
,.
., .,’

Studies of Relativistic Heavy Ion Collisions at the,

AGS

Experiments 814/877

University of Pittsburgh

Final Report

Department of Energy

Grant No. DEFG02 87ER4

1 June 1987-30 April 1997

1



DISCLAIMER

This repon was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government norany agency thereof, nor
any of their empioyees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privateiy owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.



Portions

DISCLAIMER

of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.



/

1 Introduction

(

-c.
e

The University of Pittsburgh effort in the area of relativistic heavy ion physics has con-

tinued its analysis efforts of the data taken in Experiments E814 and E877. The last run

of ES7’i was carried out in Ott- Dec 1995, and the University of Pittsburgh contributed

to this effort primarily through an improvement of the data acquisition system and an

expansion of the trigger to include track information, including particIe ID. These tasks

were successful, with the result that the final run of E877 resulted in a much richer sample

of data than has been collected in all of the previous runs added together.

The current year. the last of our participation in the E877 effort, has been spent

primarily on analyzing the very last set of data taken in the experiment, a special run to

understand forward neutral energy emitted in Au-Au collisions. We have also completed “::

our studies of the HBT correlation function in systems which exhibit anisotropic transverse

flow, leading to one additional publication in that area.

A major “portion of the apparatus for Experiment 877 was mounted in 1988, when

Experiment 814 was constructed. We give here a brief history of Experiment 814, then

discuss the transformation to Experiment ES7?, and finally give a detailed account of the

activities at the University of Pittsburgh with respect to both of these efforts.

In May 1987, during the heavy ion run at the AGS, we mounted a test setup, which was

used (a) to understand the behavior of the modified uranium/scintillator calorimeters, (b)

to test the prototype. forward scintillation counters, (c) to carry out a set of albedo mea-

surements, and (d) to carry out a measurement of the ET spectrum for a 10 GeV/nucleon

beam incident upon a variety of nuclear targets. Preliminary results [1] from this run

indicate that there is almost complete stopping of the ions at 10 GeV/nucleon, as the

limit in f?T reached seems to depend little on the A of the target nucleus. In November

1987, we mounted a smaller test in order to study the properties of scintillation counters

in relativistic ion beams. In December 1988, the apparatus in its final configuration (but

still incomplete) was exposed first to proton beams, in which debugging and testing was
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carried out, and then to 15 GeV/c 28Si-beams, during which a significant data sample was

taken on each of the three major physics topics we were studying.

been analyzed, resulting in the publication of three papers [2, 3, 4].

In June 1989, another run ivas carried out, in which all of the

The 1988 data have

forward calorimeters

were in place, while the drift chambers and the participant calorimeter were being tested.

Another 28Si run was carried out in June 1990, in which the apparatus was finally com-

plete, including the participant calorimeter, the drift chambers, and a new device, the

beam vertex detector. There \vas a strong emphasis on peripheral data in this run. The

Pitt group has devoted considerable effort to the analysis of electromagnetic dissociation.

A paper on lp emission tvas published [5], in which precision reconstruction of the fi-

nal state permits measurement of the excitation energy to a precision of approximately

1 MeV. This work was then extended to include final states of ln+27Si and 2p+26Mg,

which, together with the I P+ZTA1 make up 80!70of the EMD cross section. It became the
—

Ph.D. thesis topic of U. Sonnadara, a Pitt graduate student [6]. Considerable effort was

spent on the 2p channel investigating the effect of double photon excitation contributions

on the measured cross sections as well as excitation energy spectra. We have set an upper

limit on this process which is consistent with theoretical expectations. The work was

published in Physical Review C [7].

In E814, a set of data on central collisions were taken using the silicon multiplicity

detector as the trigger. The analysis of these data was the main topic of the Ph.D. thesis

of M. K. Jayananda[8], who was a graduate student at Pitt. In addition, we published a

paper on the charged multiplicity distribution [11]. In 1991 we carried out a calibration

run on the participant calorimeter as well as a data run on central collisions, with PCAL

as the main trigger. The results from this data set were presented at the APS meeting in

Washington in March 1992. In April/May 1992, the AGS delivered for the first time AU

beams of energy 11.4 A GeV/c. ET distributions were measured in both PCAL and the

target calorimeter (TCAL), and we have analyzed the PCAL data. This work was the
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Ph.D. thesis of Z. Zhang[9], a graduate student at Pitt. The results of this study were

first presented at the APS meeting in Santa Fe in the fall of ’92 and were published in

1993[12]. In addition, we have carried out a study of two charged particle and transverse

energy correlations in Si-Pb collisions, in which we report an experimental measurement

of the semi-inclusive two particle pseudorapidity correlation function[14].

