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1. INTRODUCTION

The main goal of the CERN heavy-ion experiments is the search for an

indication that the predicted state of deconfined quarks and gluons, the quark-gluon

plasma (QGP), has been produced. The quantity most crucial to the probability

of QGP formation is the thermalized energy density attained during the heavy-ion

reaction. The amount of energy radiated transverse to the beam direction is the

experimental quantity which is believed to be a measure of the amount of energy

deposition in the reaction, and hence to reflect the energy density attained. In

this presentation we consider the systematics of transverse energy production at

CERN SPS energies,1"3 and we use the results to make estimates, under various

assumptions, of attained energy densities.2"5

When extreme phenomena such as the creation of the QGP are consid-

ered, it is very important to understand the nature, of events in the tails of event-

characterizing distributions such as transverse energy, Ex, distributions. It is pos-

sible that the plasma may be created only in those events that exhibit the highest

values of E? and/or particle multiplicity. We show here results of comparisons be-

tween experiment and theory of global and local fluctuations in the distributions of

transverse energy and of charged particle multiplcity.6 Starting with the observation

that, in central collisions, ET and charged-particle multiplicity (ncj) distributions



have Gaussian shapes,7 fl we study second moments of the distributions and show

how different contributions add to give the total observed widths.

Measurements of direct photons and lepton pairs are considered to be among

the most promising methods for studies of the QGP. In contrast to hadrons, direct

photons are not expected to undergo any interactions after their creation. The

WA80 collaboration has undertaken the measurement of direct photons,10'11 which

is a difficult task due to the presence of a high background of photons from the

decay of neutral pions. The TT° spectra themselves, however, provide us with the

opportunity to study the excited reaction zone during the hadronization phase. We

present here measurements of neutral pions produced in i a 0 + Au collisions at 200

GeV/nucleon.

2. EXPERIMENTAL ARRANGEMENT

A simplified version of the WA80 experimental arrangement is shown in

Fig. 1. For the purpose of clarity most of the detectors used to measure the multi-

plicities of charged particles are not shown. The transverse energy distributions

PLASTIC BALL HIRAC

SAPHIR

Fig. 1. Simplified version of the WA80 experimental setup. The target is
located at the center of the Plastic Ball. SAPHIR is the single-arm photon detec-
tor. SAM is an associated charged-particle detector. MIRAC :s the Midrapidity
Calorimeter, and ZDC is the Zero-Degree Calorimeter. Most of the arrays used to
measure the multiplicities of charged particles are not shown.

presented here were obtained with the midrapidity calorimeter MIRAC. It covers a

pseudorapidity, 77, interval from 2.4 to 5.5 and has full azimuthal coverage in this
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rj range. The spectra of neutral pions were deduced by reconstruction from pi

ton measurements performed with the single-arm photon spectrometer, SAPHIR.

WA80 ET Target and Projectile Dependence
E/A = 200 GeV S and O Pro|ectlles

(Sulfur are Preliminary)
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Fig. 2. Transverse energy distributions from 200-GeV/nucleon
1 60 (circles) and 32S (histograms) reactions with various target nuclei
in the pseudorapidity range 2.4 < 77 < 5.5. The sulfur data are
preliminary.



This detector covers about one-sixth of the solid angle in the range 1.5 < ?7 < 2.1

and is capable of measuring photons that have energies greater than 200 MeV. The

Zero-Degree Calorimeter (ZDC) is used to measure projectile spectators and, thus,

provides us with an indication of collision centrality for each event. The WA80

setup and its individual detectors have been described in detail elsewhere.12"15

3. TRANSVERSE ENERGY DISTRIBUTIONS

Transverse energy distributions obtained from interactions of 200-

GeV/nucleon 18O and 32S projectiles with various target nuclei are shown in Fig. 2.

The data have been described in Refs. 1-3. As was stressed, it is primarily the

geometry of the nuclear collision that determines the shape of these distributions.

The rise at low values of the transverse energy is due to the relatively large cross

section associated with large impact parameters. The bump observed at high ET

values in the case of the heaviest targets results from the fact that collisions with

a relatively broad range of central impact parameters involve a nearly constant

number of participants. A trigger cut is responsible for the apparent dip at the

lowest ET values while at the high end of the distribution the Gaussian tail is due

to fluctuations in the violence of nearly head-on collisions. The two main trends

observed are the increase in the transverse energy produced with increasing mass

of the colliding system and the increase of transverse energy with increasing bom-

barding energy. The measured ET is, as expected, anticorrelated with the energy

measured in the ZDC.

