive with heavy ions as a possible means of making "strangelets".

2. Antimatter Production with Heavy Ions

2.1 BEVALAC Energies

Let us first consider "subthreshold" production of antiprotons (p) in heavy ion collisions
at projectile lab kinetic energies Eproj/Ap per particle below the threshold of 5.6 GeV for
the two-body process NN —• NNNN. The data of Shor et al.1 are shown in Fig. 1. The
theoretical curves represent an attempt to understand the energy dependence of the data
in terms of Fermi-averaged NN collisions. In this picture, we have1

= J d\f (Pp) J dz
Ptf (Pt) E^ (NN -> NNNp) (2.1)
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where f(p) is the momentum distribution in the projectile or target. The NN —* NNNp
cross section is evaluated at the two-body cm. energy [(E* + Et)

2 — (p£ + Pt)2]1'2» where
pt and Et are the internal momentum and (off-shell) energy of the struck nucleon, and
(Pp,E*) are the corresponding quantities for the projectile nucleon, Lorentz transformed
to the target frame. The two-body cross section near threshold is assumed to have the
form

a (NN -» NNNp) = \M\2p/F (2.2)

where F = [(pi • P2)2 ~ mfm2.]1/2 is the flux factor and p is the Lorentz invariant phase
space factor. The matrix element M is taken to be independent of energy; its value is
chosen to give a best fit to the p + 63Cu data, shown as the solid curve in Fig. 2.1. This
simple model predicts an energy dependence consistent with the data. Note that the data
correspond to energies which are still well above the absolute threshold for p production,
namely, EptQ} « 2( A + 2)jA « 1.94 GeV for p + 63Cu.

I " • • 1 — 1 — I'' ' y^^
(laC+MCu-> P at 24°)

P+«Cu->P+X

, 1 I I I , . , , I
2 3 4 5 6 7

Eproi./A GeV

Figure 2.1: Antiproton production cross sections in p-nucleus and nucleus-
nucleus collisions. The theoretical curves incorporate the effects of Fermi
motion in the projectile and target; taken from A. Shor et al.1

With the normalization factor \M\2 determined from the p-nucleus data, one can
now apply Eq. (2.1) to predict p production in nucleus-nucleus collisions. As seen from
the dashed and dotted lines in Fig. 2.1, this estimate fails by three to four orders of
magnitude! Thus the nucleus-nucleus data provide strong evidence for collective effects in
"sub-threshold" production.
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In a thermal model, a substantial number of A's are produced at BEVALAC energies,
and these can enhance p production via the reactions

AN -» NNNp, AA -»NNNp (2.3)

This possibility has been discussed by Koch and Dover2. Meson-meson reactions3 are
also a source of p's, but these appear to be less important than (2.3). Although such
models may explain the data, they rely on the strong assumption of thermal and chemical
equilibrium. The p rate is sensitive to the tails of the Boltzmann distribution for N's and
A's, which makes the calculation quite uncertain.

Another, more speculative, possibility is that subthreshold p production reflects a
tendency toward chiral symmetry restoration. That is, the effective nucleon mass m*N in
the medium depends on density (or chemical potential) and temperature T. The ratio
m*N/mpr will decrease as T approaches the value of Tc « 200 MeV characteristic of the
chiral restoration phase transition. This is a consequence of the T dependence of the
quark-antiquark (qq) chiral condensate, which varies as4

(2.4)

for small T/Tc- From this, one estimates5

/ (2.5)

For T « 120 MeV, a typical value at BEVALAC energies2, we get m*N/mN « 0.75 - 0.8.
In the medium, the "mass gap" for NN production is reduced; equivalently, the threshold
for the reaction NN —» NNNN is lowered. The iV's produced in the hot medium are
quasiparticles, not on-shell JV's in free space. In the transition from quasiparticles to real
particles which ensues as the system expands, we suppose that the N formed in the hot
intermediate state is not absorbed due to the final state interactions required for it to
become an on-shell particle. This scenario deserves closer scrutiny.

2.2 Antiproton Production at AGS Energies

The E802 data on p production in Si + Au collisions at 14.6 GeV/A were presented by
Costales6 at this conference. The number distribution dNfdy as a function of the rapidity
y displays a peak value of order

(%) 10-2 (2.6)

We now ask whether the value (2.6) is consistent with a simple thermal fireball model.
The inadequacies of this approach have been much discussed at this conference, but it is
still useful as a qualitative guide, in particular as to whether p production at AGS energies
is "anomalous" or not. In the "fireball" model, which assumes thermal and chemical
equilibrium between various particle species i, the rapidity distribution for particles of
mass m, at temperature T is given by7
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where gi is the spin degeneracy factor, V is the fireball volume, and

mi .
xi=— cosh (y-2/0)

IH =HBBi + usSi (2.8)

Here B{ and Si are the baryon number and strangeness (Si = +1 for K+, —1 for K~),
respectively, of species i and (fij},fis) are chemical potentials. The maximum oidNi/dy is
attained at central rapidity y = t/o- We have

( 4 ( ? ) 2 )
In the fireball model, the shape of the dN/dy distributions are identical for K+ and K~
(same m,), so we have (dN^+/dy)/(dN£(-/dy) = NK+/NK-, where

Note that the ES02 data8 may not be consistent with this assumption. Proceeding anyway,
we now determine from (isIT from the observed9 K^~/K~ ratio of about 5.3. We obtain

We now use strangeness conservation in the approximate form (neglecting A, S,E...)

NK « N-% +NA + Nz (2.12)

to obtain

c,\l) =y/i\-T 6^)/ZIK (Z.loj

The resulting values of (UBIPS) and {dNpjdy)y-VQ as a function of T are given in Table
2.1. For T = 170 MeV, the predicted p production rate reproduces the experimental value
of Eq. (2.6). This rather high temperature is consistent with values extracted from the
observed9 dependence of the K^ spectra on transverse momentum pp. Fitting a Boltzmann
form Ami exp(—mj/T) to the data, with my = (p^ + mA-)1^2) Abbott tt al.9 obtain

, 140 ± 25 MeV (K~)

*• 160 ±15 MeV (K+) (2.14)
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Table 2.1: Chemical potentials and antiproton production as a function
of temperature T

T (MeV)
100

120

140

160

170

HB (MeV)

568

557

543
528

521

US (MeV)

83

100

116

133

142

(dNp/dy)9=V0

1.5 x 10~4

8.4 x 10~4

3.0 x 10-3

7.6 x 10~3

1.1 x 10~2

In summary, we find that if the parameters of a thermal model are fit to K* production,
the number of p's is correctly predicted. There is thus no need to invoke any exotic
mechanisms: p production at AGS energies does not appear to be anomalous!.

The fireball volume V required to fit the absolute value of dN%+/dy is of order 100
fm3 (214, 112, 84 fm3 at T = 140,160,170 MeV, respectively). It should be noted that our
choice of (/*#, //s, T, V), fit to K^, does not correctly reproduce the pion or proton spectra.
Using Eq. (2.9) at T = 160 MeV, one predicts a "direct" contribution to ldN/dy)y=yo of
only 2.9 for TT+ and 5.6 for protons. The experimental values9 of 13.8 and 16 for 7r+ and
p are much larger, but these include "indirect" components due to meson and baryon
resonance decay (the A —» NTT decay being the most important channel). The prp spectra
also display different slopes for ir^, p and K*1. Since the fireball model in any case only
provides a qualitative (and time independent!) picture of the collision dynamics, we do
not pursue the question of the K+/TT+ ratio any further10'11.

Table 2.2: Production of d and 3He from a fireball

T (MeV)
100

120

140

160

170

(d/P)
1.7 x
2.3 x
1.5 x
6.3 x
1.1 X

y=yo

10~6

10~5

io-4

io-4

10~3

(3ii
7.2
1.3
5.6
9.9
3.0

re/
X

X

X

X

X

'P)y=vo
10-13

lo-io

10" 9

10" 8

i o - 7

A sensitive test of the reaction dynamics is provided by the rate of d or 'He production.
These objects have been seen in proton-induced processes12, but there is no data as yet
on their production in heavy ion collisions. The thermal model described above provides
a rough estimate:

6 e-(
y=yo

« 9 (2.15)
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These ratios are given in Table 2.2 as a function of T. For the values T ss 160 - 170 MeV
suggested by the observed K^ and p rates6'9, it should be possible to see a d and even a
?He signal at AGS energies, given an experimental setup of high sensitivity. The approved
experiment13 E858 is a first step in this direction; designs for experiments with sensitivities
of 10~10 - 10~12 per central collision have been discussed by Sandweiss14.

The thermal estimate for d production does not differ markedly from the value obtained
by scaling the observed p rate in p+ Be collisions by a factor A^^A^^, as suggested by
Crawford13. For Si + Au at 14.6 GeV/A, he estimates a maximum value

from which one obtains

4¥ « 9 x 10"3 GeV~2 (2.16)
dp\\dpr

which is of the same order of magnitude as the measured value of Eq. (2.6). In a coalescence
model, Crawford13 then estimates

very similar to the thermal model for T ss 160 - 170 MeV.

2.3 Speculations on Antimatter Production at High Energies (CERN, RHIC)

At high energies, there is considerable uncertainty about the mechanism for antimatter
production. Gavin et al.15 propose that the p/p ratio is suppressed in heavy ion collisions
relative to that seen in pp collisions, while Ellis et al.16 expect an enhancement based on
a topological model.

In the approach of Gavin et al.15, it is argued that p production is a very sensitive
probe of the space-time evolution of baryons. The predicted suppression arises due to p
annihilation with co-moving baryons. In central collisions, they obtain

where n(to) and n(to) are the densities of p and p in configuration space in the central
region at the formation time to, to be identified with the p/p ratio in pp collisions, tp is
the freezeout time, and

Here (vcrjfN) is the averaged NN annihilation cross section, dNs/dy is the baryonic-charge
rapidity density, and R& is the projectile radius. Roughly, one expects that to varies from
2 fm/c at CERN energies to 1 fm/c at RHIC (to ~ 1/y/s), and that tp is of order RA/V9,
where vs « c/y/Z is the sound velocity.
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I.-W

Central Au + Au

V* - 20 ACcV

Figure 2.2: Rapidity distributions of antiprotons at CERN energies for
S + Au and Au + Au collisions, with freezeout time tp = 5 and 12 fin,
respectively, for various choices of formation time to; from Gavin tt al.

The predictions of Gavin et al.15 for dNp/dy are shown in Fig. 2.2 for several different
choices of the ratio to/tp. Depending on the value of to/tp, the suppression of p production
could be dramatic. Note that dNp/dy at CERN energies is predicted to be some two orders
of magnitude larger than the value measured at AGS energies (Eq. (2.6)). A main cause
of this is the factor exp(fiB/T) « 20, which suppresses BB pair creation at AGS energies;
the large value of \IQ occurs because the central rapidity regime is baryon rich, unlike the
situation at CERN energies. Another factor is the growth of the inclusive cross section
a(NN -* pX) with Vs. _

Ellis et al.16 have considered baryon-antibaryon (BB) production in heavy ion colli-
sions in the context of the Skyrme model, where the nucleon is identified as a topological
soliton. This model was introduced to describe the salient features of baryon production
in jets. The central idea is to regard the hadronization of a quark-gluon plasma in terms
of the formation of domains in which the quark condensate {qq}, which functions as an
order parameter, assumes independent values. Defects may form when the orientation of
(qq) in adjacent domains are mismatched. These "topological defects" are interpreted as
baryons or antibaryons. In principle, this approach can lead to strong violation of chemical
equilibrium as the hadronization process unfolds. Thus the abundance of 2?'s can exceed
the value expected on the basis of an equilibrium Boltzmann distribution. In a hadronic
picture, in contrast, the equilibrium abundance is approached from below.

A rough estimate16 of the production rate of BB pairs as topological defects yields
0.1 per unit of entropy 5. In an equilibrated hadron gas with HB = 0, on the other hand,
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one obtains a rate of 0.02 - 0.04 for T fa 160 - 200 MeV, i.e. a factor of 2 - 5 less. For
an initial quark-gluon plasma of volume 130 fm3 (the size of an 5 nucleus), Ellis et al.16

predict that 50 - 100 B 's might be formed, compared to approximately 8 for a hadron gas
in equilibrium at T = 160 MeV. The latter value is similar to that shown in Fig. 2.2 for
to = tp, although Gavin et al.15 do not assume equilibrium.