Experiment 814 was a study of both extreme peripheral collisions and the transition

from peripheral to central collisions in relativistic heavy ion-nucleus interactions. We

studied relativistic heavy ion interactions with nuclei in two types of collisions: (a) ex-

treme peripheral collisions of large impact parameter, and (b) central collisions with high

transverse energy in the final state. The experiment emphasized the measurement of

overall event characteristics, in particular energy flow measurements and a precise mea-

surement of the particle charge, momentum, and energy in the forward direction. This

permitted measurements of cross sections and rapidity densities as a function of the trans-

verse energy ,for leading baryons emitted into regions of larger rapidity. Combining the

energy flow measurements as a function of rapidity with the spectra of leading baryons

provided information on the impact parameter dependence of the nuclear stopping of the

projectile in relativistic heavy ion collisions, The analysis of E814 is essentially completed,

but there is a data set which is being analyzed which sheds light on the region between

fully central and peripheral collisions. The technical work (track reconstruction, residual

nucleus identification, etc. ) for this analysis has been brought to completion. The final

part of the analysis is being carried out by the Sao Paolo group.

In the summer of 1993, the transformation of Experiment 814 at the Brookhaven

AGS to Experiment 877 was completed. The new experiment had the capability to study

interactions of Au projectiles on heavy targets, including the full range of event char-

acterization of which Experiment E814 was capable: full calorimetric coverage, charged

particle multiplicity measurements, and momentum measurement of the forward going

particles, along with the added capability of particle identification with the addition of a
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precision time of flight system (TOFU). The Pitt contribution to this effort was primarily

develop the trigger and data acquisition systems. The effort included the development

of a new component of the trigger bwed on the reconstruction of tracks in the set of

MWPCS which had been added to the experiment in 1993. In the 1995 run, the “tracking

trigger” electronics was operational, and a third level trigger based on particle ID was

installed and tested. In addi t,ion the data acquisition software was rewritten, resulting in

an improvement of a factor of three in the data collection rate. In fact, the improvement

in the speed of the data acquisition system was so successful that it was in fact unnec-

essary to introduce the tracking trigger into the system, since

were produced in the target could be written directly to tape.

2 Detectors in Experiment 877

all events of interest that

As mentioned above, in 1993 the experimental apparatus was reconfigured from its original

E814 layout, which was optimized for the study of peripheral collisions, to one better

suited to Au-initiated collisions. We give here a brief description of the apparatus in

the E877 configuration, though some of our analysis work is still on data taken with

the apparatus of E814. More detailed information is available in the publications and

conference reports of the experiment. A diagram of the experiment is shown in Figure 1.

●

..

Beam vertex detector. The beam vertex detector is a pair of silicon strip detectors

used to locate the horizontal position and angle of the incoming beam particle. This

system was installed before the June 1990 run, in order to improve the resolution

in the center of mass quantities in certain exclusive peripheral interactions. In 1995

this detector was replaced with a pair of doule-sided detectors with both horizontal

and vertical sgtrips. This permits measurement of the beam coordinate in both

dimensions.
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Beam counters. The beam detectors serve to define the presence of a beam projectile,

to establish the time of the collision, and to identify the charge of the projectile. The

telescope consists of two counters in coincidence and two other counters, with a hole

for the beam, in anticoincidence. The geometrical coincidence signifies that a track

has crossed the target. ( ‘ntil 1995, the detectors were scintillation counters, but for

the 1995 run, in an effort to improve the time of flight resolution, the scintillation

plates were replaced wit h Cerenkov radiators.

Target. The target for ES14 is a simple disk target with a remote positioning control.

The rotating target assembly was built by the McGill group and was installed in

the mount which supports the multiplicity counter. The disk has eight positions, so

that up to seven targets plus an empty frame may be used at any one time.