It has been shown1'2 that for oxygen-induced reactions at a given bombard-

ing energy, the transverse energy produced depends on the number of participating

nucleons and that the transverse energy/participant is nearly independent of target

mass and of collision centrality. In a simple geometrical picture the doubling of the

mass of the projectile should increase the number of participants approximately by

a factor of 22/3, and consequently, an increase in ET of about a factor of 1.59 was

anticipated for the 32S + Au reaction relative to the 16O + Au reaction. In Fig. 3

the transverse energy spectra from the above two reactions are compared. The 16O

ET values have been multiplied by 1.6, which results in an alignment of the tails of

the two distributions and indicates that the relationship between the number of
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Fig. 3. Comparison of transverse energy^ distributions from
" 0 - and 32S-induced reactions of Au at E/A = 200 GeV. The energy
scale of the 16O + Au data has been multiplied by 1.6 (see text). The
sulfur data are preliminary.

participants and the produced transverse energy also holds in the case of sulfur-

induced reactions. This point is confirmed in Fig. 4 where iSr/participant values

are plotted as a function of the energy measured by the ZDC for both oxygen- and

sulfur-induced reactions at 200 GeV/nucleon. A nearly constant .^/participant
V a l u e ?{ 1J3^:,!? ° b t a i n e d i n all cases? The relationship between the number of



participating baryons and the observed ZDC energy was obtained1 2 via the Monte
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Fig. 4. Transverse energy per participant as a function of the
energy, EZDC> measured by the Zero-Degree Calorimeter for several
target-projectile combinations.

4. GLOBAL AND LOCAL FLUCTUATIONS IN MULTIPLICITY
AND TRANSVERSE ENERGY

In this study6 we start with the observation that, in central collisions, ET and

distributions have Gaussian shapes.7"9 This is illustrated for different ranges of



ZDC energy in Fig. 5 for 1 60 + Au at 200 A GeV. It can be seen that the average

values and the widths of the distributions are insensitive to collision centrality in

the limited range of Ezoc ~ 500 GeV. The curves in the figure indicate Gaussian

fits. The local pseudorapidity interval is 2.5 < TJ < 3.5, which is symmetric about

the nucleon-nucleon center of mass.
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Fig. 5. (a) ncfc and (b) ET distributions for central 16O + Au interactions
at 200 A GeV. The curves are Gaussian fits to the distributions from the different
ZDC-selected events as indicated in the top of the figures.

The importance of the role of the 77-range can be investigated in terms of the

normalized variance of a distribution in Ar given by n(A') = V(A')/(Ar)2, where A"

can be either ET or ncK and where V(X) is the variance of the distribution. From

purely statistical considerations, and assuming that a particle produced by a given

source has a fixed probability to fall inside the observed region, it can be shown

that6

ft(17, AT?) - = const.
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where AT; is a region around 77 with {/?(?/)} = ^ . Sources can be taken to be binary
collisions between nucleons from the two reacting nuclei or wounded or participating
nucleons.

E,dc < 400 GeV
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A?)

0.6 1. 1.4

Fig. 6. The normalized variance f2 as a function of A77 for central 16O + Au
interactions at 200 A GeV for (a) experimental data and (b) for the FRITIOF sam-
ple. The histograms correspond to the calculations from the statistical expresssion
given in the text, normalized at ATJ = 1.0.

In Figs. 6 and 7, fi is shown for rjch. as a function of A77 (Fig. 6) and 77 (Fig. 7)

both for data and for events calculated by means of the Monte Carlo simulation

code FRITIOF,16 together with the above statistical relationship normalized to

data at A77 = 1 in Fig. 6 and at -q = 3.05 in Fig. 7. The ability of the above

statistical formula to describe the data indicates that observed fluctuations are,

to a large extent, determined by the underlying global fluctuations. Thus, results

obtained for a chosen T/-range may be. generalized to any other choice of range

provided one excludes regions where fluctuations from a different origin may be

present, such as fragmentation regions. Furthermore, the results shown in Figs. 6

and 7 indicate that FRITIOF-simulated events exhibit a similar behavior and similar



trends to measured events. Since FRITlOF-calculated ZDC spectra also agree with

experimental ZDC spectra, trigger conditions can also be simulated. Consequently,

FRITIOF calculations can be used to examine in detail various contributions to the

total variance of a given distribution in an effort to establish the origin of observed

fluctuations.