Observation of enhanced p production in the central region, well above the rates pre-
dicted by event generators (see Fig. 2.2), would be exciting. In this case, the rates for
antinucleus formation are even more dramatically enhanced relative to theequilibrium
estimates discussed earlier. Indeed, it would be disappointing if the rate for d production
were simply explicable in terms of the coalescence model! In the model of topological
solitons in a chiral condensate, it is possible that dd pairs could be formed by a "direct"
mechanism. High sensitivity expriments to detect d, ?He and perhaps even a formation in
heavy ion collisions thus acquire additional motivation.

3. Production of Composite Systems with Strangeness

Heavy ion collisions at high energy are an abundant source of strange particles. The
enhancement of strangeness production has been advocated as a signature for quark-gluon
plasma formation17, but this suggestion is still controversial. Already at AGS energies, we
expect that several A's will be formed per central collision. At CERN energies, the yield
N\ was found18 to increase rapidly with charged particle multiplicity, above the values
predicted by event generators like FRITIOF. Thus the possibility arises that one may
form multiply strange composite systems: this possibility is essentially unique to heavy
ion collisions. We consider several cases here, namely A A hypemuclei, the H dibaryon and
"strangelets".

3.1 Hypernuclear Formation

The standard ways of forming A hypernuclei are the strangeness exchange (K~,TT~) and
the associated production (TT+,K+) reactions on nuclear targets19. Two candidate events
for AA hypernuclei20 have been seen in (K~,K+) reaction studies. One of these, Ĵ -Be,
has recently been re-analyzed by Dalitz et al.21. There is no experimental information
available on hypernuclei with S < —3. This is an area where heavy ion reactions offer
unique opportunities.

There is some data on the production of very light A hypernuclei in ^ e and ^ e induced
reactions in the few GeV region. The data of Avramenko et al.22 are collected in Table
3.1, together with theoretical predictions23'24 based on a coalescence model, in which the
cross section for production of the hypernucleus \A is given by

/ 7
VT~dW)

where aT is the reaction cross section and S\A is a coalescence factor given by

SAA =

=b\ + 01 +ft (3.2)
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Here, 6A is the oscillator parameter for a A in the Is shell, and /3A, PA a^e the source sizes
for A and A production. For Ne + Ne collisions at 5 GeV/A, with fi\ = $\ « 4 fin, we
have S/w w 1/6 fm~ and typical cross sections of order lfxb for ̂ A formation.

Table 3.1: Cross sections23 for A hypernuclear production

Reaction
3He + C -> \H
*He + C-> \H

E(GeV/A)

5.1

3.7

3.7

<Texper(A*&)

0.051°;°*
<0.1

O'coalesX/^)

0.03
0.06
0.29

As seen in Table 3.1, the agreement between the coalescence model and the sparse
experimental data is good. The cross sections in Table 3.1 are small, but these grow
rapidly with energy and projectile/target mass number. At 5 GeV/A, one has typically

* ( M A ) M A A ) « 1 0 - 4 (3.3)

If one extends these calculations to AGS energies, the ratio (3.3) increases and the cross
sections become much larger. For Si + Au collisions at 15 GeV/A, we expect

a (Si + Au -»j^H) « 250/x& (3.4)

or a fraction 5 x 10~4 per central collision. Such cross sections are measurable at the AGS.
The produced £jl hypernucleus would travel a distance of order lm in the lab before
revealing itself by successive A —• pir~ weak decays.

3.2 Strange Clusters in Chemical Equilibrium

Consider the formation of a cluster with baryon number I?, strangeness 5 and mass
M = (B — \S\)mff + \S\m\. If this object is produced in thermal and chemical equilibrium,
a rather drastic assumption, we estimate in the fireball model

dN(B,S) dN(B,O)\
dy ' dy /

1
B

(3.5)

where the penalty factor P for strangeness production is

-\MK-/I\K+) ' e (3.6)

For T = 160 MeV and NK-/NK+ RS 0.2 from the E802 data9 on Si + Au, we obtain
P « 1/7, an order of magnitude suppression for each unit of strangeness. For light multiply
strange systems, we then obtain

'7.8 x HP4 (2A + 27V)
dN\ 1.2 x 10~4 (3A + N)

.4.3xlO~6 (4A) (3.7)
for Si + Au collisions at AGS energies. Such branching ratios are small but still measurable.
Note that the value for (2A + 2N) production is actually rather close to the prediction of
the coalescence model for AH (see Eq. (3.4)).
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3.3 Strangelet Production

If we consider the energy per particle E/B of a system with baryon number £ as a
function of the strangeness fraction fs = \S\/B, we find that E/B displays a minimum
for fs of order unity. Such a system with B + S close to zero is called a "strangelet".
The stability of such objects has been discussed by Witten25 and Farhi-Jaife26; similar
considerations regarding stable strange quark droplets were advanced somewhat earlier by
Chin and Kerman27. Two effects operate to increase the stability of a system as one adds
strange quarks. First, there is a lowering of the Fermi energy if the strange quark mass
ms is smaller than the non-strange quark chemical potential fiq = fia/3. Strange quarks
added to a non-strange cluster are not Pauli-blocked, and thus they can occupy lower
energy eigenstates. Secondly, as strange quarks are added, one gains binding energy due
to attractive quark-gluon exchange interactions.

Depending on the choice of the bag constant B1/4 and the strange quark mass ms,
one predicts25"27 strangelets which decay strongly via hyperon emission, decay weakly via
A —> Nir, or are absolutely stable. Greiner et a/.28 have discussed a possible mechanism
for the production of strangelets in heavy ion collisions. They point out that in a system
with 5 ^ 0 , the ground state can be a mixture of two phases, non-strange hadron matter
and quark matter with 5 / 0. If this mixed phase is produced in a heavy ion collision, one
obtains a "strangeness separation" in which if+ and K° mesons are evaporated from the
hadron phase, leading to a strange quark enrichment in the quark phase. This distilled
quark phase later hadronizes, leading to strangelets in the final state. If a quark-gluon
phase is indeed formed, one expects an enhancement of strangelet production, but it is
difficult to obtain a quantitative estimate of the branching ratios for systems of different
(B, S). Strangelets may be searched for as fragments of anomalous charge to mass ratio, or
dissociated on nuclear targets to release a burst of A's. The search for strangelets requires
high sensitivity experiments. Realistically, heavy ion experiments can only produce rather
light strangelets: for Au + Au collisions at AGS energies, one expects the QN + 4A system
to appear with roughly a 10~10 branching ratio (in the thermal model).

3.4 The H Dibaryon

If one considers multiquark configurations of the type QmQ (m + n > 3) in one gluon
exchange (OGE) approximation, one can identify the candidates which could be stable
with respect to strong decay. The binding mechanism is provided by the color magnetic
attraction arising from the perturbative OGE interaction

<7ilmirni (3-8)

In terms of the eigenvalues C\ and C" of the Casimir operators for SU(3) color and SU(Q)
color-spin, we have the matrix element (n = 0 case)

I I) (3.9)

in the SU(3) limit with u, d, s quarks of the same mass m; N is the number of quarks and 5
is the total spin. To maximize the attraction, one looks for the largest eigenvalue C", which

448



occurs for the representation of largest dimension. For dibaryon states (m = 6, n = 0),
the largest eigenvalue is C|* = 144 for the {490} representation. This is the H dibaryon
proposed by Jaffe30. In terms of flavor SU(3), the H is the singlet configuration

\H) = (ulu\d1d\sls\).n.n (3-10)

which couples to ^o baryon-baryon channels as follows:

(3.11)

rl5x10

10"

H's PER CENTRAL COLLISION
. Si + Au

R=4fm
. . Au+Au

100 120 140 160 180
T(MeV)

120 140 160 180 200
T(MeV)

Figure 3.1: The total number of H's per central collision and the in-
dividual baryon-baryon fusion contributions are shown as a function of
temperature for Si + Au collisions (left-hand side) and Au + Au collisions
(right-hand side); from Dover et a/..34

There are numerous calculations of the mass of the H; several reviews31 are available.
The cross sections for H production via the (K~, K+) reaction have been estimated32 and
such experiments are being actively pursued33 at the AGS.

Here, we simply assume that the H is stable with respect to strong decay into the
AA channel and inquire as to its production rate in heavy ion collisions. Estimates in
the coalescence model have been given by Dover et al.34 and Bando et a/.35. In a model
where A, S and E hyperons are assumed to be in equilibrium at temperature T, a rather
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100 120 140
T(MeV)

Figure 3.2: Abundances of hyperons as calculated in the chemically equi-
librated hadron gas as a function of temperature T. In the top half of the
plot, we have fixed the baryon density to be pB — 3/4po(po = 0.15 fm3 =
nuclear matter ground-state density), which corresponds to a fireball radius
of 6 fm when the number of participating nucleons is ~ 108, appropriate
to a Si + Au collision. In the bottom half, ps — 2.5po is chosen; from
Ref. (34).

substantial H production of order NH « 10 2 per central collision, is predicted34. The T
dependence of Ng is shown in Fig. 3.1 for Si + Au and Au -j- Au collisions. The rapid
increase of NJJ with T reflects the corresponding rise in the hyperon abundances Ny, as
displayed in Fig. 3.2. If one adopts a temperature in the range of T « 160 MeV, as
suggested by the pr distributions of K± measured9 by E802, and choose V « 112fm3 to
fit the observed peak value of dNx+/dy, we estimate from Eq. (2.10)

NK+ w 3.7 (3.12)
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for Si + Au at 14.6 GeV. Assuming NKo = NK+, N-^o = NK-, and NK-/NK+ « 1/5, we
have the estimate

« fjVtff « 6 (3.13)

This has not yet been verified by direct measurement. The hyperon abundances in Fig. 3.2
are considerably larger than Eq. (3.13), due to the larger values adopted for the fireball
radius R. Note that V as 112 fm3 ss 4KR3/3 corresponds to R « 3 fm. In the coalescence
model34, we have

= 4 ( |

where i?# is the radius parameter for the H and F2 is the Clebsch-Gordon coefficient for
channel ij (1/10 for AA, 2/5 for EE, 1/2 for EN). Thus for i2 = 3 fm, determined from
the E802 data, the rate of H production will decrease by roughly a factor of two relative
to the estimate shown in Fig. 3.1 for R = 4 fm. The expected rate NH per central Si +
Au collisions remains of order 10~2.

It will be a challenge to detect the H in the high multiplicity environment of a rel-
ativistic heavy ion collision. Various possibilities are discussed in Ref. 34, for instance a
search for weak decays like H —• S~p, diffraction dissociation via Hp —> A\p or H~pp, or a
search for fragments of anomalous Z/A ratio involving an H bound to a nuclear core. For
instance, a bound H + d system would have 0.11 < Z/A < 0.125. If the H is stable, only a
small amount of nuclear attraction is required to bind the HH system34'36. The branching
ratios for objects like Hd or HH, formed by a second order coalescence process, will be
very small at AGS energies, of order 10~7 or less. Nevertheless, they may be observable in
the next generation14 of high sensitivity experiments.

4. Production of Rare Objects with Charm

We start with a brief resume of the phenomenology of charm production in hadronic
collisions. The cross sections for pseudoscalar D and vector D* meson (JD+ = cd, D~ = cd,
D° = cu, D = cu) production in 7r~-proton37'38,7r~-nucleus39"41, proton-proton42'43 and
proton-nucleus44"46 collisions have been measured in the momentum region from 120 -
400 GeV/c. There are also a number of results on J/% production in hadronic collisions;
references may be found in the paper by Badier et a/.47. Note that Jjty production
represents only a small fraction of the total cc cross section, the largest part of which
arises from DD (and also D*) pair production. For instance, from Ref. 47, we have
a(ir-p -> J /^) Rs 120nb at 280 GeV/c, while the results of Ritchie et al.i0 on 7r~+ Fe
collisions at the same momentum imply u(-K~p —• cc) « 40 - 50 fib, assuming an
dependence of nuclear production (see later). Thus

V«2-3xHT3 (4.1)
CC)
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There is also information about the dependence of charm production on y/s and A.
We have

a (pA -» D/D) « Aaa (pp — D/D) (4.2)

with a « 0.75±0.05 for 400 GeV/c protons45 and a « 0.76-0.79 for 300 GeV/c protons46.
The corresponding value for 7/4" production47 by protons is a = 0.94 ±0.03. In perturba-
tive QCD, one expects a = 1, but this simple picture is modified by effects of the nuclear
environment, such as initial and final state interactions. If these are strong, one expects
significant shadowing, and a approaches the geometric limit of 2/3. The difference between
the a value for J/^S and D/D production is interesting, and could be interpreted in terms
of the concept48 of "color transparency".
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Figure 4.1: Fusion and flavor excitation diagrams which contribute to
charm-anticharm (cc) production.