Multiplicity Detector. The silicon multiplicity counter consists of two 512 pad silicon

detectors which are positioned immediately downstream of the target. It has been

in use since the beginning of Experiment 814. However, in 1995 this detector was

removed, in order that its electronics could be used to read out an interpolating

cathode strip chamber placed immediately upstream of the spectrometer magnet.

Target Calorimeter. The target calorimeter is used to detect the products of the

target fragmentation and covers the region of O between 45 and 180 degrees. It

consists of a box composed of 900 blocks of NaI, 4 x 4 cm in cross section and 6

radiation lengths thfck. It serves to measure ET in central collisions and it also

acted as a veto for the peripheral collisions. The NaI is read out using photodiodes

followed by preamplifiers and shaping amplifiers. Summing electronics for the first

and second level trigger has been designed and fabricated at Stony Brook. The

construction and calibration of this detector is the responsibility of the Stony Brook

group.
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Participant Calorimeter. The participant calorimeter, constructed by Los Alamos

md Texas A&M, is azimut hall y symmetric, covering the polar angle region 6 be-

tween 2 and 45 degrees. It has both ‘azimuthal and polar angle segmentation. The

radiator is lead and iron plates, and the sampling layer is plastic scintillator, coupled

to phototubes via wavelength-shifting fiber light guides. The electromagnetic and

hadronic sections of the calorimeter are read out separately. Fast trigger sums, using

ET weights, are formed separately for each azimuthal section, both for the electro-

magnetic and hadronic sections of the calorimeter. The opening in the calorimeter is

rather large and asymmetric, so it is no longer used for precise calorimetry measur-

ements, as it once was. but rather it is used primarily as a triggering device.

Tracking Chambers. In order to measure the momenta of the charged particles emit-

ted in the collisions, we use a spectrometer consisting of four MWPCS, two drift

chambers and one magnet. This configuration, which emphasizes the accept~ce

in transverse momentum, differs from that of ES14, which optimized the measure-

ment of particles of beam rapidity. The drift chambers, called DCII and DCIII,

each consist of six drift planes and one plane with cathode pad readout. The pad

sect ions built for ES14

Au beams in order to

needed to help resolve

Forward Calorimeters,

were replaced with new planes designed for the running with

accommodate the

the ambiguities in

higher track densities. The MWPCS are

the pattern recognition.

, The energy of particles emitted in a cone of O less than 1

degree are measured in the forward calorimeters. These calorimeters played an

important role in Experiment E814, in that they were used to detect and trigger

on events with specific numbers of baryons in the final state. In E877, their main

function is to measure the energy flow in the forward direction.

Time of Flight Wall.



Just downstream of I) CIII, at 12.3 m from the target, is a set of 148 high resolution

scintillation counters, read out from either end. The function of these detectors is to

measure the time of flight of particles and thus make possible particle identification.

After offline corrections. the time resolution of the system is approximately 80 ps.

We use these counters

to achieve a resolution

to perform particle ID at the trigger level, where we expect

of at least 100 ps.

3 Studies of Central Au-Au Collisions

3.1 Flow

As has been reported in previous annual reports, the discovery of anisotropic transverse

energy flow at the AGS [14] was one of the principal accomplishments of E877. The

discovery of this phenemnon was made possible through a Fourier analysis of the azimuthal

ET distribution [15]. This phenomenon has been observed in both transverse energy, an

analysis carried out at Stony Brook, and in charged particle multiplicity, an analysis

carried out at Pitt. These two analyses were combined and described in a single paper,

which is now in press in Phys. Rev. C. Although analysis of the phenomenon of flow is

still being actively pursued in the collaboration, the work at Pitt in this area has been

concluded with the depart ure of S. Voloshin.

..

3.2 HBT Analysis of Anisotropic Transverse Flow

The discovery of anisotropic transverse flow in nucleus-nucleus collisions at BNL AGS

energies [14] implies that some previous results should be reevaluated taking into account

the effects of flow. One set of results in this category is the measurements of collision

volumes using the Hanbury-Brown–Twiss (HBT) technique. At Pitt we have studied how

HBT results are affected by flow. In addition we have shown that the HBT study of

nucleus-nucleus collisions can provide valuable information on the understanding of flow
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itself.