Eldc < 400 GeV

0.24

o.os

t WA80 da to

— statistical formula
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c Fritiof
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2.25 2.75 3.25 3.75 2.25
V

2.75 3.25 3.75

Fig. 7. The normalized variance fi as a function of 77 for central 16O + Au
interactions at 200 A GeV for (a) experimental data and (b) for the FRITIOF sam-
ple. The histograms correspond to the calculations from the statistical expresssion
given in the text, normalized at 77 = 3.05.

This approach has been implemented with reference to a formula for the

total variance, given by Baym et al.,9 which is shown to be the sum of four terms,

each with a physical meaning in a picture where total fluctuations in nucleus-

nucleus interactions consist of a sum of contributions of fluctuations from many

independent sources created in early interaction stages. The four contributions to

the total variance corresponding to the four terms of the formula of Ref. 9 are:

(1) fluctuations in each of the sources;
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(2) fluctuations in the number of sources;

(3) fluctuations emerging from differences in the sources, e.g., due to energy degra-

dations; and •

(4) fluctuations arising from damping due to an anticorrelation between above con-

tributions 2 and 3.

The evaluation of the four contributions to the total variance by means of

FRITIOF-simulated events leads to several interesting conclusions.6 Thus, for ex-

ample, the same trends are observed regardless of whether the sources are taken

to be binary collisions between nuclei or the number of participating nucleons.

Furthermore, the third contribution listed above (fluctuations emerging from dif-

ferences in the sources) is consistently small compared to the other terms. This is

believed to be a consequence of the long formation time in the FRITIOF model,

which makes effects of energy degradation small. The role of the first contribution

listed above (fluctuations in each of the sources) is of particular interest and can

be elucidated by comparing calculations involving global distributions with those

for a limited region of observation (2.5 < t] < 3.5). In the limited ^-region, con-

tribution (1) is important, while it is drastically reduced in the global distribution

calculations. This effect is anticipated based on the statistical expression for $7

given above. Other contributions to the total variance are the same for the global

and for the limited-77-range cases. It is concluded that the apparent importance of

the fluctuations from each of the sources in the case when a limited region of phase

space is considered is a consequence of the stochastic nature of the sources, where

a random process determines if a given particle will fall inside the given region or

not.

In the case of global distributions, results indicate that the most important

contribution to the total variance is number (2) listed above (fluctuation in the

number of sources), while contribution number (4) is also significant. Thus, it

is concluded that the observed shapes of the distributions are governed by the

distribution of sources, i.e., by the number of participating nucleons or by the

number of binary collisions, with some influence of damping effects. The conclusions

given here do not depend on whether or not intermittcncy plays an important role.

The very small scales usually associated with studies of intermittent behavior are

not within the scope of this analysis.
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We return now to the Gaussian nature of the experimental nch. and ET dis-

tributions. The data are plotted as a function of (A* - (X))2 / (X)2 for central
l 6 0 + Au interactions with EZDC < 400 GeV, corresponding to about 10% of the

minimum-bias sample in Fig. 8a. In this representation a Gaussian distribution

is a straight line, with the two distribution halves superimposed. The slopes are

given by [-2 • O(A')]"1. In Fig. 8b the corresponding results from the FRITIOF

model are shown, and in Fig. 8c the distributions of participants and of binary

collisons are indicated. The degree to which the tails of the various distributions

are represented by Gaussians is immediately apparent in Fig. 8. Since, as will

Data
EZDC < 400 GeV

Fritiof Fritiof

:o
10"

o • BO10"3

a • PN

0.15 0.30 0 0.15 0.30

(x -
0.15 .0.30

Fig. 8. Gaussian representations of (a) experimental nch. and ET distribu-
tions, (b) nch and ET distributions from the FRITIOF sample and (c) the source
distributions of participants (PN) and of binary collisions (BC). The best-line fits
to the points are indicated in (a) for the region (A' - (X))2/(X)2 < 0.4 (lower half
of the Gaussian is indicated by the dashed line, and the upper half of the Gaussian
is shown by the solid line) and in (c) for the region (A - (A))2/(A')2 < 0.16 (up-
per half of Gaussian only). Filled symbols indicate upper halves of the Gaussians,
whereas the open symbols represent lower halves.
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be seen in the next section, there is a direct relationship between Ex and energy

density (e) distributions, the near-Gaussian tail of the Ex distribution of Fig. 8

implies that the £ distribution will also be nearly Gaussian up to highest values of

e. This implies that it is unlikely that there are events present in the central-event

data sample with anomalously high values of £.