There are a number of theoretical calculations of charm production cross sections in
proton-proton collisions49"51. The gluon (G) and_quark (q) induced processes in QCD are
shown in Fig. 4.1. Some of the data on pp —* D/D, together with the theoretical estimates
of Kaidalov and Piskunova50, are shown in Fig. 4.2. The predicted cross section rises with
energy, with a value of order

a (pp -» D/D) w ZOOfib (4.3)

at RHIC energies. At 400 GeV/c (y/s = 27.5GeV), Fig. 4.2 yields cross sections of the
same order of magnitude as the most recent measurement of the inclusive D or D cross
section43

a (pp -H. D/D) * 30.2 ± 2.2fib (400GeV/c) (4.4)
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Figure 4.2: Energy dependence of the total cross section for the pro-
duction of D or D mesons in pp collisions; from Kaidalov and Piskunova
Ref. (51).

At RHIC energies (y/s = 200 GeV), a rough estimate for charm production in Au -
Au collisions is

a (Au + Au —> cc) w A2ac (pp —> cc) ss 1 barn (4.5)

This is of the same order as the geometric cross section GQ = TiZ û * 3 barns for central
collisions, with R\u ~ \/§(r2)Au • Thus in a central collision at RHIC energies, there is a
sizable probability of forming a cc pair!

At AGS energies (14.6 GeV/c per nucleon, or y/s = 5.4 GeV in the NN cm. system),
one is slightly below the threshold for open charm production in the pp —* ppD°D° reaction,
which lies at y/s — 5.61 GeV (fortuitously close to the threshold forpp —• ppddzi y/s = 5.63
GeV!). Nevertheless, it would be interesting (but very difBcult) to look for subthreshold
D/D production at the AGS. For instance, the D+/D~ ratio is analogous to K~/K+. In
the nuclear medium, the D+ can be absorbed via the charm exchange reactions

D+p -^ 7T+A+, D+n -»7r°A+

directly analogous to the strangeness exchange processes

K~p -* 7r°A, K'n -» *-A

(4.6)

(4.7)
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The ratio D+/Af is thus a measure of the importance of final state interactions, much
like the K3/A ratio in heavy ion or p-nucleus52 interactions. On the other hand, the
D~, like the K+, is not absorbed, but can be thermalized by interactions with the many
pions produced in heavy ion collisions (nD —> D*, xK —*• K*). Note also that the AGS
energy is slightly above the thresholds for bound state cc production, namely pp —* pprjc

at y/s — 4.86 and pp —* ppJ/ty at y/s = 4.97. At high energies, the ratios rjc/DD in heavy
ion collisions will be small, of the order of Eq. (4.1). It would be interesting to measure
such ratios at AGS energies, although this would be a difficult experiment.

After this lengthy introduction, let us proceed to the main purpose of this section,
which is to estimate the production rates of composite objects with charm. The example
we have in mind is the pentaquark P, a five quark baryon with J* = l /2 + , isospin
/ = 1/2, which comes in two charge states

P° = csuud, p-=csddu (4.8)

The possibility that such a configuration may be stable against strong decay was indepen-
dently noted by the Grenoble group53'54 and by Lipkin55. The argument for stability is
the same as that for the H dibaryon. From Eq. (3.8), we see that the c quark is essentially
inert, since its contributions to (VOGE) are suppressed by a factor l/mc . Thus Eq. (3.9)
refers to the four quark suud or sddu systems. Maximum attraction is attained for the
{210} representation of SU(Q) color-spin, for which C" = 304/3. Note that the color rep-
resentation is necessarily {3}, for which C\ = 16/3. Thus in the SU(d)f limit, we obtain
the same binding energy for the P and the H, namely

B{P) = B(H)*sl[M(A)-M(N)] (4.9)

The effects of 517(3)/ breaking have been considered in detail by Fleck et al.5* in a non-
relativistic constituent quark model; they find that the P and H become unbound when
realistic SU(3)f breaking is included. On the other hand, recent lattice gauge calculations56

predict strong binding for the H; here the attraction due to spin-spin interactions appears
to be much stronger than that obtained from Eq. (3.8), with a obtained by fitting baryon
mass splittings. We regard the question of whether the P and H are stable as an open
one, to be resolved by a cleverly chosen set of experiments.

The lowest-lying strong decay thresholds for P° decay are D~p at 2910 MeV and D°A
at 2980 MeV (note Dj is a cs pseudoscalar meson). If P lies below 2910 MeV, it will
decay weakly via a cu —> sd transition mediated by W~ exchange. This leads to two-body
hadronic final states

P° -» ssudd -» tf°A, /<r°S°, K+E-, <f>n, rjn, rfn (4.10)

and three-body hadronic decays

P° -» ssudd® (U
d *j\ ^K°K-p,K°'K^n,K+K-n,(f>pn-,(l)mr0,

r)pir~,T}'pir~,T)niro,T)'nn° (4.11)

Due to the large energy release in weak charm decays, a considerable number of hadronic
and semi-leptonic final states will be populated. No individual mode in the above list is
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likely to exceed a branching ratio of a few %. This renders experimental detection of the
P° difficult, particularly in the presence of the high multiplicity background of a heavy
ion collision. Nevertheless, the feasibility of detecting certain decay modes of the P°,
containing only charged particles in the final state, is worth investigating. These include

P° -> K3A- <f>PTr-;KaK-p (4.12)

with subsequent Ks —» 7r+7r~ and A —> pn~ decays. In this regard, P~ decays are less
favorable, since there will be at least one neutral particle in the final state for the above
listed two and three-body decays (one could have four-body decays like P~ —* ̂ jwr~7r~,
however). In an experiment, one would like to collect all the P° decay products in order to
construct an invariant mass. Although the P° would be produced with a large momentum
in the lab frame (see Ref. 34 for the corresponding discussion of H weak decay), it will
nevertheless decay very close to the production vertex, since the P° lifetime (in its rest
frame) is presumably of the order of other charmed particle lifetimes, for instance T ( D ° ) «
T(DJ) as 4.3 x 10~13 sec. In this regard, the mode P° —» KSA may be promising, since
the subsequent weak decays of K, and A will occur far from the production vertex, thus
diminishing combinatorial backgrounds for the 2K~ + ir+ + p final state.

We now proceed to a crude estimate of the production rate of P° in S + S collisions
at CERN energies (200 GeV/A in the lab, or y/s = 19.4 GeV per NN collision). First we
note that the P° may be decomposed in meson-baryon channels as follows:

\P°) = a\Djp) + j3\D°A) + 7 |PS} + •.. (4.13)

where the dots indicate components with D mesons, and a, /?, j could be taken from a
dynamical calculation54 including SU(3) breaking. The number N(P°) per central collision
may be estimated as

N (P°) w a2N (D~) N (p) Pc + 02N (/?») N (A) Pc + ... (4.14)

where Pc is a coalescence probability which we take to be of order 10~3, based on similar
estimates34 for H production. Starting from the_ observed cross section43 of 7.9 ± 1.7^6 for
pp -, DO a t 400 GeV/c, we estimate a(pp -* D°) as 5/*6 at 200 GeV/c. Then we have

A2aa (pp
*2xlO-3 (4.15)

<xc

•nFt?s w 540mb is the total cross section for central collisions. We further
estimate N(p) « 32, N(Dj) as JV(I)°)/3 and JV(A) « 5 from an extrapolation of the
CERN data57 on A production as a function of charged multiplicity. Substituting in
Eq. (4.14), we obtain at 200 GeV/A

N (P°) « 2 x 1 0 ~ V + 10~5/?2 + . . . w 10~5 (4.16)

for S + S collisions. Such a rate may be measurable in a sensitive experiment, even if one
is forced to search for a relatively rare decay mode like P° —» K3A, with branching ratio
presumably less than 10~2. Combinatorial backgrounds may be too severe, however.
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In the event that a quark-gluon-plasma is formed, the abundance of composite ob-
jects such as antinuclei, strangelets, the H and the P pentaquark may be considerably
enhanced with respect to the rates expected in simple coalescence models. There are some
estimates58'59 of the total rate of production and subsequent propagation of cc pairs in a
quark-gluon plasma, but no calculation as yet of pentaquark production.

5. A Few Remarks on bb Production

The study of rare decays of hadrons containing a 6 or 6 quark is feasible in the pp
mode of RHIC. It is less clear if any 6 quark experiments are practical in the heavy ion
mode. This deserves careful study. In any case, RHIC would provide the best possibility
for producing stable four quark mesons60'61 of Q2q2 structure, where Q = c or 6, and q
is a light antiquark. Carlson ei al.61 have argued that the 1 + bbud meson T is bound by
about 70 MeV with respect to strong decay into two B mesons. A bcqcf configuration may
also be stable. The binding mechanism is the color Coulomb attraction of the two heavy
quarks in the color 3 state. The problem, as with the pentaquark P, is how to detect weak
decays of the T in a hostile environment of very high multiplicity. I leave this difficult
question for consideration by more knowledgable people.
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ABSTRACT

Excited hadronic matter in the temperature interval T = 100 — 200

MeV is not an ideal pion gas, but rather a liquid, in which attractive inter-

action among particles plays an important role. Pion dispersion curve is in

this case essentially modified by a kind of collective momentum-dependent

potential, which becomes important as the "quasipion" comes to the bound-

ary of the system. We show that these effects can provide an explanation

for a number of recent experimental puzzles, in particular, for the observed

copious production of soft pions and soft photons in high energy hadronic

reactions.

1. Introduction

During the last few years much attention was paid to production of high multiplicity

hadronic systems both in pp and nuclear collisions at high energies (see Ref. 1). The main

inspiration of this activity was related to possible manifestation of new phase of matter

at high energy density, the so called quark-gluon plasma2. Ironically enough, the usual

hadronic matter consisting mainly of pions has attracted much less attention. In most

cases its properties were assumed to be well represented by simple formulae corresponding

to the ideal pion gas.

In this paper we discuss properties of such excited hadronic matter at high enough

temperatures, when the interparticle interaction cannot be neglected. This important

feature is emphasized in the title of this work, where the notion of the "pion liquid" (in
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contrast to the pion gas) is introduced. Roughly speaking, such conditions take place at

temperatures above approximately 100 MeV and below 200 MeV, presumably the critical

temperature of the transition to the plasma phase. Although this interval of temperatures

is not that great, it corresponds to about 1.5 orders of magnitude in terms of the energy

density. Actually, the excited hadronic system being considered exists in just such a liquid

phase. As we show below, the observables are strongly connected to the properties of this

liquid.

The main qualitative difference between any liquid and a gas is the existence of attrac-

tive interaction between its constituents, which creates a kind of a surface. This, in turn,

makes it more difficult for the constituents to leave the system. We present theoretical

and experimental indications that this is also true for the pion liquid under consideration.

As far as we know, surface phenomena of this kind have not yet been discussed in the

literature (apart from a preliminary version of this work3).

Our discussion below develops into two different directions. The first one is an attempt

to create a simple theoretical framework for our discussion. In doing this we are mainly

inspired by the experience of low temperature physics, especially of the classical Landau

works on properties of liquid He*. We make use of a similarity between the so-called

"quasipions" (or pions modified by the matter) and phonons in liquid helium. In particular,

both of them are Goldstone modes, which result in similar features of their interaction.

The most important part of the interpion interaction is known to be well described by the

famous Weinberg nonlinear Lagrangian4, therefore such pion liquid study is also interesting

for condensed matter theory, as an example of quantum liquid made of particles with well

known interaction.

But even more important is that rather macroscopic "drops" of such liquid are now ex-

perimentally available. For example, in CER.N nuclear collision experiments the produced

hadronic systems contain up to several hundreds of pions, and this number will be at least

one order of magnitude larger in the future experiments with Pb beams. This large "fire-

ball" comes through different stages of its evolution, with particle densities varying from

several units per fm3 (at the phase transition) to those one order of magnitude smaller, at

which final breakup into noninteracting secondaries takes place. Pion interferometry tells
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us, that the radius at the breakup is about 6-8 fm, so it is already larger than radii of the

heaviest nuclei.

Another goal of this work is an attempt to understand few unexpected phenomena

observed recently in various high energy reactions. Their list includes in particular:

1. enhanced production of pions at small pt found in nuclear collisions5;

2. enhanced production of soft photons and low-mass dileptons in various hadronic

reactions6.