Anisotropic transverse flow produces anisotropy both in the pion source geometry and

in the space-moment urn correlation. It also affects the interferometry size measurements

because of the source velocity. These three phenomena are principally responsible for the

dependence of the HBT correlation function on the orientation of the pion pair momentum

with respect to the reaction plane. A detailed study of the experimental data and model

predictions is necessary to disentangle all three effects, but such studies could be beneficial

to our understanding of flow in nucleus-nucleus collisions and of the HBT technique itself.

As mentioned in last year’s annual report, we carried out a study of the interrelation

between the HBT correlation function and collective flow in 1995-96 [16]. During the

past year, we have extended this investigation to derive expressions for the correlation

function in different Lorentz frames. This work has been published in Phys. Rev. C [17],

and it is included in this report as Appendix A. With the publication of this paper and

the departure of S. Voloshin, this work is concluded.

4 Forward Neutral Energy Emitted in Au-Au Colli-

sions

In 1995, shortly before the final data-taking run of E877, it was realized that although

the experiment had done a relatively complete survey of central Au-Au collisions, there

was essentially no experimental data taken on peripheral or semi-central Au-Au collisions.

Spectrometer data in this region are extremely difficult to analyze due to the high charged

particle densities present in the forward direction for events of low centrality. The group at

Pitt proposed to the collaboration that we devote the last few days of running to obtaining

a set of data relevant to this problem. Our approach was to perform an experiment

without using the tracking chambers, relying only on information from the downstream

scintillation counters and calorimeters. By suppressing the voluminous drift chamber data,
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we were able to take advantage of the improvements we had made in the data acquisition

soft ware (described in det ai1 in last year’s report) and obtain a high statistics sample of

data in a relatively short rtinning period.

A second argument for carrying out such a measurement is that data of this type

are useful for the RHIC program. Knowing the correlation between forward neutral

energy and event centrality is ireport ant in understanding the usefulness of zero degree

downstream calorimeters as a triggering element for the RHIC detectors.

Since the E877 apparatus contains full calorimetric coverage around the target, we

ztre able to determine quite precisely the correlation between forward neutral energy and

transverse energy. In addition \veare able to simulate the use of a veto on forward neutral

energy in a trigger for central events and measure the selectivity of such a trigger.

4.1 Data Sample

The data consist of 650k triggers for each of the 4 targets (1.0% nuclear interaction length

of Au, 1.9% Au, 2% Al, and 2.1$10Cu), plus 650k triggers for the MT target (an empty

space in the target holder, permitting us to evaluate the effect of material in the beam

line other than the targets). A complete set of data were taken at both zero and full

field strength in the analyzing magnet. At full strength, the analyzing magnet deflected

the beam by = 3.5 UCAL stacks (= 85 cm) from the line of the deflected beam (the

center-~ine), and the protons by x 8 UCAL stacks (1.6 m). The characteristic width of

a hadronic shower in the UCALS is ~ 1 UCAL stack. The neutron region is defined to

consist of the UCAL stack straddling the center line (stack 20), and the 3 adj scent stacks

away from the beam (stacks 21, 22 and 23). Most of the events have the principle beam

fragment falling in UCAL stack 16.

At low transverse energy (ET), the neutron region is heavily contaminated by the tails

of the beam shower, as well as collisions in the target region, upst earn of the target. These

effects are taken into account by the MT target subtraction, although at small transverse

11



energies the errors are very large. Those forward scintillators covering somewhat more

than the neutron region were summed, and a. veto of x 2/3 of a minimum-ionizing signal

was made on the sum. Also. events with PCAL J?T and UCAL forward energy together

indicative of overlapping beam particles were vetoed. All of the graphs presented here,

unless otherwise indicated. are for the fiducial region of the measurement, and are not

corrected for geometrical losses. The triggers were a mix of parallel beam-coincidence

triggers and TCAL transverse energy’ triggers.

Shown in Figure 2 (top) are a set of ET distributions taken with the primary parallel

triggers plotted as a function of PCAL ET (GeV) in one data-taking run (in this case

the data for the thin Au target). The solid curve shows the beam triggers, the next

shows the TCAL1 triggers. then TCAL2, then TCAL3 (the highest ET triggers). In the

upper figure are the raw data from the run per PCAL J??Tbin, with no correction for the

downscaling. The bottom curve is corrected for the downscaling, and is also normalized

to the total number of beam particles. The TCAL3 triggers were not downscaled, so the

rightmost curve does not change. These plots show the classic ET ‘iplateau”, as well as

the statistical errors out to the edge of the fall-off. These bins are 3.5 GeV in PCAL ET

each, there being at 300GeV ET about 10 events per bin. The final measurement was

made in =7 GeV bins in PCAL ET.

