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Distributions of transverse energy, forward energy, and dEr/dn from 60A GeV and 2004 GeV
160-induced and 2004 GeV 32S-induced nuclear collision with Al, Cu, Ag, and Au are calculated
by a high energy nuclear collision model and compared to recent experimental data from the WA80
Collaboration at CERN. The high energy nuclear collision Monte Carlo model, which is based on
the concept of independent multiple nucleon-nucleon collisions, describes the experimental data at

forward-rapidity and midrapidity well.
PACS number(s): 25.75.+r

I. INTRODUCTION

The heavy ion programs at the Brookhaven Alternat-
ing Gradient Synchrotron and CERN Super Proton Syn-
chrotron accelerators have within the last five years pro-
vided a wealth of experimental data on high energy nu-
clear collisions. The aim of the experimental programs
has been both the detection of the quark-gluon plasma
(QGP) and a better understanding of the reaction mech-
anisms [1, 2]. In this paper the focus will be placed on
the latter and we will discuss global variables like the
transverse energy and the pseudorapidity distribution of
the transverse energy, which have proved to be especially
valuable for obtaining information on the reaction mech-
anisms. The framework for the discussion will be a com-
parison between, on one hand, the theoretical results ob-
tained by the high energy nuclear collision Monte Carlo
model MARCO [3] and, on the other hand, the experimen-
tal results from WAS80 on calorimeter measured global
variables [4]. We will especially focus on a discussion
of the systematics of the dEr/dn distributions as func-
tion of impact parameter, projectile and target mass, and
bombarding energy.

Section II contains a description of the key ingredients
in the MARCO model. Section III discusses comparisons
between the MARCO results and the WAS80 data for for-
ward energy, transverse energy, and dEr/dn. In Sec. IV
the strengths and shortcomings of MARCO are discussed
and finally Sec. V contains the conclusions.

II. MARCO

A detailed description of the high energy nuclear colli-
sion Monte Carlo model MARCO is given in Ref. [3]. The
basic assumptions in the model are the following: (a) A
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high energy nucleus-nucleus collision can be considered as
a superposition of individual nucleon-nucleon collisions.
(b) The positions of the nucleons within each nucleus are
chosen according to Gaussian density distributions for
lighter nuclei and Woods-Saxon density distributions for
heavier nuclei. (c¢) Only binary collisions consisting of a
projectile and a target nucleon are considered (no rescat-
tering). (d) The number of collisions a particular nucleon
will encounter is calculated assuming an interaction cross
section of 29.4 mb and straight-line trajectories. (e) The
longitudinal momentum loss of each of the colliding nu-
cleons in their mutual center-of-mass frame is given by
the following stopping law for the light-cone variable x
originally proposed by Kinoshita, Minaka, and Sumiyoshi
5] (xr <z < 1):
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where (E,p,) and (E’,p/,) are the energy and the longi-
tudinal momentum of the nucleon before and after the
collision, respectively. The stopping power parameter «
is close to unity for free nucleon-nucleon collisions and in
Ref. [3] a ~ 1 was also found to give a good description
of 10O+nucleus data. (f) The longitudinal energy loss is
used for production of pions with the following rapidity
and transverse momentum distribution:

P(y,pr)  [(&7* — z4) (2™ —2_)]* " fx(pr),
Frlpr) = pr exp(—5.5pr) if pr < 0.9 GeV/c,
m\PT) = 0.532pr exp(—4.8p7) if pr > 0.9 GeV/c,
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with pr in units of GeV. z4 are the forward and back-
ward light-cone variables, respectively, and z'£** are their
corresponding maximum values after the light-cone mo-
mentum fractions of the leading baryons have been sub-
tracted. Based on comparisons to nucleon-nucleon data
the exponent a can be parametrized as a = 3.5+0.7In +/s.

The only difference in formulation between the model
described in Ref. [3] and the current version is the in-
clusion of kaon production [with a transverse momentum
distribution given by exp(—3.6/pr)]. The resulting trans-
verse and forward energies are only slightly affected by
this modification, which only seems to have a significant
effect on the ratio between electromagnetic and hadronic
energy as discussed in Sec. III.

The main virtue of MARCO is its simplicity. It repre-
sents the simplest possible generalization of a heavy ion
collision in terms of nucleon-nucleon collisions. In this
paper all model parameters, like o, a, etc., will be kept
fixed at values determined from experimental data on
free nucleon-nucleon collisions.

The purpose of this paper is to investigate how well the
global features of ultrarelativistic nucleus-nucleus colli-
sions can be understood by this simple model without
the need to incorporate more complicated assumptions.