In this paper we develop a semi-quantitat've model which is used for some estimates of

soft pion and soft photon production rates. We have found strong correlations between

properties of the pion liquid and the corresponding spectra. There are two other sets of

observations, namely;

1. an unexpectedly sharp two-pion annihilation threshold seen in the dilepton

spectra at Berkeley7;

2. strong clustering of pions, produced in various hadronic reactions.

Although the last two items are not studied in this work (see only comments in section

9), we hope they probably also can be better understood if effects of collective interaction

between particles are taken into account.

In order to complete this Introduction, let us mention some important works, also

aiming to explain these puzzles. Gale and Kapusta8, have considered pion dispersion

curve modification in compressed nuclear matter. Their idea is that secondary minimum

of this curve can produce a peak in the dilepton invariant mass distribution. However, as

the recently observed peak is at 2mT, we think that in fact only some flattening of the

dispersion curve at low momenta is actually needed to explain it, and such shape of the

dispersion curve leads to simultaneous explanation of puzzles (1-2) as well.

L. Van Hove9 has suggested another mechanism aiming to explain these phenomena

(which he called the "ultrasoft" ones). His idea is to relate them to possible production of

long-lived metastable droplets of "overcooled" quark-gluon plasma. We know of similar

phenomena in other systems with strong first order transitions (e.g. formation of a fog).

Previously, production of plasma droplets at the hadronization stage was discussed e.g.

in Ref. 10 (as one more reason for small hydrodynamical effects), see also Ref. 11 and
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especially Ref. 12, where detailed numerical studies of the production and decay of plasma

clusters were made. In Ref. 13 it is argued that such plasma clusters probably have at least

unit baryonic charge. However, in all these papers the plasma clusters were equilibrium

ones, at critical temperature (about 200 MeV), while the idea of Van Hove is that they

can be cooled down to much lower parton momenta and have a metastable lifetime of the

order of tens of fm/c.

Soft pion component was also ascribed to pions coming from resonance decays in

Ref. 13, especially of deltas at AGS energies. Actually, our modified pions are also a kind

of rho or delta resonance, but not a resonance with one particular pion, but with many

pions (or nucleons) in the matter. Such treatment is obviously more consistent if the

system lifetime is larger then that of the production and decay of the resonances, as is the

case for deltas and rho. The long-lived resonances which decay much later, then pions go

out at the breakup stage, should indeed be treated separately.

Another idea concerning soft pions was proposed in Ref. 14; where it introduced the

non-zero chemical potential for pions, being numerically nearly as big as the pion mass. It

makes good fit of the data, but the physical meaning of this chemical potential is unclear. It

is argued that it is a consequence of specific kinetics of pion decoupling in which equilibrium

in pion number is violated, while thermal equilibrium is still there. If so, it is a transitory

effect and for very large and long-lived systems this effect should disappear.

2. Thermodynamics of the Pion Gas

Let us start with some general remarks about pions. They are special because they

are the lightest hadrons, so that if temperature T is small enough, only pions are excited.

This fact is not occasional, but related to the specific nature of the pions, which is crucial

for what follows. Unlike that of all other hadrons, the pion mass squared is proportional to

mu + m<f> *ne masses of light quarks. They are very small, of the order of 10 MeV in sum.

That is why the real world is close to the so-called "chiral" one, in which mu + mj = 0

and pions are massless. They are massless exactly for the same reason as e.g. acoustical

phonons in solids: they are Goldstone modes, a remnant of the spontaneously broken

symmetry. (Translational symmetry for solids, chiral one for the QCD vacuum.) General
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facts concerning this physics can be found for example in the review15, while recent works

on microscopic theory of chiral symmetry breaking are16.

At small T the mean interparticle distances are large, 1/T, so interaction is small

and ideal gas approach is justified. Also discussion of massless pions makes the problem

simpler, so we start with this case. At small temperatures we get then simple formula for

the energy density

e (T) = (TT2/10) T4 (2.1)

which differs only by the factor 3/2 from that for black body radiation.

Interaction of pions is also quite specific and related to their Goldstone nature. In

the chiral world, pions with momenta k —* 0 cannot interact with anything including

themselves. (Exactly because of this feature acoustical phonons propagate distances much

larger than molecule free paths, therefore we can hear each other.) This feature makes this

gas even more ideal at small T.

Non-zero quark masses lead also to non-zero interaction amplitude at k = 0, the so-

called scattering lengths for isospins I = 0,222. Their account17 produces corrections to

Eq. (2.1) of the order of (mT/FT)2, which numerically are small, about 10~2, and we do

not discuss them here.

Accounting for momentum-dependent pion-pion interaction, one can use chiral per-

turbation theory, considering T/FK as a small parameter. In the chiral limit (mr = 0)

behaviour of the energy density with temperature e(T) is of the type

e (T) = (?r/10) T4 [1 + C{I2IFl + C2T
i/F* + O (T6)] (2.2)

where C\,C2 are some constants. The former one was calculated in Ref. 17, and happen

to be zero due to the following reason. The amplitude for pion-pion scattering at low

momenta can be expanded in powers of the (CM) momentum q in the standard way

Tf (q) = (q2') (aj + \tf + • • •) (2.3)

and, after averaging over spin and isospin of the O(q2) terms, for Weinberg values of a and

b parameters one gets exact compensation:

Average = &0 + 9a} + 56̂  = 0 (2.4)
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Repulsion in the last channel is exactly as strong as attraction in / = 0,1 ones taken

together.

Further corrections are either second order rescattering-type effects (which were also

estimated in Ref. 17), or those due to new higher order terms in the pion Lagrangian

compared to the Weinberg term. Recently, a rather detailed analysis of these effects up to

three-loops was performed by Gerber and Leutwyler18. They got a more accurate estimate

of the T8 term in e(T).

We summarised results on energy density in Fig. 1, where e{T)/T* is plotted versus T.

For the ideal gas this ratio is close to one, until interaction of pions makes some modifica-

tions (see the dotted line). Much more dramatic things happen if one takes into account

nonzero pion mass and, even more important, hadronic resonances (in Beth-Ulenbeck ap-

proximation, see discussion in Refs. (17,18)). The ratio becomes much more temperature-

dependent (see the solid line in Fig. 1). We also show simple parameterisation for the

"pion+resonances" suggested by the author many years ago19:

e(T) = T6/Tl To = lOOMeV (2.5)

which is shown by the dashed line. One can see that it approximately describes the energy

density dependence on temperature over the whole interval.

Summarising, above T around 100 MeV or so, corrections to the ideal pion gas energy

become noticeable, and at critical Tc around 200 MeV it is about a factor of 4 greater than

the ideal gas estimate (2.1). (However, this still seems to be essentially smaller than the

energy density of the quark-gluon plasma at this temperature, so the first order transition

with large jump in e seems to be still there.)

3. Kinetics of the Pion Gas

In this section we discuss how often the pion is scattered in the pion gas. Goldstone

nature of the pion plays an important role here: apart from small effects related with

scattering lengths, the TTTT cross section is essentially

«„ = 5s/ (48*F*) (3.1)

465



where s = (p\ + P2)2 is the usual kinematic invariant. Therefore mean time between

collisions depend on T as follows20:

rcoll = const *V4/T5 (3.2)

Goity and Leutwyler have recently made extensive calculations21 supporting this expression

and getting more accurate const=12. Note, that at T = 200 MeV TCOU is small, .7 fm/c,

but at our other extreme T = 100 MeV it is already about 25 fm/c, comparable to the

lifetime of even the largest fireballs considered.

Another effect producing pion scattering is resonance formation. Using the detailed

balance argument20 we may say that production of a p meson in equilibrium has the same

rate as its decay, which ' "ier to calculate;

Toll (™ -» P)'1 = Tp (25 + ) (2/ + 1) (mpT/2irf2 exp(-mp/T) (3.3)

where Tp and mp are lifetime ~s of p (in matter), 5, / are its spin and isospin and the

rest is just its density in matt' , cwsuming 'd-a1 gas thermodynamics. Resonant-induced

scattering estimated like that becomes significant at T above 150 MeV.

One should compare these numbers to the lifetime of the system and evaluate the

expected break-up temperatures. The larger the system, the smaller is Tbreak-up, but

due to very strong dependence on T, in practice the break-up parameters depend on

multiplicity very little, for spherical fireballs only as T ~ N*1'15.

Another useful way to look at TCO\\ is to compare its inverse, the imaginary part of the

pion energy imE* = l/rcou, with its real part. The corresponding ratio can be estimated

as follows

Im Er/ Re £T = . 03 (T/F*)* (3.4)

It is still only about .1 at at T = 140 MeV, but it is of the order 1 at Tc = 200 MeV.

Therefore, in the former case the pions are still propagating rather well, while in the latter

case they are strongly absorbed.
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4. Pion Modification in Hadronic Matter

Pion waves in matter are not only scattered in hot matter, but they also interact

with many particles simultaneously and change their properties. In formal terms it means

that the pion mass operator II has not only an imaginary part, but also a real one. The

dispersion curve is defined as a solution for w(fc) of the following equation

«2 = ib3 + mJ + n(«, k,T) (4.1)

In this section we argue that II leads to specific modifications of the u>(k) curve, and below

we show that it has important consequences for various processes of experimental interest.

A problem of one particle interacting simultaneously with many was, for example, first

met by Fermi in the thirties when he considered propagation of slow neutrons in ordinary

matter. He has introduced the notion of "pseudopotential", related to the scattering length

a at one nucleus and their density n,

Ueg = 2Tzna/m (4.2)

(where m is the mass of the particle). According to Weinberg22, the scattering lengths for

the pion-pion interaction are such that their mean value is

a,average = (a°0 + 5a2,) /9 = 0.067/mx (4.3)

which means that repulsive / = 2 channel wins by a small amount. As a result, the

"pseudopotential" induced by the low energy TTZ scattering is approximately equal to

UeW = 0.015T7F2 (4.4)

where we have substituted aproximate formula for the density of the ideal pion gas nT =

0.36T3. It turns out to be very small, just few MeV, for all temperatures of interest. Let

us repeat, it is so small because these scattering lengths are proportional to small quark

masses.

The main pion-pion interaction is proportional to pion momenta, respectively our

collective potential should grow with momentum as well. Such a situation is common

for all Goldstone modes, let us mention two well-known examples of cases in which the
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dispersion curve is strongly modified at larger k, so that even secondary minimum is

developed.

1. In Fig. 2 we show the famous dispersion curve of elementary excitations in

liquid He4, measured directly by neutron scattering experiments. Note the

secondary minimum which was suggested by Landau and called the "roton"

minimum. Modern theory of this curve, with accounting for phonon non-linear

interactions, can be found e.g. in Ref. 31.

2. In Fig. 3 we show the pion dispersion curve in cold dense nuclear matter,

evaluated theoretically (see e.g. Ref. 8 and references therein).

( With increasing nuclear density, modification of pions may become so strong that their

energy may reach zero at some critical momentum ko. If so, it should lead to vacuum

rearrangement and spontaneous production of pion field. This phenomenon is known as

Migdal pion condensation. We are not going to discuss here whether these calculations are

reliable or not at such high densities.)

Returning now to pions in the pion liquid we note that terms which are non-zero in

the chiral limit are first those proportional to &average> Eq. (2.4) which is zero. Next terms

are not yet calculated, but it is possible to get a simple estimate of the gross effect of the

pion modification. In doing this we may benefit from the strong similarity between this

problem and physics of liquid He4.

Let us remember how Landau came to the "roton" idea. He studied the data of the

energy density of liquid He4 as a function of the temperature and had noticed that at not

too small T it grows with temperature more rapidly than T4, as suggested by the phonon

contribution. Then he assumed that the phonon spectrum is distorted downward and has

another minimum at non-zero momentum. (It was a long story until neutron scattering

experiments confirmed his guess.) He wrote the energy density of liquid He4 as the energy

of the non-interacting (but distorted!) phonons:

= I' (4.5)

and have found that the proposed distortion of u(k) may explain the observed stronger

growth of e(T).

468



Before we proceed futher, let us elucidate one question which has often confused peo-

ple: does the modification considered in both cases correspond to attractive or repulsive

interaction? The proposed shift of the dispersion curve down does imply that particles are

attracted by each other. And still, it gives a positive contribution both to the pressure and

to the energy density! Looking at the last formula it is easy to understand why this situ-

ation is different from the usual gas case. Diminishing in the exponent is more important

than in the nominator. In a pion gas the number of particles is not fixed and attraction

makes it possible to have more particles at the same temperature.