4.2 Analysis

If one simply calculates the mean PCAL transverse energy as a function of UCAL neutron-

region energy for beam triggers, then of course the results depend on the target thickness.

For these thin targets, most of the beam particles do not interact strongly in the target,

yet produce energy in the neutron region by EMD dissociation. One requires some cut

on the nuclear interactions measured in the region of the target to eliminate events of low

centrality from the sample.

Since we are averaging over the transverse energy in the PCAL, it would not do to cut
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of the forward neutron-region

Also shown is the width of the

on this same quantityto define high cross-section events oflow centrality, which we will

call it peripheral events. Instead, the TCAL energy was used for this purpose. Energy

depositions in TCAL and PCAL are correlated of course, but the effect of truncating

the PCAL ET spectrum is minimized by using TCAL to select the events. To exclude

peripheral events we require that the TCAL total energy be greater than 2 GeV.

We calculate the mean PCAL transverse energy as a function of UCAL energy observed

in the neutron region. The results are shown in Figure 3. One SeeS that the mean
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transverse energy is linearly correlated with thecenter-line neutral energy over a broad

range of ET. This will only be true if there is some criteria for eliminating peripheral

events, since otherwise the plot is contaminated with a large number of low ET events

with low neutral energy. The error bars reflect the error on the mean, while the lower

curves show the actual \vidths of the ET distributions about the mean. The widths are

typically small compared to Llle mean, especially for the more central collisions.

Shown in Figure 4 is the same curve, as well as the result of the-analysis without using

the charged part icle veto in the forward scintillators. This veto is more important at lower

ET (higher UC.4L neutron rc:ion energy). Note that the event statistics at higher UCAL

energy here are much improved writhout the cut.

An interesting cross check is the inverse of the distributions described above: the

mean neutron-region energy as a function of PCAL ET. Figure 5 shows the result for the

thin Au target, again with and without the scintillator cut. The effect of the cut is very

nominal, and consist ent with delta rays at low ET and low-energy secondary pions bent

by the analyzing magnet back into the acceptance at high ET.

In Figure 6 we combine clata from the clifferent targets. Note that the mean forward

neutron energy as a function of centrality seems independent of target nucleus. Of course

the projectile nucleus is the same in all cases. To the extent that the transverse energy is

proportional to the number of participants, and the forward neutron energy only depen-

dent on the number of projectile spectators, then it might be expected that for the same

number of participants that these &lfferent target data would show the same dependency

on transverse energy. The lighter targets are not able to provide as many participants of

course, so they do not reach the large values of ET (and the correspondingly small value

of neutron total energy).

Considering the forward calorimetry as a triggering device,

PCAL ET is for events above a certain forward neutron-region

this result for the thin Au target. The vertical-scale mean PCAL

15
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ener’gy. Figure 7 shows

ET is integrated over all
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horizontal-scale bins from the point at which therneanisplotted. This corresponds toa

lower-bound trigger on the UCAL energy. It is seen that there is a region in UCAL energy

where the relationship to PC.~ L ET is roughly linear, making this a useful characterization

of event centrality at the trigger level. The same plot shows the sigma on the mean PCAL

ET.

We assume for this discussion that the forward energy measured in the neutral re-

gion is Gaussian distributed at the UCAL plane, about the unreflected beam line of the

experiment. We then measure the width of the two-dimensional Gaussian distribution

as a function of transverse energy, by taking the total of the mean neutral area energy

within each PCAL ET bin for several LTCAL stacks within the neutron fiducial region, By

plotting this energy as one includes UCAL stacks into the mean energy, starting from the

outside, we are effectively evacuating experimentally the integral of the Gaussian as we

proceed across the center line. By using a two-dimensional integral W’ (shown in Equa-

tion (1) as a function of the right hand edge of the right-most UCAL stack w) to fit the

shape of the differential fiducial region, one can fit the width of the neutral area energy

distribution. MINUIT was used for the fitting. We found that fitting the integral was less

susceptible to boundary conditions. The characteristic width of the gaussian is given in

radians.