5. ENERGY DENSITIES

As was pointed out in the introduction, reasonable estimates of energy den-

sities attained in nucleus-nucleus collisions may be obtained based on the measured

Ex since transverse energy, presumably, directly reflects the amount of thermal-

ized energy. The major source of uncertainty is associated with the estimate of

the volume in which the observed energy was contained. The most commonly used

method to estimate the energy density is the following relationship first suggested

by Bjorken,4

(1)e =
AT drj

in which the differential transverse energy ^f1- observed at midrapidity is as-

sociated with a differential volume of transverse area A corresponding to the area of

nuclear overlap and thickness T related to the particle formation time. This estimate

has the feature of being a Lorentz invariant valid for the local cm. frame regardless

of whether or not the nuclei are stopped completely. The main disadvantage is that

the presently unknown formation time is simply assumed to be 1 fm/c. Further-

more, the Bjorken method should be applied to dEx/drj distributions which exhibit

a plateau at midrapidity. Such a situation is expected in the extreme relativistic

case, but is not observed at CERN energies. We show estimates of Bjorken energy

densities obtained from our data in Fig. 9.

An alternative method is motivated by the observation that, for central col-

lisions, the total transverse energy observed accounts for a large fraction of the

energy available in the center of mass, and therefore indicates a large degree of

nuclear stopping. In this case an integral estimate of the energy density may be

made as

"MJ1
sinflcm dr)
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where the total available energy has been obtained by integrating the observed ~^-

distribution. While our ET measurements are made only in the forward 77 region,

the data indicate that it is reasonable to assume a gaussian shape of the dET./dr]

distribution for the purpose of integration. The total volume in the center of mass

is given by the transverse area *4 times L, the total Lorentz-contracted length of the

stopped system, as seen in the center-of-mass frame. Some estimates have assumed

4.5

4. -

3.5

3.

~ 2.5
w

E> 1.5
0)

lS 1.

0.5

0.

Volume Average Energy Density
Central collisions

Bjorken vs. clyindrical volume estimates

o : Bjorken

• : L - Lp + LT + 2 Im
• : L • Lp + LT + 4 fm

8 9

D
n

in a o
o

o •

10

1/3 AT
1/3

•

12 14

Fig. 9. Energy density estimates for 200-GeV/nudeon 16O-
and 32S-induced reactions as a function of the total thickness of the
interacting system. The Pb + Pb points are based on an extrapolation
of the observed ET scaling. See the text for a description of the
methods used to make the estimates.

that the initial conditions are such that the smaller projectile is stopped within the

target volume17'18 as suggested many years ago by Landau,19 and have assumed

L to be the contracted target length. It has been shown,s however, that these

estimates lead to unrealistically high energy density values and that the energy

density decreases with increasing thickness of the system, contrary to expectation

based on the observation that the stopped energy fraction is nearly constant but

less than one. As an alternative to Landau stopping, one may combine the integral
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total available energy approach with initial conditions as suggested by Bjorken4 in

which, as in the capacitor-plate analogy, after passing through one another, the

receding nuclei are nearly stopped due to the energy stored in the intervening color

fields. In this case the appropriate total length can be taken as the sum of projectile

and target lengths plus the intervening stopping distance X5. The dependence of

this energy density estimate on the total nucleon thickness Ap + Aip is shown in

Fig. 9 for Ls values of 2 fm and 4 fm. A stopping distance of Ls = 4 fm gives

values consistent with those obtained for a 1 fm/c formation time at about 2-3

GeV/fm3 for the heavy systems. This is similar to recent calculations.20 It can be

seen in Fig. 9 that both the integral and differential estimates assuming Bjorken-

type initial conditions show a systematic increase with increasing thickness of the

system, as might be expected for overlapping color strings, and that the average

energy density obtained by these methods is not expected to increase significantly

for reactions of Pb + Pb. As is shown below, however, the core energy density is

expected to increase substantially with increasing projectile mass.