Now we are in the same position as Landau. We know that our e(T) curve grows

faster than that for the free pions. Suppose it is represented as gas of non-interacting

"quasipions". What cj(k) curve can mimic that?

The expected qualitative behaviour of the dispersion curve is shown in Fig. 4: the

"pseudopotential" is slightly repulsive at small momenta but becomes attractive at larger

ones. We do not want to have many free parameters, so we do not speculate about possible

secondary minima and assume simple parametrization for the modified pion dispersion

curve
v 1/2

x k2) (4.6)

introducing the temperature-dependent slope parameter u{T). (The reason we took this

form is that pion mass operator II(u;, k) in the chiral limit starts with terms quadratic

in us and fc, and in such an approximation the equation (4.1) gives this simple form for

the dispersion curve. Of course, there are further terms in u; and k, and, for example,

secondary minimum may well be developed. With (4.6) momentum scales as u(T), so the

integral (4.5) gets extra u(T)~3. This gives the following estimate for the mean quasipion

velocity

= (e(T)/egas(T)) ' (4.7)

where egas stands for the noninteracting gas. Using now information for the energy density,

discussed in section 2, we see that u(T) is close to 1 at T < 100 MeV, but at larger T

it starts decreasing approximately like u ~ T~2/3 and at T around 200 MeV it is about

uc = 1/2. As we will show shortly, if this is the case there are important consequences for
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the observed spectra of secondaries and even for the whole space-time picture of the high

energy collisions.

Finally, a few words about other hadrons in the pion liquid. Let us start with kaons,

for their modification should be similar to that of the pions. There is <j> resonance, which is

very narrow because of very close KK threshold. An interesting question is whether kaon

modification can affect <j> meson width. Unfortunately, for the ir — K case the 7 = 1 / 2 and

3/2 scattering lengths tend to compensate each other (inside experimental errors), so this

effect is not large at zero momenta. However, the role of momentum-dependent corrections

was not clarified.

Speaking about other hadrons such as nucleons, hypercns or p mesons, we should

remember that these axe not Goldstone modes and therefore their strong modifications in

the pion gas can, in principle, take place even for zero momenta. This topic is discussed

in the literature in a different framework including lattice calculations, but it is probably

too early to draw any conclusions on these issues.

5. Surface Phenomena

If the collective interaction between particles creates the (momentum-dependent) po-

tential, its presence produces important effects at the surface of the system, where the

force (gradient of this potential) is substantial.

First of all, there appears surface tension which was never included in hydrodynamical

calculations of the system expansion. It may be responsible for the production of clusters

(or "drops") of hadronic matter. This phenomenon is well seen if one analyzes data on

particle correlations. However, we do not discuss these effects in this work.

Another (and less trivial) surface phenomena which we axe going to discuss in detail is

the so-called "surface impedance". It is well known in low temperature physics since the

Kapitza experiments with liquid He*. In practice it strongly reduces heat transfer through

phase boundaries. (Recently it was discussed, e.g., in connection with the so-called dark

matter detectors, consisting of small superconducting clusters. It creates problems in

keeping all clusters at the same temperature.) The physics is simple: it is because it is
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difficult for quasiparticles to penetrate the phase boundary. And the usual heat transfer

by scattering is not effective at low temperatures.

More precisely, quasiparticle propagation through the boundary has two different

regimes, depending on the relation between the characteristic width of the boundary d

and the wavelength A. If d <C A, the quasiparticle is split into two, propagating into differ-

ent phases. (This is what happens when, e.g., light comes out of the glass.) The opposite

limit d » A makes it possible to make a wave packet and consider its motion as that of a

classical particle climbing out of the potential well. The force acts on it at the boundary,

so the momentum component normal to the boundary kt is diminished. We schematically

show this transition in Fig. 4, the quasipion proceed from point A at temperature Ti curve

to point B.

Energy conservation reads as

Winside ((fc&Mide + tfS" ) = ^outside ((^.outside + kf) ) (5-1)

(momentum components k[ in the boundary plane are unchanged). For example, with the

parametrisation (4.6) one gets

^outside = V? X ̂ inside " *? * (* " ^) (5-2)

If the r.h.s. is negative, the particle is reflected back.

For the pion coming out of the system into vacuum A is probably comparable to the

interparticle separations, so in this case we have intermediate case d of the order of A.

However, for simplicity in what follows we use the last expression (5.2) for evaluation of

the momentum changes at the surface.

6. Analysis of the Pion pt Spectra

In this section we switch from the theory of the pion gas to phenomenology, concen-

trating on inclusive pt spectra of the pions, produced in recent CERN experiments5 with

nuclear beams at 200 GeV/N.

At first glance, the p< spectra measured in nuclear collisions look nearly identical to

those observed in pp collisions. This fact was first pessimistically interpreted as "these
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experiments have not showed anything new". However, these observations are far from

being trivial. In particular (as emphasized in our previous paper20), this similarity can

hardly be explained by naive models based on the picture of independent NN collisions

because rescattering of secondaries is by no means negligible: each pion suffers more than

one rescattering (see Table 1 and discussion below). Also no strong indications for the

collective hydrodynamical transverse flow were found, in contrast to what was suggested

by earlier cosmic ray data of the JACEE group. This means that the equation of state is

soft enough, which in turn means10 that we have approached the phase transition region.

However, more accurate analysis of these data show important deviations from the pp

ones. In this section we perform rather detailed discussion of these spectra, using several

different methods. Although we mainly concentrate on the soft pion component, we also

point out some indications for hadron "evaporation" during the mixed phase, related with

fixed critical temperature for all secondaries.

Our first approach is based on "effective slope" plot, which is motivated by the idea24

that looking for discontinuities of the spectra (presumably indicating different physical

effects, dominating in different pt regions), one should differentiate them. We therefore

introduce the "local slope"

Tsiope = [dlog {da/dp]) /dpt]~l (6.1)

and plot it versus pt in Fig. 5. The dashed line corresponds to pp data25, while dots

represent data on nuclear collisions5.

Two observations can be made based on this figure. First, (although both sets of data

are not quite the same at pt less then 0.7 GeV (which still may be related to somewhat

different rapidity intervals of these detectors), both show significantly smaller Tsiope in this

region.

Second, above this pt region there is a sharp transition to stable Ts|ope at the value

around 200 MeV. A similar "plateau" was noticed long ago by O.V. Zhirov24 for different

pp reactions, but it was less prominent and was seen only for larger pt = 3 — 4 GeV.

Introducing "effective temperature", we correct (6.1) for the preexponential factor in the

thermal pt spectrum, which is mt exp(—mi/T) above m< = 3T, ( nn = (m2 +p2)1 / '2 is
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the so-called transverse mass). The corrected version looks then

Teff = Tslope/ (1 - TsiOpe/2 * mt) (6.2)

The value of corrected Teff at the "plateau" happens to be the same for pp and nuclear data,

something around 220 MeV, in striking correlation to the expected critical temperature

value.

The second straightforward way to analyze data is to represent them as a sum of the

thermal spectra

d*/dp2
t = J dTF (T) /therm (pu T)

/therm (pu T) ~m, £ Ki (nmt/T) (6.3)

(where K\ is the Bessel function). The function F(T), the so-called "temperature profile"17,

contains all the history of the system in terms of temperature. Such representation may re-

veal some information hidden in the data. For example, assuming that the expected phase

transition is of the first order and that system spends much time in the mixed phase, one

expects a peak in F(T) at the critical temperature Tc.

In Fig. 6 we show results of numerical conversion of the data5 into F{T). The data

are good enough to allow a few parameter fits. We take them to be a coefficients of the

thermal spectra with T distributed with a constant step 75 MeV. (At smaller step we

get more parameters, and error bars become larger, making conclusions less clear.) The

same two phenomena are seen. First, the smallest T bin shows strong deviation of nuclear

collision data from the pp ones. Now the effect is much more spectacular: the coefficient for

T = 75 MeV jumps nearly by one order of magnitude. There is a smaller weight in the bin

corresponding to T — 150 MeV as one passes from pp to nuclear collisions, which is not a

big effect, but still it is statistically a significant one, reproduced by different experiments.

We will see below, that this effect seems to be reproduced by the quasipion cascade model

developed in this work.

Coming to the bin T = 225 MeV, we see from Fig. 6 that nuclear spectra have larger

weight here. Comparing this bin to its neighbours, one may speculate that it looks like

a peak. Indeed, if one makes a smooth fit through three other points, one finds several

standard deviations from it in the 225 MeV bin.
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Two explanations of such a peak are possible:

1. we indeed start observing evaporation from the mixed phase, or

2. it is not really a temperature but instead a manifestation of the transverse flow.

Let us present two arguments in favor of the former one. First of all, theoretical estimates

point to this value of the temperature as the most probable one for the critical temperature.

Second, the same value of Teg is seen for various secondaries, which should not be the case

if flow velocity is noticeable, see recent NA35 data on ir,Ks,p and A production in nuclear

collisions in Fig. 7.

I think that experimentalists should be encouraged to obtain more accurate data and

to examine more sharply the "temperature profile" of their spectra: it may be that this

peak in F(T) is really the first observed signal of the existence of a phase transition into

the quark-gluon plasma!

Now we return to the "soft pion puzzle". If one takes the thermodynamical fit of the

Pt literally, he finds low pt component with temperature as low as 50 MeV or so. Can a

pion system be indeed cooled to such low temperatures in these experiments?

Using estimates of the pion kinetics considered above we can definitely reject such a

possibility. At such low T = 50 MeV they have TCOU of the order of hundreds of fermis!

And even if some unknown scattering mechanism will create scatterings at such low

T, the system size at break-up would be much larger than that observed by pion interfer-

ometry. For example, the pion density at T = 50MeV is so low, that for 400 secondary

pions one needs the fireball radius of about 30 fm, much larger than that observed exper-

imentally!

But how are these soft pions produced? This "soft pion puzzle" is especially puzzling

because, due to Goldstone theorem, pion interactions should be small for soft pions for all

types of processes. Therefore, in any type of kinetic calculations one might expect at low

momenta a dip in the experimental spectra compared to the thermal ones, because much

more time is needed in order to equilibrate (or even produce) soft pions. Experiments

show quite the opposite trend!

One simple idea which comes to one's mind in connection with this "cool component"

is related with Bose-type interference effect. We recall that Bose gas occupation number
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can be written as a sum of the exponentials

n{E,T) = [exp(£7/T) - I]"1 = f>xp(-n£/T) (6.4)
7 1 = 1

where n means the occupation number of a quantum state. As E ~ mT ~ T, the exponent

with n = 2 is noticeable. However, as one integrates over the longitudinal momentum, he

significantly washes away this effect in the pt spectrum.

One may then ask whether this "cool component" may be due to some rescattering

of pions at nucleons, especially be a result of the isobar decay13. We give two arguments

why we do not think this is the case, at least for CERN experiments. First of all, this

effect was seen by Helios group at rather large angles (rapidity roughly 1) and by NA35

experiment at small angles (central rapidity region, y = 2 — 3). In the latter case there

are about 10 - 20 pions per baryon at these rapidities, so even if all of them come from

isobars it cannot give much. Our second argument: similar (although weaker) soft pion

component was also shown to develop even in pure pp scattering26, if large multiplicity

sample is selected. However, p-nuclear collisions also show a similar effect, especially close

to the target fragmentation region, which means that nucleons do play a role. All that

deserves further study.

7. Space-time Evolution of the Pion Liquid in Nuclear

Collisions and the Soft Pion Puzzle

In this section we discuss whether surface phenomena discussed in section 5 can provide

at least a semi-quantitative explanation of the soft pion component at small pt. There are

two qualitative effects which we have in mind.

(i) Reflection from the boundary of some pions presumably explains why the pion

radiation at T around 150 MeV is relatively reduced, as the system becomes larger and

our macroscopic considerations become more sound. It also makes the system live longer.

(ii) Climbing out of the attractive potential well, the outgoing particles become essen-

tially softer (see Fig. 4). As explained above, in the soft boundary limit particles conserve

energy but reduce their momenta. In principle, for the dispersion curve posessing wide
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flat region at low momenta, rather large phase space in terms of internal momenta cor-

responds to extremely soft outgoing pions. It may produce very effective production of

nearly stopping pions, which seems to be needed to explain the data.