//
w= ‘t ~ 1 (z-q)2+(Y-Yo)2

ze %e 2= dxdy,
Yb

(1)

in which yt and yb are the vertical coordinates of the top and bottom of the UCAL stacks,

respectively, and x, is the horizontal coordinate of the left-hand edge of UCAL stack 23.

These data are then divided into 4 PCAL ET bins, 100-150 GeV, 150-200 GeV, 200-

250 GeV and 250-275 GeV, and the curves fit to straight lines within each bin. The total

mean area is then found for each curve, for each 13T bin. Figure 8 shows the data for the

four PCAL ET bins as well as the fits. Since the fits to the widths ‘are sensitive to the

center-line (the horizontal position of the beam at the UCAL plane if the beam nucleus

did not interact in the target), and since this actually changes during the AGS spill, we
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Figure S: Shown istherise inthemeasured neutral areaenergy ~UCALstacks areadded

to the measurement, for 4 PCAL Et bins. The horizontal scale is by UCAL stack number,

the left-most UCAL stack included in the sum from stack 23. The top curve corresponds

to PCAL Et of 100-150 GeV, then 150-200, then 200-250, and the lowest curve to 250-275

GeV. The fits shown then give the corresponding Gaussian widths versus Et.
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are careful to restrict the center-line of the incident beam using the beam vertex detector.

The data are fit using MINUIT. allowing the vertical scale factor, the centerline position,

and the distribution width to all vary, and the error matrix is calculated for the result.

The weighted mean of the centerline positions is thus found for the four PCAL ET bins,

the smallest error (largest \veight) being for the two middle ET bins. The centerline result

is checked against the data talien with no magnetic field, and found consistent.

The resulting Gaussian l~idths are shown in Figure 9. The uncertainty in the center

line position contributes a vertical systematic error of = S percent to a. .The overall shape

of the fitted widths as a function of transverse energy is independent of this position to

a good approximate ion. Shewn in the iower graph are the corresponding sampling area of

the total neutron energy in our fiducial region. The mean is shown in both graphs. For

simplicity we will take the normalized sampling area here to be constant with ET, for

later correction of the data.

If one contemplates using the forward neutral energy as a trigger in a relativistic heavy

ion experiment, the question of trigger bias inevitably arises. The evaluation of such a bias

would depend in a complicated way on the nature of the calorimeter used. We present

here a paramaterization of the dependence of the forward neutral energy on transverse

energy in the form of a statistical model, the motivation being to permit the evaluation

of trigger efficiency for a neutron detector of known characteristics.

Naively one might think that the statistics governing the forward neutrons measured

would follow a Poisson distribution in any one (small) PCAL ET bin. For such a statistic,

the mean and the variance are equal of course. By normalizing the neutron spectra in

bin widths of 1 beam-rapidity energy units, we found that the Poisson distribution fit

the data as shown in Figure 10. We found a better fit, to describe the distribution of

neutral-region energy as a function of PCAL 13T. For this, we expected a somewhat more

complicated distribution than that given by Poisson statistics.

We would like to choose a statistic that is simple (has a small number of parameters
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Figure 9: The upper graph shows the characteristic 2-dimensional angular dispersion a

in the neutron area energy at the UCAL plane, in units of radians from the target. These

are shown for 4 PCAL Et bins. The errors are those arising from fitting the curves in the

previous graph. The mean angular dispersion is 5.04+.04 mrad. The lower graph shows

the corresponding fraction sampled in our fiducial area The mean fraction is 0.756+.002.
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Figure 10: Mean neutron-region energy spectra in bins of beam rapidity energy fortwo

PCAL Et bins. The Poisson distribution shown isa best fit, although not quite fitting

the width of the distributions well. The distribution means fit here are 3.05 and 0.89,
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to fit) yet one that might give some physical insight into the spectator model. Let us

assume first that the forward neutrons come out of the projectile spectator nucleons. For

some PCAL ET bin that is small, we assume some number of spectators remaining. This

isn’t true of course, there are fluctuations in transverse energy such that for any one ET

bin there is also a distribution in the number of participants. However, we would like to

try the simple model first. and see if the neutron energy distribution can be fit with a

small number of parameters. For some number of spectator nucleons in each ET bin, N.,

we assume that on average there will be ( 11S neutrons/197 nucleons) x (N$) neutrons. (In

other words, the fraction of neutrons to. the whole nucleus is maintained in the subset, on

average. ) The appropriate statistic for sampling within a subset of a larger fixed set is

the Hypergeometric distribution, which will give a distribution in the number of spectator

neutrons for a given ET bin.