III. COMPARISON TO
WAS80 CALORIMETER DATA

We have chosen to compare the results of MARCO to
the extensive set of calorimeter data recently published
by the WA80 Collaboration [4]. The data set contains
results from 60A GeV and 2004 GeV !6O-induced re-
actions and 2004 GeV 32S-induced reactions on targets
of C, Al, Cu, Ag, and Au. The procedures described
in Ref. [4] for simulating the effects of the trigger condi-
tions and for obtaining the impact parameter dependence
have been closely followed. The energy deposited in a
calorimeter has been assumed to be the kinetic energy
for nucleons and the total relativistic energy for pions
and kaons.

A. Forward energy distributions

The forward energy Ey is defined as the sum of the
energy carried by all particles with pseudorapidity 7 >
6.0. The forward energy distributions do/dEy shown in
Fig. 1 depend at large values of Ef critically on the col-
lision geometry, whereas the strength of the “bump” ob-
served at low value of Ey for the Au-target reactions de-
pends on the magnitude of the nuclear stopping power.

Qualitatively MARCO reproduces most of the features
observed in the experimental Ey spectra, but quantita-
tively there are several differences. MARCO predicts the
correct positions, but underestimates the strength by =~
30%, of the low energy “bump” in the Au spectra. This
could indicate that the nuclear stopping parameter o
should have a lower value than unity; but in Ref. [3]
it was shown that other values of a lead to worse fits for
the transverse energy.

MARCO reproduces the triangular shape of the approx-
imately equal mass collisions O+C and S+Al, but seems
to underestimate the total cross sections. This effect
might be caused by projectile spectator breakup, which
is ignored in MARCO. If this breakup produces one or
several fragments with sufficiently large transverse mo-
mentum, so their pseudorapidity is shifted below 6.0,
these fragments will not be absorbed by the forward
calorimeter. This will imply a complicated downward
shift of the E spectra and will lead to larger minimum
bias cross sections. The breakup effect is expected to be
strongest at the lowest beam energy, where the ratio be-
tween the transverse and longitudinal momenta will be
largest, which is consistent with the observation, that the
largest discrepancy between the experimental data and
MARCO is found for 604 GeV 60+12C.

B. Transverse energy distributions

The transverse energy distributions shown in Fig. 2
have been obtained in the interval 2.4 < < 5.5. Again
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FIG. 1. Forward energy distributions (7 > 6.0) for the following projectiles: (a) 604 GeV €0, (b) 2004 GeV €0, and (c)
200A GeV 32S. For '®0O-induced collisions the targets shown are °7 Au and '2C and for 32S-induced collisions the targets are
197 Au and ?’Al. In this and all following figures in this paper the experimental WAS80 results are shown as symbols and the
MARCO calculations are shown as histograms.
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Transverse energy distributions (2.4 < 7 < 5.5) for the same systems illustrated in Fig. 1.

A comparison between dET/dn distributions from MARCO (histograms) and WAS80 (symbols): (a) Impact param-

eter dependence for 2004 GeV 325497 Au (refer to Ref. [4] for a discussion on the method for obtaining the impact parameter
cuts). (b) Target dependence for 200A GeV *2S impinging on Al, Cu, Ag, and Au, respectively (minimum bias trigger condi-
tions). (c) Projectile dependence for central collisions of 2004 GeV ®0 and 32S impinging on Au. (d) Beam energy dependence
for central collisions of 604 GeV and 2004 GeV $0+%7Au.
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MARCO qualitatively provides a good description of the
experimental data. In general the fits are best for the
heavy target 197 Au, whereas the calculated transverse en-
ergies for the light targets 12C and 27 Al are too small. It
is interesting to note that for central events in 604 GeV
1604+197Au and 2004 GeV 3254197Ay, where MARCO
does not fit the Ef spectra very well, it nevertheless pro-
vides a perfect fit to the Ep spectra. We do not consider
the discrepancy of ~ 10% between MARCO and the data
for central events at 2004 GeV 1604197 Au significant in
view of the 10% systematic uncertainty quoted by WAS80
[4] on the overall Er energy scale.

As was the case for the E¢ spectra also the Er spectra
show the worst disagreement for the lighter targets. The
breakup effect described in the preceding section could
qualitatively provide at least part of the explanation for
the discrepancy, but only a much more complicated sim-
ulation with full rescattering incorporated will be able to
provide a quantitative answer.