In order to make these qualitative ideas more quantitative, we have used a simple

model describing evolution of the "pion fireball" created in high energy collisions. We

neglect differences in transverse and longitudinal expansion and for simplicity consider a

sphere of radius R(t), expanding with time t. At any time moment we consider the system

to be the homogeneous gas of quasipions, being in thermal equilibrium. We also ignore

collective flow effect, and the (time-dependent) temperature T(t) is fixed from the energy

conservation

3 R3
c (7.1)

where the r.h.s. correspond to the initial conditions, just after the mixed phase has ter-

minated and one gets pure hadronic matter. (Note, that the entropy is then increasing

during our expansion, in contrast to what is assumed in hydro calcuk iions. However, with

our parameterisation, entropy is T5 and energy T6, so the difference is not that great.)

We simulated numerically quasipion paths, assuming that they are scattered by others

with the rate

S f 5 (7.2)

where u-dependent factor corrects the density of quasipions as compared to the ideal pion

gas. Each collision results in "refreshed" momentum with random direction and magnitude,

distributed with thermal spectrum at the temperature T, corresponding to the collision

moment. As quasipions approach the surface, they either escape (changing momenta

according to (5.2)), or are reflected back. The u(T) dependence is parametrised as discussed

above in section 4. For comparison we also present calculations with unmodified pions,

below denoted as the uo = 1 case.

We simply take linear expansion of the fireball, R(t) = Rc + v xt. The spectra reported

below are actually not that sensitive to v, provided it is small enough. In principle one

may try to adjust v so that the r.m.s. radius of the pion emission point (the point of the

last scattering) is about 6-8 fm, as pion interferometry tells us27 is the case for central

collisions in CERN experiments considered. However, we found it to be instructive not to
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Table 7.1: Some parameters of the expanding fireball model calculations
described in the text. Nr is the number of pions in the fireball, UQ is the
parameter of the pion dispersion curve at the initial (critical) temperature,
its value equal to 1 means that pions are unmodified. Ro,R are initial
radius and r.m.s. radius of the last collision point, THfe is the mean time of
the last collision, iVcou, Nrefi are mean number of collisions and reflections
from the boundary.

4000

4000

400

400

10

10

uo

1.

.5

1.

.5

1.

.5

Ro

13.7

6.8

6.3

3.2

1.8

.90

R

22.

10.

11.

4.8

1.9

.92

Tlife

81.

33.2

41.

16.6

3.3

2.6

-Ncoll

62.

53.

23.

35.6

2.2

3.

NTefl

-

1.34

-

1.08

-

.88

take different v for our two scenarios (modified and unmodified pions), but to take some

fixed value of v , which is 0.15 for all results reported below.

We took pion multiplicity to be 400, which roughly corresponds to central collisions in

the experiments considered, but we also made similar calculations for 4000 pions (presum-

ably corresponding to Pb-Pb collisions at CERN) and for much smaller fireball, containing

only 10 pions. Some results are collected in Table 7.1.

(We do not claim that the ten-pion fireball indeed represents a realistic pp situation,

but show them for comparison. We assume that phenomena under consideration are

macroscopic by thsir nature and they should probably be essentially weaker in smaller

systems. Therefore, for this small system the unmodified case uo = 1 is probably closer to

reality than the modified one.)

One striking difference between the two scenarios is that even the initial and final

radii of the fireball are significantly different. It happens because the latter case leads to

much larger density of particles. Comparing the latter one with interferometry we notice

that for 400 pions the results for UQ = 1/2 (modified case) are much closer to 6-8 fm,
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seen experimentally. (It becomes even closer if one corrects for smaller size in longitudinal

direction.) The unmodified case give rather large radius right from the start. Note also,

that at 4000 pions the nonmodified case leads to such large size and lifetime that it nearly

excludes the very possibility of the interferometric measurements! (Resolution of the order

of MeV will be needed, and enormous statistics.)

Now we return to pt spectra. It is interesting to make a systematic check of the

multiplicity dependence of the low pt enhancement, preferably by the same apparatus.

The best we could find is WA80 data on central/peripheral ratio, shown in Fig. 8. We also

have plotted the ratio of HELIOS negatives ratio to parameterisation of ISR pp data, at

least to show schematically the enhancement we discussed.

Our results we plotted in Fig. 9 also in the ratio form, but for spectra corresponding to

modified and unmodified pion scenarios for 400 pions in the fireball. One can see that this

enhancement in the pt spectrum due to modification of the pion dispersion curve is similar

to that seen in experiments. Note also, that the particular shape of this enhancement

curve is sensitive to the particular shape of the pion dispersion curve. In particular, as we

have emphasised above, flat curve at small internal momenta leads to strong peak at zero

outgoing ones .

In Fig. 10 we also show our results on the corresponding temperature profiles, defined

as the distribution over T at the moment of last collisions. The unmodified pion scenario

leads to a rather smooth profile in which nearly all temperatures between 100 and 200

MeV are represented. The modified one has a dip at T = 140 — 170 MeV, demonstrating

the effect (i) mentioned at the beginning of this section. There is also a peak at some

break-up temperature around 120 MeV. Of course, in both case no scattering is seen at T

lower than say 70 MeV. Therefore, there is no significant low-T component, in contrast to

what our naive analysis in Fig. 6 has shown. The reason is that we also have to include

point (ii), modification of the pion momentum at the boundary. This makes the whole

picture consistent.
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8. The Soft Photon Puzzle

Another striking phenomenon observed in high energy collisions during the last years is

observation6 of an excess of the photons with very small pt over the theoretical expectations.

A sample of data are displayed in Fig. 11 as the ratio of the observed spectrum to that

predicted by simple bremsstrahlung from the outgoing charged particles28. One can see

that this ratio is much larger than one, and about the same at all pt, even for the smallest

values. Another argument against simple bremsstrahlung was raised by W. Willis and

based on the compilation of the data6: the photon yield is not even proportional to the

pion multiplicity, but seems to be instead proportional to its square . This also rules out

the usual bremsstrahlung.

The reason this is disturbing is that emission of the soft photons is described by the

classical electrodynamics, which demands the simple bremsstrahlung to be the main effect,

provided photon energies u; are small compared to inverse lifetime of the radiating system.

(By the way, one may find in literature the statement that the system size should be

comparable to the photon wavelength: this is certainly incorrect if the radiating object is

nonrelativistic, like e.g. atoms.) As the photon energy in the CM. frame reaches few MeV

in these experiments, one should ask why this "low energy theorem" is not yet valid. And

where one should expect a transition region, below which bremsstrahlung does dominate?

Attempts to describe these data in conventional models of the collisions has failed, (see

e.g. Ref. 29) in which the Lund version of the string model was used. The results obtained

with such space-time picture more or less reproduce low energy theorem in wide range of

momenta, up to those of the order of few hundreds MeV (see the shaded region in Fig. 11).

In this section we evaluate soft photon radiation, using the model described above.

We indeed found much stronger deviations from the bremsstrahlung than, say, in the

Lund model. The main reason for that is that pions are rescattered several times before

they come out of the system. Roughly speaking, the excess factor compared to ordinary

bremsstrahlung is the number of scatterings per particle. As the system becomes more

macroscopic and more stable it is not surprising that each particle makes more collisions:

therefore radiation should not be just proportional to the number of secondaries. Also,
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reflections from the boundary considered above make the system longer-lived which addi-

tionally increases the radiation. Moreover, our studies have shown that some specific paths

(long-acting "antennas") produce a lot of very soft photons. And still, we cannot explain

all the data. (Preliminary discussion of our calculations in a somewhat simpler model is

already published20.)

The main formula used (it is also the one used by Andersson et al.29) gives the emitted

photon spectrum in terms of the pion path x{i)

= (a/4ir2u>) £,=1)2 | / dtd/dt [e-v(*) / (1 - vn)] exp [iu (t - nx(t))\ |2 (8.1)

where v(t) = dx/dt is the velocity, e} is the photon polarization vector, and unit vector

n shows the photon direction. As our paths are the sum of the straight segments, this

integral is actually the sum over scattering points.

The low energy theorem is formulated in these terms as follows: if all phase factors are

equal to 1, the changes of the velocity in different collisions compensate each other, so that

only the final velocity really matters. The opposite limit of large u leads to random phase

factors and radiation proportional to the number of collisions. In the transition region

there is partial interference of the radiation coming from different scatterings.

Our results in terms of similar ratio are shown in Fig. 12 for two scenarios already

discussed in the preceeding section, and for the number of pions in the fireball equal

4000,400 and 10. All curves go to unite ratio at small pt, in agreement with the low energy

theorem mentioned. At large ones they saturate at some level, proportional to the mean

number of scattering. One can see that a modified pion scenario gives systematically more

radiation than that for an unmodified one.

Comparing these results with experimental data shown in Fig. 11, we should first note

that we definitely cannot describe obsrved excess for low pt < 30 MeV or so. However, we

do observe strong effects of the pion modification on the photon radiation, especially in

the transition region between the coherent and incoherent regimes of radiation. Moreover,

it seems that we can naturally explain the positron data (solid points in Fig. 11) by

u0 = 1/2, Nr = 10 case.

Certainly, this question deserves further study, both experimental and theoretical.

Photon radiation is an interesting tool, allowing us to test better our understanding of
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the multiparticle system under consideration. It can provide additial text of space-time

evolution of the system, measuring such important thing as the number of rescatterings in

the final stage.

9. The Shape of the Pion Annihilation Threshold

Dilepton production was suggested as the best signal for quark-gluon plasma formation,17

so most of the dilepton experiments study the highest available energies and dilepton in-

variant masses about 1-4 GeV. However, recently first dilepton experiments at Berkely7

have studied the lepton pair production at energies as low as 4.9 GeV for proton-nucleus

and about 1 GeV/N in nuclear collisions. They have also measured completely different

invariant mass region, and one of the spectrum, observed in this experiment, is shown in

Fig. 13. One can see the rho meson peak, and also another peak at Me+e_ just above

2mT . The data below it are well described by known backgrownds, but this peak has no

obvious explanation. One may think about 7r+7r~ annihilation, and in fact ^-dependence

of this peak is consistent with that for pion pair production. However, attempts to ascribe

it to pion annihilation meet certain problems.

First of all, production of two soft pions is suppressed by smallness of the phase space.

Second, the annihilation of soft pions into a virtual photon is suppressed at threshold

because it takes place in the P wave

a = (W/M2) (1 - 4m*/M2)1/2 (9.1)

(The latter factor is the velocity, in normal cases like pp annihilation it stands in the

denominator.)

Let us emphasise that conditions of this experiment are quite different from nuclear

collisions at CERN. There are no hundreds of pions in a fireball, but just one pair of them.

However, kinematics are now such that pions are produced and annihilated in nuclear

matter. Gale and Kapusta20 have used this fact, suggesting that pion dispersion curve is

modified so strongly in the compressed nuclear matter, that secondary minimum in w(k) is

developed. If so, annihilation of two "quasipions" leads to a peak in the dilepton spectrum,

corresponding to the dilepton mass equal to twice the minimum value of uj(k). It may well
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be mixed with the double-pion threshold, and now there is no suppression mentioned above

because momentum is now far from zero value.

It may well be that the peak seen in these experiments is indeed of this nature. We

report no calculations for pion annihilation rate here , but just make few qualitative com-

ments.

The first is that the secondary minimum suggested by Gale and Kapusts is not actually

needed. Two puzzles discussed above were most naturally explained if w(fc) has flat region

at small k. This is actually what happens for the pion dispersion curve for densities around

nuclear one.

The second one deals with the fact that naive estimates of the annihilation rate (see

Kapusta talk 8) have produced numbers about one order of magnitude lower than observed.

Pion motion was considered as that of a free classical particle, while it is a quantum particle

moving in collective attractive potential. Some pions can even be reflected back from the

surface of the nucleus, and all of them are somewhat concentrated inside nuclus. This

definitely increases the probability for the TT+ to meet the ir~, and therefore increases the

annihilation rate into dileptons. We will report estimates of the magnitude of this effect

elsewhere.

10. Conclusions and Discussion

1. The main point of the present work is that in the temperature region T =

100 — 200 MeV excited hadronic matter is more like liquid than the ideal gas:

interparticle interaction is very important, and this interaction is attractive.