We introduce a parameter p, the probability that a spectator neutron will proceed for-

ward without binding to a spectator proton. The number of spectator neutrons’ actually

continuing forward with beam momentum is assumed to follow a binomial distribution,

from the number of spectator neutrons given by the previous distribution, with this in-

dividual parameter of “success” p. Then there is the probability that a forward neutron

falls within our fiducial area. Given the spatial widths of the neutrons reported in the

previous section (assuming a mean width that is constant with ET), we know the prob-

abilityy of finding any forward neutron in our fiducial area (=75%, not the factor of 1/2

that one might naively estimate). The fraction of forward neutrons actually sampled then

is also assumed to be governed by a binomial distribution, with the parameter of success

being the total area of the Gaussian production covered by the fiducial area, pf. These

equations are given explicit ly below.

By convolving these three distributions together, we arrive with a potentially powerful

descriptor of the neutron number distribution in any one PCAL ET’ bin, with only two

free parameters: N,, the number of spectators in the ET bin, and p, the probability of the
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Figure 11: Mean neutron-region energy spectra in bins of beam rapidity energy for two

PCALEt bins. Compare to the fitting shownin Figure lO.



spectator neutron remaining unbound. The total energy distribution in our centerline-

region isno doubt distorted by neutrons fallingnear to the edge of the fiducialarea. On

average, the energy leaking O(It }vi11be balanced by nearby neutron shower energy leaking

in, and to firstorder cancels out in the mean. In spite of this, we proceed with fitting

the neutron number spectra by simply binning around multiples of beam-rapidity kinetic

energy and including an ovcrail scaling factor. One gets fits such as the ones shown in

Figure 11, where we show the (Iata taken with the thin Au target for two PCAL ET bins:

155-170 GeV (top) and 2-1.5-260 GeV (bottom).

The parameters determined in the fit are shown in Figure 12 as a function of PCAL

transverse energy. The start illg values into MINUIT were not so far from the number of

spectators shown in this figure, 11INUIT then varying all parameters and converging on

a (nearby) solution with the values of p shown. one can do the same fitting to a lighter

target neutron spectrum. Figure 13 show the best fit for the number of spectators and the

parameter p to the neutron spectra. from the Cu target data. Similar values for the fitting

are found as for the Au target, although without the curious behaviour at the endpoint

of the PCAL ET spectrum.

The mean transverse energy in Au-Au collisions as a function of the forward neutral

energy has been studfed. showing a linear dependence of ET over a wide range of forward

neutral energy. The corresponding small widths to the ET distribution (from %25Y0 at

more peripheral impact parameters down to less than 10% at small impact parameter

indicate that such a forward measurement at RHIC could be useful for event characteri-

zation and triggering. This dependence is shown as a fit to a straight line in Figure 14,

although over a restricted region of the forward neutron energy. TKIS fit, corrected for

the finite size of the fiducial area, is

~(GeV) = –0.75E. + 236 (O < En < 160GeV) (2)

A similar dependence is seen in the

of ET. Shown in Figure 15 is the thin

mean forward neutral-area energy as a function

Au target data fit to a line, and to a parabola.
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energy

When

corrected for the fiducial area of the neutrons measured, the equation of the fine becomes

~ (GeV) = (-O.993X0.756)E. + 236.
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Figure 15: Themean summed energy ina UCALneutral region versus the PCALEtfor

the 1% Au target data. Shown are fits to a line, and to a parabola. The X2/dof for the

parabola is 2.3, even over this large range in Et. When corrected for the fiducial area of

the neutrons measured, the equation of the parabola becomes ~ (GeV) = 172.4- 0.99E~

+ 0.00145 E;.
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The second order

fiducial area, is

~(GeV) =

polynomial is seen to fit much

172.4 – 0,99E~ + 0.00145E~

better. This fit, corrected for the finite

(0 ~ &. < 250GeV)— (3)

One might be tempted to normalize to the E. measured

12.6 GeV. At very high ET the linear dependence fails,

for one beam rapidity nucleon,

and the neutron-region energy

becomes independent of E,. Such ~ehaviour is usually seen as a result of cutting on a

parameter with large fluctuations, here l?~, on the endpoint of the distribution where it

is no longer indicative of a changing event topology. The tantalizing “bump” in the for

the mean forward neutron-region energy in the thin Au target data led us to explore this

more fully.