Radial Energy Density Profile (A=1fm)
Central collisions on Au (b=0)

•10. -7.5

Radius RT (fm)

Fig. 10. The estimated energy density profile for zero impact
parameter collsions of 0, S, and Au on Au at 200 GeV/nucleon based
on Eq. 1 and the observed scaling of the transverse energy.
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In addition to the observation discussed in Section 3, that the total J5:r/participant

is constant when integrated over the forward pseudorapidity region 2.4 < r) < 5.5, it

is similarly found that *fT /participant is also constant with a value of about

1 GeV/participant for all systems and impact parameters. Using this information

we may generalize Eq. 1 and calculate the radial energy density profile according

to the participant nucleon profile. The result is shown in Fig. 10 for zero impact

parameter collisions of 0 , S, and Au on Au at 200 GeV/nucleon. The comparison

between the different systems is now much more dramatic than the volume-average

comparison of Fig. 9, in that one expects a 30% higher central energy density for

Au projectiles. In fact, it is seen that if the energy density necessary for the phase

transition corresponds to 3 GeV/'fm3, then central collisions of Au nuclei would

result in a cylindrical volume having a diameter of about 10 fm with an energy

density significantly above the critical value, while other systems would not produce

energy densities in the critical range.

6. TRANSVERSE MOMENTUM DISTRIBUTIONS
OF NEUTRAL PIONS

The primary purpose of the single-arm photon spectrometer SAPHIR is to

measure the spectra of direct photons which may be emitted from the QGP. Pho-

tons and other electromagnetic probes, because of their noninteracting nature, are

believed to be the best tools with which early reaction stages can be explored.

The direct photon spectra can be extracted from the data only after the very large

number of photons produced by decaying neutral pions and 77 mesons have been

accounted for. This procedure is very complicated, and the final result is very sen-

sitive to a number of factors such as acceptance, shower identification, and neutral

pion reconstruction. The direct photon spectra that we have obtained to date3 '11

are too preliminary to be included here, and are in the process of being reevaluated.

Somewhat less sensitive to the factors mentioned above are the spectra of

neutral pions which are obtained by invariant mass reconstruction. Results have

been presented in Ref. 10. Neutral pion distributions obtained from the 16O + Au

reaction at 200 GeV/nucleon are shown in Fig. 11 as a function of transverse mo-

mentum, PT, for two different ranges of collision centrality. Exponential fits in

the transverse momentum range 0.8 < py < 2 GeV/c are also shown. The slope

parameters, T, are 189 ± 5 MeV/c for peripheral and 220 ± 5 MeV/c for central
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collisions, respectively. The slopes are extrapolated to higher and lower pr regions.

The following three main features of the data are to be noted: (1) Over most of

the pr range, the value of the slope parameter is significantly higher for central

collisions than for peripheral collisions; (2) in the low px region lower values of the

slope parameter are observed than in the central p? region, but only in the case of

u
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Fig. 11 . Invariant ir° cross sections from collisions of 200-
GeV/nucleon 16O projectiles with Au target nuclei measured in the
pseudorapidity range 1.5 < r\ < 2.1 for different ranges of the energy,
EZDC, measured in the Zero-Degree Calorimeter. The squares corre-
spond to central collisions and the circles to peripheral collisions. Ex-
ponential functions are fitted to the spectra in the range 0.8 < pr < 2
GeV/c and are extrapolated to the full pT range as indicated by the
dashed lines.
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central collisions; and (3) at high pr values, no change is observed in the slope

parameter for central collisions, while peripheral collisions exhibit a clear deviation

from central px slope parameters to much higher values. This last behavior is

similar to that observed in the data of p + p collisions at similar energies. It is

attributed to the onset of hard QCD scattering, which is, presumably, obscured

by nuclear effects in central collisions. At lower values of p? tiie changing of the

slope parameter with centrality can be understood on the basis of a hydrodynamic

model with isotropic expansion of a fireball.21 The increased cross section at low px

values in central collisions (see above and Fig. 11) is described in a thermodynamical

picture as being a consequence of the rescattering of secondary pions.22

7. SUMMARY

The following main points have been made:

1. The broad features of measured transverse energy distributions are determined

by the collision geometry.

2. The transverse energy per participating baryon produced in the pseudorapidity

range from 2.4 to 5.5 has a value of about 2 GeV and does not vary significantly

with projectile mass, target mass, or collision centrality.

3. ET and nc/, distributions are determined primarily by source distributions.

4. Either the number of participants or the number of binary collisions can be used

to characterize ET and nch, distributions.

5. When limited 77 regions are considered, the stochastic nature of the sources will

broaden the observed ET and nc^ distributions. Observed local distributions

are determined by global ones.

6. Volume-averaged energy densities increase with increasing projectile energy but

not significantly with increasing projectile size.

7. Energy densities attained in the central core do increase, with projectile size.

8. Slope parameters of neutral pion transve: ;,e momentum spectra have higher

values for central than for peripheral events

9. Peripheral-collision neutral pion spectra display a marked change of slope at

high values of transverse momenta in contrast to central-collision spectra.
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