2. For large and long-lived hadronic systems produced in high energy nuclear

collisions the traditional picture of production and decay of resonances is no

longer adequate. Instead, it is logical to use the language of condensed mat-

ter physics, and consider collective propagating modes, the quasiparticles, as

the main element of such matter. Respectively, coherently propagating pion

becomes a "quasipion", if its interaction with surrounding matter is taken into

account.
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3. We present first estimates of the modification of the pion dispersion curve

ui(k), based on the same physical idea as used by Landau in his estimates of

the phonon spectrum in liquid He4. The distortion of the quasiparticle energy

in both cases is negative and more pronounced at larger momenta, due to

Goldstone nature of both quasiparticles.

4. Such modification of <*>(&), or momentum-dependent potential, becomes im-

portant if these quasiparticles come to the surface of the system. Attractive

interaction obviously makes it more difficult to leave the system. Quasipions

may be reflected back at some angles, or if they come out their momenta may

be reduced.

5. We suggest that these phenomena may be the origin of recently observed excess

of soft pions in nuclear collisions. Reflections at the boundary also lead to

significant increase in soft photon radiation. We have shown that data above

pt of the order of 30 MeV or so can well be explained by this effect. However,

data at lower pt remains enigmatic.

6. We hope that these effects will also shed some light on other puzzling observa-

tions. In particular, annihilation of quasipions concentrated inside the nuclei

by collective potential presumably may explain why the observed two-pion an-

nihilation threshold is so enhanced. Surface tension can lead to drop formation,

and help to understand correlation data. Also this feature helps to compensate

collective transverse flow.

7. One of the most straighforward tests of these ideas is probably direct measure-

ments of the lifetime distribution of the pion source by pion interferometry.

We mean existence of specific shape of the correlation function, with addi-

tional very narrow peak near momentum difference equal zero. But it is not a

simple task: one needs resolution of the order of few MeV and large statistics

in order to notice it.

8. One more point, related to future experiments but unrelated to the pion liquid:

possible signal of the mixed phase and critical temperature, indicated by our

detailed analysis of the pion pt spectra. It is clear that better data can reveal
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much more, may be indeed a kind of a peak (or shoulder) in the tempera-

ture profile at the critical temperature Tc. Let us emphasize that this way of

measurements of this fundamental quantity is the most straightforward one.

9. Completing this paper, we should add a warning: although most of the phe-

nomena under consideration were seen in several experiments, further checks

and more systematic studies are badly needed. This is especially true for the

soft photon case, in which background problems are severe. Also the two-pion

threshold in the dilepton spectra was only seen by one group, and it should be

reproduced before any serious conclusions can be drawn.
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Figure Captions

Fig. 1: Ratio of the energy density of excited hadronic matter e(T) to T4, versus

temperature T. The dotted, dash-dotted and solid line correspond to

results of Ref. 18 for massless pions, massive pions and pions together with

resonances, respectively. The dashed curve corresponds to parametrisation

suggested long ago in Ref. 9.

Fig. 2: Dispersion curve of quasiparticles in liquid ffe4, taken from one of the first

experiments on inelastic neutron scattering (23).

Fig. 3: Dispersion curve for pions in cold nuclear matter according to Ref. 8. Two

dashed curves correspond to normal nuclear density n = TIQ and that four

times larger.

Fig. 4: Qualitative picture of the modification of the pion dispersion curve in hot

pion liquid. It is assumed that T\ < T2. The "quasipion" with internal

momentum corresponding to point A moves to point B as it goes out of the

fireball.

Fig. 5: "Effective slope" (6.1) versus transverse momentum pt. The dashed line

stands for the pp data (25), while the open and closed points represent data

from nuclear collisions: neutral pions from 0 — Au (WA80) and negative

secondaries in 5 — W collisions (HELIOS), respectively (5).

Fig. 6: The temperature profile function F(T) versus temperature (for comparison,

each spectrum is normalised to one). The open and closed points correspond

(as in Fig. 4) to data (5), for neutral pions (WA80) and negative secondaries

(HELIOS), respectively. The stars represent the pp data (25). The curves

are drown simply to guide the eye.

3/2Fig. 7: Transverse mass spectra divided by mt for various types of secondaries,

measured in SS collisions by (NA35) collaboration (from G. Odyniec talk,

Ref. 5). All solid lines correspond to the same temperature 200 MeV.

Fig. 8: Points are the ratio of the pt spectra for TT° in central and periferal OW

collisions (WA80). The solid curve is the ratio of HELIOS SS data to pp
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ones (we show no points or error bars, for the ratio of two spectra measured

in completely different experiments is subject to possible systematic errors,

we only give it for illustration of the trend).

Fig. 9: Ratio of the calculated pt spectra for pions for two different scenario

described in the text, with and without modification of the pion dispersion

curve. The total number of pions is 400.

Fig. 10: Temperature profiles (distribution over temperatures at the moment of last

collision) for two scenario discussed in the text. Open and closed points

correspond to cases with and without modification of the pion dispersion

curve. The curves are just shown to guide the eye.

Fig. 11: The ratio of the observed photon pt spectra to predictions of the brem-

strahlung, Ref. (28). Points V, A are for p-Be and p-Al collisions (HELIOS)

(6), while closed points correspond to positron production (see discussion

and references in Willis paper (6)). The dashed area shows predictions of

the Lund model according to Andersson et a/.(29).

Fig. 12: The same ratio as plotted in Fig. 11, but calculated in the model discussed

in the text. Open and closed points (and solid and dashed lines connecting

them) correspond to two scenarios discussed in the text, with and without

pion dispersion curve modification. We present results for the number of

pions in the fireball 4000,400 and 10, respectively.

Fig. 13: The spectrum of effective dilepton masses measured in p-Be collisions

in Berkeley (7). An arrow shows position of the two pion annihilation

threshold, and the dash-dotted curve shows the estimated background from

the 7r° Dalitz decay.
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Abstract

Abstract: This report presents the closing talk of the workshop on AGS
heavy ion program held at BNL March 5-7, 1990. The emphasis is on new
questions posed by the new data presented at this meeting with emphasis on
the pion-proton puzzle.

1 Introduction
The purpose of this workshop was to review the status of the current AGS experimen-
tal program on light ion collisions with heavy target nuclei in the laboratory energy
range 10-15 AGeV, to debate what the present data may be teaching us about the
physics of such reactions, and to evaluate the prospects of producing and diagnosing
extreme baryon dense matter when truly heavy ion beams become available around
1992-3. What distinguished this meeting was that all three major experiment groups,
E802, E810, E814, as well as the emulsion collaborations reported new data for the
first time. As evident from the contributions of those groups in these proceedings,
there, has been major progress at the AGS in the past year.

Until this meeting most interest in the AGS energy range has focused on the
strangeness enhancement in Si-f Au reactions reported by E802[l]. The debate re-
volved around the question of whether the observed enhanced K/ir ratio is evidence
of a quark-gluon phase transition at high baryon density or a manifestation of nuclear
final state interactions such asTr + N-*K + A. However, the new data presented at
this meeting suggest that perhaps even more striking and interesting are the proton
and pion distributions themselves. In fact, a rather complex picture is beginning
to emerge from the comparison of pion, proton, kaon and antiproton rapidity and
transverse momentum distributions and their dependence on A in p + A and Si + A.
As I will emphasize, those distributions taken together rule out most simple models

supported by the U.S. Department of Energy under Contract DE-AC03-76SF00098
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of nuclear reaction dynamics and call for the development of much more elaborate
hadronic transport theories.

In this talk I present a personal outlook aimed at drawing attention to a number
of interesting and controversial aspects of the new AGS data. The following topics
are discussed:

1. The pion-proton puzzle.

2. Nuclear stopping in Si+Au reactions.

3. p suppression as a Baryometer.

4. Where have all the pions gone?

5. New kaon systematics from p+A to Si+Au.

6. Collective flow versus Staggering?

2 The pion-proton puzzle
The main surprize is illustrated in Fig.l. In Fig. la and lb the proton and 7r~ rapid-
ity distributions reported by E802[l, 2] for central (ZDC2 trigger) Si+Au collisions at
plab = 14.6 AGeV/c are compared to three models[3]: (1) Lund string model[4] (his-
tograms), (2) a fireball model[6] and (3) a firestreak model[6]. The ATTILA version[5]
of the Lund/Fritiof model was used in the present comparison. The fireball and fire-
streak models for this application were developed by Scott Chapman[3]. The fireball
model assumes sharp sphere geometry at impact parameter b — 3.3 fm with a baryon
density fixed by the Goldhaber formula (T «s 228 MeV, p « 4.8/J0) and assumes equi-
librium between N, A,ir, and p's. The firestreak model takes into account diffuse
Wood-Saxon nuclear densities and assumes local equilibrium in tube-tube collisions.
To test the sensitivity to the influence of heavy hadronic resonances, the lowest ten
meson and baryon resonance states were allowed to equilibrate. At each transverse
coordinate, the local temperature and density were determined by energy conserva-
tion and the Goldhaber compression formula. For the Lund and streak calculations
an impact parameter average was performed for 0 < b < 4 fm.

These models illustrate the expected distributions of protons and pions from ex-
treme different points of view. The Lund model extrapolates pp string phenomenology
to nuclear collisions ignoring both initial and final state interactions. Multiple string
interactions are treated via the Fritiof algorithm[4], and all strings are assumed to
fragment independently into hadrons that suffer no final state interactions. This
model therefore corresponds to an extreme nonequilibrium model. The fireball and
streak models corresponds, on the other hand, to the opposite extreme in which local
thermal and chemical equilibrium are assumed to be reached reached and that the
final spectra are controlled mainly by nuclear geometry, kinematics, and the freeze-
out density. More realistic hadron transport models are expected to yield results
intermediate between the curves shown.
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Fig la clearly shows that the fireball and firestreak assumptions of complete stop-
ping of participant baryons is ruled out by the ramp form of the proton rapidity
equilibrate. The nonequilibrium Lund model seems to provide a much better descrip-
tion of both the magnitude and the shape of that distribution. However, examining
the transverse momentum distribution in Fig lc, we see that the string model com-
pletely fails to account for the large transverse momentum of the observed protons.
Hence, the Lund model agreement in Fig. la may be only accidental. Comparing the
proton transverse momentum data to the simple fireball model, on the other hand,
with the high freezeout density 5p0 agrees much better with those data. Chapman
found[3] that a lowering freezeout density to 0.5po leads to a lower temperature 150
MeV in disagreement with the observed proton slope (Tp « 215 for a exp(—mj_/Tp)
fit[l]). However, both thermal models fail to reproduce the observed ramp shape of
the proton rapidity distribution.

In Fig. lb we see that not only is the proton double differential distribution,
da/dydp]_, inconsistent with the above expectations but the observed pion distribu-
tion is inconsistent as well. In this case both the string model and the thermal models
overpredict the JT~ rapidity data by a factor ~ 2. The final surprize is shown in Fig
Id. In contrast to the proton transverse momentum distribution in Fig lc, the shape
of the pion distribution happens to resemble in this case the string model predic-
tion and disagrees with the fireball model for the high density freezeout needed to
reproduce the proton slope.

In my opinion, this pion-proton puzzle is the most important new result to emerge
from the recent AGS experiments. Clearly, any model claiming to explain the en-
hancement of less abundant kaons or the suppression of even rarer antiprotons must
account first for the combined rapidity and transverse momentum distributions of the
abundant pions and protons.

3 Stopping or not?
The proton puzzle discussed above is of course central to the problem of nuclear
stopping power[7, 8]. Recall that the main motivation for studying heavy ion collisions
at the AGS is the expectation that the stopping power of nuclei to high energy baryons
is sufficiently high at AGS energies to produce the highest baryon density matter
(p ~ lOpo) possible to study in terrestrial experiments. Does the ramp rapidity
distribution in Fig la then disprove this expectation? No, because full stopping is
expected only for the collisions of the heaviest nuclei. With Au+Au both projectile
and target baryons are expected to be shifted toward mid rapidity by ~ 2 units, in
accord with p+Pb data[7, 8]. The problem is that Si is small and surface dominated.
Au baryons in the target just don't see enough projectile nuclear matter to accelerate
them to mid rapidity. In fact the Lund model, which is consistent with the p + A —» p
stopping data, leads precisely to the ramp form of the data for this reaction. The same
model predicts that the baryons in Au + Au should be strongly peaked at mid rapidity
in accord with the earlier expectation. We therefore conclude that the rapidity data
are consistent with the lack of full nuclear stopping expected in light ion collisions.
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Some debate was generated at this meeting also on the interpretation of new high
rapidity neutron data from E814. Those data complement the E802 data by extending
the measurement of baryon rapidity distributions up to beam rapidity. Unfortunately,
as emphasized by Bellwieds, the E802 and E814 data are not yet directly comparable
because of the different ET triggers used to select "central" collisions and because
E814 measurements are limited to the small p± < 200 MeV/c range below the accep-
tance range of E802. The controversy surrounded the definition of nuclear stopping.
The E814 data show that the probability of finding a projectile neutron within 0.34
units of the beam rapidity is very small. However, as emphasized in ref.[8], the ra-
pidity distribution near the beam rapidity is very insensitive to the dynamics and
fixed by the geometrical Glauber probability (Pi{A) ss (R/X) exp(-(R/X))) for a
projectile nucleon to suffer only one inelastic interaction in a central Si+Au collision!.
This measurement confirms then that the inelastic mean free path X « 2 fm is indeed
significantly smaller than the diameter 2R ~ 10 fm of heavy nuclei. The rapidity
range 2 < y < 3, where E814 can eventually provide decisive data on the question of
nuclear stopping power, is still under analysis.