4.3 Forward Neutral Energy Distributions

The statistical distribution of neutrons for a given centrality (or impact parameter) is a

useful distribution to obtain for the purpose of evaluating trigger bias. It is also interesting

in its own right. By forming such a distribution as a funct ion of parameters directly related

to the spectator model, one can get some insight into the individual nucleon dynamics.

Further, such a statistical distribution, if found to apply well over a wide range of 13~, can

help to understand the changes in dynamics that may be taking place at the endpoint of

the ET spectrum.

Equation (4) below is that of a hypergeometric distribution, where NA= atomic num-

ber, po= fraction of neutrons in nucleus, IV,= mean number of spectators in some ET

bin, and n the number of neutrons in the spectators subgroup. Equation (5) is a bino-

mial distribution, where p is the probability of an initial-state neutron continuing forward

through the collision, unbound, and m the number of forward neutrons Equation (6) is

also a binomial, representing the fraction of forward neutrons actually sampled in our
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measurement, pf being the sampling fraction.

( )(NApo Jv,~(l–p~)

:V, – n
P(n)= n / \

P(m) =
n )(1 - p)n-mpm

pz-?n)

()P(k) = m (1 - p,)m-kp;
m—k

()N N!

n = n!(N – n)!

P&(k) = f P(n) ~ P(rn)P(k)

(4)

(5)

(6)

(7)

(8)
n=k m=k

The probability of observing k neutrons is given by Equation (8), for the 2 parameters

p and N.. The number of spectators was fixed to the total number of baryons at 13~=0,

and then assumed to depend linearly on ET. The best parameter p was then found from

this number of spectators. The neutron spectra have a dependence on ET through the

dependence of N. on ET, given by Equation (9).

N. = –0.696E~ + 197 (p= 0.0749) (9)

These fit the data best at the ET “plateau”, failing at very high ET. At low ET the

measurement was confounded by the MT target subtraction. This fit, while striving to

be physical, is only intended as a useful paradigm for generating such spectra, and is not

to be construed as a model of the physical systemi The main motivation for including

it here is to permit one to evaluate in a rather detailed way the expected efficiency of a

centrality trigger based on detected forward neutral energy.
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r 4.4 Conclusions

I The slight ET dependence on the angular distribution we see is not inconsistent with the

fragmentation studies we have carried out for the Si-Pb system, but without precise energy

information, we cannot unambiguously convert an angular distribution for the neutrons

into a transverse energy distribution. The lack of precise tracking information in this data

set render the conclusions on fragmentation of the projectile nucleus considerably weaker

than those for the Si-Pb data, which are being analyzed in Sao Paulo.

The most important question addressed by this study is whether the forward neutral

energy is a useful variable for a centrality trigger for heavy ion collider experiments, which

is the subject of the paper included in Appendix B. Thk question can be considered

one two levels: (1) the selectivity of the variable over the whole range of ET, and (2)

the efficiency of a trigger based on a veto on forward neutral energy, especially at high

ET. Our data show that a forward neutral energy veto is a rather poor selector of event

centrality, as evidenced by the slowly rising efficiency curve, calculated for events in which

the neutral forward energy is below 18 GeV (see Fig. 11 in Appendix B). This behaviour

can be understood as arising from the statistics of neutron production, according to our

simple model, which describes well the correlation between forward neutral energy and

transverse energy.

Concerning the efficiency for accepting very central events, the anomalous increase in

neutral energy at high ET could have serious consequences for a trigger which includes a

veto on forward neutral energy. The anomaly may arise from events of non-zero impact

parameter which have an upward fluctuation in ET, or there maybe events of zero impact

parameter with an upward fluctuation in neutral energy. In either case, it should be noted

that such events will be lost if one introduces a neutral energy veto as a centrality trigger.

It is possible that these are the most interesting events. In the trigger efficiency curve,

one sees very clearly a“drop in efficiency for the most central events, which is due to this

effect.
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These data indicate that reliance on forward neutral energy for selection of events

of high centrality at heavy ion colliders is problematical and should be scrutinized very

carefully, especially if it is to be included as an element of the trigger.
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