C. dEr/dn distributions

The dEr/dn distributions shown in the Figs. 3 and 4
can add considerably to our understanding of the reac-
tion mechanisms. Before discussing these distributions
in more detail it is, however, prudent to insert a word of

0.3 g E

§ E 3

E0.2 E— E

T or

01 E -3

= (b) E

M | | =

0.0 FFTFrFRFFFIF A AT,

- 200 AGeV 328 + '7Au

- b<R-R, -

100
=
[
e
=
S
= 50

LL
©

0 lllllllllllllllIllIlIlllIIIIIIJ_lJl.I‘l“-

2 3 4 5

FIG. 4. (a) Comparison between dEr/dn distributions

from MARCO (histograms) and WA80 (symbols) concern-
ing the partition between electromagnetic, hadronic, and
total transverse energy for central collisions of 2004 GeV
3254+197Au. (b) Ratio between the electromagnetic and to-
tal part of the dEr/dn distribution.

caution: the overall magnitude of dEr/dn distributions
is in general very sensitive to the trigger and gating con-
ditions used in their construction, and small uncertainties
in the implementation of the minimum bias trigger con-
ditions can severely affect the quality of the fits between
the experimental data and the simulation results.

It is instructive from the outset to describe qualita-
tively the expectations for the dEr/dn distributions from
a microscopic model like MARCO. The rapidity distri-
bution of the pions produced from each binary inelas-
tic nucleon-nucleon collision will be centered around the
initial nucleon-nucleon center-of-mass rapidity and will
extend slightly beyond the initial nucleon rapidities. As
the nucleons suffer additional collisions their rapidities
will decrease, so the nucleons experiencing the largest
number of collisions will on the average have the largest
rapidity losses. As a consequence, in an asymmetric nu-
clear collision, the nucleons from the smaller nucleus will
on the average experience a larger rapidity change than
nucleons from the larger nucleus. We can therefore ex-
pect that as we increase the target mass the average “ef-
fective midrapidity” of the pions will slowly move from
the initial nucleon-nucleon midrapidity towards the tar-
get rapidity.

As a nucleon is experiencing more and more collisions
the pions produced in these collisions will be more and
more concentrated around the “effective midrapidity.”
As a consequence, we will expect the pseudorapidity dis-
tributions to be more and more focused as the impact
parameter decreases. In the following we will investigate
if these simple consequences of the MARCO picture are
reflected in the data.

All experimental and MARCO dEr/dn distributions
have been fitted with Gaussian distributions in or-
der to extract three parameters: the maximum value
dET/dn|max, the centroid (n), and the standard devia-
tion 0,. The systematic behavior of these three param-
eters as functions of centrality, beam energy, projectile,
and target is shown in Tables I-III.

Figures 3(a)-3(d) demonstrate the impact parame-
ter, target, projectile, and beam energy dependence of
the dEr/dn distributions. Considering the simplicity
of MARCO the overall agreement between the data and
MARCO is very good, but some systematic deviations are
noticeable: MARCO’s values for dET /dn|max are typically
~ 10% smaller than the experimental values and the cal-
culated 7 centroids are slightly larger. The calculated
and measured widths show a remarkable agreement.

The reason for large deviations found in 2004 GeV
1604197 Ay is not well understood. The 60 data were
obtained during a single running period, whereas the 323
data were obtained at a later date. A systematic devia-
tion between how well MARCO would fit the 180 and the
325 data might be explained by differences in the exper-
imental calibration of the calorimeters. Calibration dif-
ferences, however, cannot explain why MARCO generally
fits the 60 GeV data 60 data better than the 200 GeV
data, since these data were recorded during the same run
period with constant settings of the calorimeter.

As was observed for the transverse energy distribu-
tions the agreement for dET /dn|max is best for the heavy
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TABLE 1. The maximum value dE7/dn|max obtained
from performing Gaussian fits to both the MARCO and the
WARS80 dET/dn distributions.

TABLEIII. The standard deviation o, obtained from per-
forming Gaussian fits to both the MARCO and the WAS80
dEr/dn distributions.

dEr /dn (max) GeV On
Target 604 %0 2004 0O 2004 325 Target 604 150 2004 '°0 2004 328
exp theo exp theo exp theo exp theo exp theo exp theo
Central Central
Cu 29.2 27.0 42.2 35.0 69.4 61.9 Cu 1.14 1.19 1.43 1.56 1.41 1.54
Ag 334 31.1 49.8 40.3 81.9 74.4 Ag 1.15 1.20 1.44 1.53 1.44 1.52
Au 39.5 35.0 60.2 48.9 92.9 89.1 Au 1.16 1.18 1.47 1.51 1.39 1.46
Intermediate Intermediate
C 11.9 8.9 16.2 11.5 C 1.24 1.28 1.47 1.63
Al 32.2 24.9 Al 1.50 1.58
Cu 19.7 16.6 23.7 214 47.1 39.3 Cu 1.23 1.24 1.50 1.56 1.48 1.53
Ag 21.0 19.8 30.0 23.0 55.0 44.3 Ag 1.24 1.22 1.50 1.56 1.49 1.53
Au 22.9 20.9 33.6 27.0 54.1 53.0 Au 1.26 1.24 1.55 1.55 1.46 1.51
Peripheral Peripheral