4 Baryometer
The first preliminary data on antiproton production in Si+Au reactions was reported
by Costales of the E802 experiment. While the present data are limited to the nar-
row rapidity range 1.2 < y < 1.6, several interesting features emerged. First, the
transverse momentum distribution of p appears to be significantly narrower than
that of protons (Fig lc). Thus these produced particles do not exhibit the appar-
ent transverse flow of the valence baryons. This casts doubt on the collective flow
interpretation of the enhanced transverse momentum observed for the protons.

The second main observation was that the absolute p yield seems to be about an
order of magnitude smaller than predicted by string models. If this data is confirmed,
it may be the first direct evidence that the p's tend to be produced in a high baryon
density environment. In ref.[9] we proposed that the suppression of the p yield can
be regarded as a baryon chemical potential meter and probes the baryon density
evolution in nuclear collisions. The idea is very similar to that applied to explain
CERN J/tp suppression data due to final state interactions. Given a nucleon density
p(r), the survival probability of an antinucleon is given simply by

P = exp{- f dr{aavT)p{r)} , (1)

where r0 ~ 1 fm/c is the proper formation time, TJ ~ R is the escape time from
the dense system, and aa is the annihilation cross section. For scaling dynamics
with p(r) « {TTrR^-^dNp/dy, P = (TO/T/)13, where /? w <7OT/>(T) « 4 - 5 for
AGS conditions. However, at AGS energies one cannot neglect the finite nuclear
interpenetration time even in the mid rapidity frame. This implies that we must
average over production time comparable to the escape time. Averaging P over To
in the range 0 < T0 < ry leads to the pocket estimate P ~ 1/(1 + /?) ~ 0.2 for the
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suppression factor of antinucleons due to annihilation for AGS conditions. While this
estimate is very rough and must be refined by detailed transport model calculations,
it shows that large suppression observed is consistent with annihilation in a dense
baryon rich system with pmax ~ 30/(5x32) ~ 4p0. Based on familiar coalescence
ideas, antinuclei production should be suppressed by further powers of P.

5 Where have all the pions gone?
We now return to the pion part of the puzzle in Fig lb. The arose at the meeting
whether the normalization of the data is underestimated due to the extrapolation of
the measured p± > 200 MeV range to low p±. Comparing the Lund curve in Fig Id
with the data, we see that the calculation has a low px component in significant excess
of that obtained by simple extrapolation from the high px domain. The transverse
momentum distribution from Lund can be fit as a sum of two components of the form
exp(—mx/T) with T = 100 and 160 MeV respectively for the two components. New
data reported by Love from E810 showed clear evidence for such a two component
structure for negatives with slopes very close to the ones predicted by Lund. However,
as emphasized by Miake, this low momentum component can account for only ~ 20%
of the missing pion yield. The problem with the Lund curve is that it is systematically
too high even in the higher px range. Therefore, there appears to be a real problem
in accounting for the small number of observed pions.

One possibility is that the multistring phenomenology developed for energies above
100 GeV may need substantial modification for AGS energies. At 200 AGeV, relevant
for the CERN SPS, string masses up to 12 GeV are excited and the Lund fragmenta-
tion scheme adapted to fit e+e~ multiparticle distributions above 10 GeV cm energies
may be expected to work well. Indeed the pseudorapidity distribution systematics
measured in emulsions for E > 60 AGeV are well accounted for by the Lund model
as emphasized by Stenlund at this meeting. However, at AGS energies the very re-
stricted kinematic range limits the masses of excited projectile baryons to less than
3 GeV. In fact most of the target nucleons are excited to below 2 GeV masses. Since
each string must fragment into at least one baryon, pion production could be rather
sensitive to small changes in kinematic conditions.

In my opinion the problem is due a breakdown of the independent fragmentation
scheme because we have checked[ll] that the fragmentation of strings in the low mass
range 4-5 GeV with the Lund scheme provides a very good description of v + p deep
inelastic data. In addition, we showed in ref.[12] that QCD sum rules together with
heavy quark spectroscopy indicate that QCD strings could be unusually thin (r < 0.5
fm) and weakly interacting. Thus independent fragmentation is not unreasonable
even for the high string densities (~ 2/ /m2) expected in nuclear collisions.

However, the simple Fritiof ansatz for multiple string excitation probability (dP ex
dM[M) may breakdown for the small mass range accessible at AGS. Clearly detailed
pion production data from pp and pA in this energy range are needed to test for such
a possible breakdown of string phenomenology. Fortunately, such data have been
taken and should be available soon (see contribution of Miake).
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Another possible mechanism that could be responsible for depleting the pion yield
is of course pion absorption. It could be that the initial pion number and distribution
are predicted well by the Lund model, but that pions (like p's) are depleted through
absorption in the (moderately) dense baryon rich system. Recall that even in the BE-
VALAC energy range (~ 1 AGeV), cascade calculations systematically overpredicted
the pion yields[10]. John Schiffer and Gerry Brown have speculated about the possible
importance of multi-baryon resonance channels for pion absorption. Pion absorption
could perhaps also explain partly the observed enhanced transverse momentum of
the protons (Fig. lc). The non-enhancement of p transverse momentum may be due
to the fact that only those p's survive that were produced in the low baryon density
corona of the interaction zone where pion absorption is also less probable.

Clearly, much more experimental and theoretical work remains to answer where
have all the pions (and their energy) gone.

6 Kaon/pion systematics from p-f-A to Si+Au

The high of the meeting was the masterful presentation by Miake of new E802 data
on p, 7r±, AT* production in p + Be, p + Au, central p + Au and Si + Au. The data
presented are so comprehensive that they virtually tell their own story without need
for model calculations.

The first remarkable observation reported was that there is a large enhancement
of dNf(+/dy around yn ss 1 in going from p + Be to p + Au. The enhancement
factor decreases toward unity as y —• 2. The strong enhancement of K+ near the
target nucleus fragmentation region hints strongly that this enhancement is due to
the JT + N —> K + A channel. E810 will eventually be able to confirm this through
their A measurements. Next in comparing to central p-f Au, the K+ yield goes up by
another large factor in the target region consistent with the above mechanism. Most
impressive was the a comparison between between the K+ yield in central p+ Au and
central (Si + Au)/28 normalized by the incident beam atomic number. The striking
observation was that those two distributions not only had the same shape but the
same normalization within 20%!! QED. I believe that this series of measurement rule
out convincingly all thermal model explanations of the K/ir enhancement.

Another clear story was told by the K~ systematics. The new twist in this case
was that the K~ rapidity distributions shown for p+Be and p+Au and central p+Au
were fiat and identical! On the other hand, the normalized central (Si+Au —> K~)/28
was also flat but enhanced by a factor of two. Thus the K~ enhancement is the first
light ion effect that does not extrapolate smoothly from central p + A systematics.
Since K~ can only be produced in pairs with K+ and phase space at the AGS is
very limited, K~/K+ ~ 0.2. The K~ channel is therefore very sensitive to any new
final state interaction channels such as TTTT —• KK or MM' —> KK. These meson
annihilation channels can of course only open up if the pion multiplicities become
large. This is just what happens in Si + Au as clear from the observation that the
pion multiplicity between 1 < y < 2 in central Si + Au is close to 28 times that in
central p+Au. Thus it is very likely that the K~ enhancement is due to meson-meson
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final state interactions This result has great potential interest because it could be the
first clear signature that high density mesonic matter is formed in even in light ion
collisions.

These beautiful E802 systematics will provide very stringent tests on developing
transport models. A simultaneous fit to the absolute pion,proton, kaon, and antipro-
ton distributions as a function of A in p + A and Si + A will require a thorough
understanding of all the competing dynamical mechanism. This in turn will provide
the solid foundation for the interpretation of future data on truly heavy ion reac-
tions. These data underscore again the great importance of comparing possible new
phenomena in heavy ion collisions with possible precursors in p + A.

7 Collective flow or Staggering?
The final topic I will discuss is whether the enhanced transverse momentum slope of
the protons in Fig. lc is a manifestation of collective transverse hydrodynamic flow
or something else. In section 5 the possibility that it may be due to the eating of
pions by baryons was mentioned. Here I consider another possible mechanism: initial
state interactions. This is motivated again by similar considerations that explain the
enhancement of J/ip transverse momenta measured by NA38 at CERN. In addition
it is motivated by the analysis in Matt Bloomer's thesis[2] showing that the proton
slopes increase monotonically with the centrality of the interaction.

Initial state scattering can increase the mean transverse momentum of the valence
nucleons according to a random walk formula

(PD = PI + ( » - WA , (2)
where p% is the rms transverse momentum after one collision including the fragmen-
tation dynamics and 8p\ is the rms transverse kick resulting from v — 1 initial state
interactions. These two parameters may be fit from p + A -^ p data. From the
Eichten et al data at 24 GeV analyzed in [2], I found that

pi « (0.54 GeV)2 , 8p\ « (0.2 GeV)2 , (3)

could fit the observed rise of (p±) from 0.55 to 0.63 GeV in going from Be to Pb
(vBe = lA,vpb = 3.7). For A+B collisions, the only difference is that (v — 1) must
be replaced by a weighted average value

(u - l)BA(y) = {{uB - l)dNB/dy + {yA - l)dNA/dy)/(dNB/dy + dNA/dy) , (4)

reflecting the fraction of protons at a given rapidity coming from the target or the
projectile and their respective number of inelastic collisions.

To see how big this effect could be I used the tabulated number of projectile and
target participants and average v values from table 5.6a of Bloomer's thesis. These
were obtained from a Fritiof analysis of the trigger conditions of the E802 experiment.
Then I assumed that the target proton rapidity distribution for light projectiles such
as Si is given simply by

y . (5)
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Trigger
ZDHI
ZDM1
ZDM2
ZDC1

4
14
21
25

Ntarg
5
20
34
46

"proj
1.9
2.7
3.4
4.1

Vtarg
1.5
2.0
2.2
2.3

\P± I stagger
0.37
0.45
0.51
0.56

{P±)E8O2
0.36
0.49
0.56
0.55

Table 1: Average transverse momentum squared (in GeV*GeV) of protons at y=1.05
from Si+Au at 14.5 GeV as a function of centrality trigger.

Using the measured dNjdy to fix the projectile proton distribution, all quantities in
(4) are then determined for each trigger configuration. In table 1 the results of this
exercise are shown to resemble closely the trend of the data.

This shows that we have to be careful about interpreting enhanced px in this
energy range in terms of collective flow. The staggering mechanism applies only to
the valence protons and therefore provides a natural explanation of why the transverse
momentum of antiprotons is not enhanced.

8 Summary

The new data presented at this meeting open the first serious chapter on heavy ion
physics at AGS energies. While the CERN/SPS heavy ion program enjoyed an early
head start, the AGS program has now matured and caught up. Unique world wide are
detailed spectra of identified hadron species presented for the first time here. Also the
especially beautiful systematics from p+Beto central p+Au to central Si + Au make
it possible for the first time to start sorting out the new physics from extrapolations
of the old.

I have outlined a number of new puzzles posed by the new data and indicated
a variety of possible interpretations. The main message, illustrated in Fig. 1, was
that the physics of these reactions is very rich and defy simple model interpretations.
The transverse momentum and rapidity distributions of the pions,kaons, protons and
antiprotons all differ and have different A dependences. It is clear that we have a
great deal to learn already from the light ion AGS program.
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Figure 1: The pion-proton puzzle. Data are taken from M. Bloomer's thesis. His-
tograms correspond to the ATTILA version of the Lund/Fritiof model, solid and
dashed curves correspond to S. Chapman's sharp sphere fireball model and diffuse
firestreak models.
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