C 5.7 4.8 8.3 5.7 C 1.34 1.35 1.60 1.64
Al 13.7 11.9 Al 1.64 1.61
Cu 7.3 6.3 9.6 7.3 17.5 14.9 Cu 1.35 1.32 1.63 1.63 1.63 1.60
Ag 7.3 7.1 11.1 7.5 18.8 15.8 Ag 1.37 1.30 1.62 1.64 1.65 1.64
Au 74 7.3 11.2 9.2 15.3 17.2 Au 1.39 1.31 1.62 1.65 1.69 1.63

targets and becomes gradually worse for lighter targets.
MARCO has been carefully designed to fit a large range
of proton-proton scattering data, so the large deviation
for the lightest nuclear system is a puzzle.

It is remarkable how well MARCO reproduces the parti-
tion between “electromagnetic” and hadronic transverse
energy as demonstrated in Fig. 4. MARCO assumes that
% of all created pions are 7%’s, which primarily will de-
cay to photons. MARCO has no particle decay built in,
so the electromagnetic transverse energy has been calcu-
lated based on the 7° momenta.

TABLE II. The centroid value (n) obtained from perform-
ing Gaussian fits to both the MARCO and the WA80 dEr/dn
distributions.

(n)

Target 604 60 2004 0 200A 28
exp theo exp theo exp theo
Central

Cu 2.34 2.39 2.62 2.89 2.89 3.00

Ag 2.19 2.25 2.44 2.75 2.67 2.86

Au 2.00 2.18 2.19 2.54 2.56 2.69

Intermediate

C 2.81 2.70 3.09 3.28

Al 3.23 3.17

Cu 2.40 2.43 2.73 2.94 2.92 3.00

Ag 2.30 2.35 2.57 2.88 2.78 2.93

Au 2.16 2.26 2.41 2.73 2.73 2.79

Peripheral

C 2.68 2.56 2.97 3.19

Al 3.24 3.13

Cu 2.51 2.43 2.78 2.98 3.01 3.01

Ag 2.46 2.42 2.71 2.99 2.94 2.93

Au 2.38 2.36 2.67 2.87 2.97 2.87

IV. DISCUSSION

It is remarkable that a model as simple and transpar-
ent as MARCO can obtain the degree of agreement with
the experimental data as demonstrated in the preceding
section. To us this demonstrates that the global fea-
tures of high energy nuclear collisions to first order can
be described as a superposition of free nucleon-nucleon
collisions with collision probabilities depending on the
nuclear geometry.

In order to obtain an even closer agreement with the
data in the midrapidity region the most likely improve-
ment of the model might be the incorporation of rescat-
tering effects between spectator and participant nucle-
ons, pions and nucleons, and pions and pions. Monte
Carlo models like VENUS [6], MCFM [7], and HIJET (8],
which have included rescattering in a variety of different
ways, have demonstrated the importance of rescattering
effects. For an asymmetric projectile-target combination
(Ap < A;) rescattering tends to move the 7 centroid to
smaller values and at the same time increase the trans-
verse energy. Since MARCO in general underestimates
dEr /dn|max and slightly overestimated the 1 centroid in-
clusion of rescattering, one could probably qualitatively
improve MARCO’s agreement with the data. How well the
quantitative agreement would be is, however, very dif-
ficult to estimate, since the various codes incorporating
rescattering obtain different estimates of the quantitative
effects of rescattering. It should also be noted that calcu-
lation of rescattering effects carries a very heavy penalty
in CPU time consumption, since it is necessary to follow
in detail the complete space-time history of all involved
particles. Increases of one or two orders of magnitude
in CPU time are typically observed when rescattering
effects are included.

The present version of MARCO only keeps track of the
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forward or backward momentum loss of a baryon. An-
other potential improvement can be implemented by pro-
viding a more detailed description of the internal excita-
tion of the baryonlike object as it makes successive colli-
sions.

V. CONCLUSIONS

We have performed a systematic comparison between
the high energy nuclear collision Monte Carlo model
MARCO and the WAS80 calorimeter results concerning
forward energy, transverse energy, and dEr/dn distri-
butions. The comparison covers beam energies from 604
GeV to 2004 GeV, projectiles of °0 and 328 and targets
ranging from 12C to 197Au and pseudorapidities around
midrapidity and forward.

Considering the simplicity of MARCO the general agree-
ment between the model and data is remarkable. The

maximum values of the dEr/dn distributions are in most
cases reproduced within ~10%, the n position of the max-
imum is generally reproduced within 0.2 units of  and
finally there is very close agreement between the calcu-
lated and measured widths.
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