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Centrality Dependence of Neutral Pion Production in158A GeV 208Pb 1 208Pb Collisions
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The production of neutral pions in158A GeV 208Pb 1 208Pb collisions has been studied in the WA98
experiment at the CERN Super Proton Synchrotron (SPS). Transverse momentum spectra are studied
for the range0.3 # mT 2 m0 # 4.0 GeVyc. The results for central collisions are compared to various
models. The centrality dependence of the neutral pion spectral shape and yield is investigated. An
invariance of the spectral shape and a simple scaling of the yield with the number of participating
nucleons is observed for centralities with greater than about 30 participating nucleons. This is most
naturally explained by assuming an equilibrated system. [S0031-9007(98)07532-2]
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Ultrarelativistic heavy-ion collisions produce dens
matter which is expected to be in the form of a de
confined phase of quarks and gluons, or quark glu
plasma (QGP), at sufficiently high energy densities. T
transverse momentum spectra of produced pions c
provide information on both the initial and the final stat
properties of the hot hadronic matter. The lowpT pion
production would dominantly reflect the temperature
the hadronic system at the freeze-out stage occurring l
in the reaction. It is strongly influenced by rescatterin
among the final state hadrons. The highpT pion produc-
tion is expected to be dominated by hard scattering of t
partons. In pA collisions the highpT region is known to
be enhanced (Cronin effect [1]) due to initial state scatte
ing of the incident partons leading to a broadening of the
incoming pT . In AA collisions, many of the scattered
partons must traverse the excited matter to escape
therefore may undergo additional rescatterings and ene
loss [2]. In the case of significant parton rescattering, t
parton distributions may approach thermal distribution
with a temperature reflecting the initial state of the excite
matter. The intermediatepT region of the pion spectrum
might then reflect this initial temperature. Indeed, on
of the earliest signatures of QGP formation, propos
by Van Hove [3], was the observation of a saturation
the average transverse momentum with increasing ene
(or entropy) density for systems excited just above t
critical energy density. With increasing energy densit
the initial temperature would not rise above the critic
temperature until all of the latent heat of the QQP pha
transition had been extracted.

For these reasons it is of interest to study the ce
trality dependence of the pion production. It is gene
ally believed that the initial energy density increases wi
increasing centrality, due to the many overlapping inte
actions. Also, the volume of the excited matter increas
with centrality, as well as the amount of rescatterin
Since rescattering is the feature which distinguishesAA
collisions nontrivially frompp collisions, and since sig-
nificant rescattering is a prerequisite for thermalizatio
it is imperative to demonstrate an understanding of t
centrality dependence of theAA results in order to un-
derstand the effects of rescattering. While those effe
may be minor on extensive observables, like the partic
multiplicity or transverse energy, they should be most ev
dent on the momentum distribution of the produced pa
ticles. Recently it has been argued that a parton casc
description could successfully describe many of the fe
tures of central Pb1 Pb collisions at the CERN Super
Proton Synchrotron (SPS) energies [4]. Surprisingly, lo
momentum transfer soft parton collisions were found
have little influence on the final observables. Similarl
recent perturbative QCD calculations were able to repr
duce the preliminary WA98 neutral pion result for centra
collisions [5,6] without need for the effects of parton en
ergy loss or rescattering [7]. In this Letter we prese
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neutral pion spectra for158A GeV 208Pb 1 208Pb colli-
sions and investigate in detail the centrality dependen
of the spectral shape and yield.

The CERN experiment WA98 [5,8] consists of large
acceptance photon and hadron spectrometers toget
with several other large acceptance devices which allo
one to measure various global variables on an event-b
event basis. The results presented here were obtain
from an analysis of the data taken with Pb beams
1995 and 1996. The minimum bias (min-bias) reaction
ssmin -bias ø 6300 mbd are divided into eight centrality
classes using the transverse energyET measured in the
MIRAC calorimeter. In total,ø9.6 3 106 reactions have
been analyzed.

Neutral pions are reconstructed via theirgg decay
branch using the WA98 lead-glass photon detecto
LEDA, which consisted of 10 080 individual modules
with photomultiplier readout. The detector was locate
at a distance of 21.5 m from the target and covered th
pseudorapidity interval2.35 , h , 2.95. The measure-
ment of neutral pions, though difficult at low transverse
momenta, is superior to those of charged pions at hig
momenta because of the improving energy resolution
the calorimetric measurement.

The general analysis procedure is similar to that use
in the WA80 experiment and described in [9]. Hits in
the lead-glass detector are combined in pairs to provid
distributions of pair mass vs pair transverse momentu
(or transverse mass) for all possible combinations. Su
traction of the combinatorial background is performed us
ing mixed event distributions. The resulting momentum
distributions are corrected for geometrical acceptance a
reconstruction efficiency. The efficiency depends on th
particle occupancy in the detector and therefore has be
calculated independently for each centrality bin. The sy
tematic error of the pion yields is mainly due to errors in
the reconstruction efficiency for central collisions and t
corrections for nontarget interactions for peripheral colli
sions. The systematic error on the absolute yield isø10%
and increases sharply belowpT  0.4 GeVyc. An ad-
ditional systematic error originates from the uncertaint
of the momentum scale of 1%. The influence of thi
rises slowly for higherpT and leads to an error of 15%
at pT  4 GeVyc. A detailed discussion of the analysis
procedure and the error contributions will be given in
forthcoming publication.

The measured neutral pion spectrum from centr
Pb 1 Pb reactions (10% of min-bias cross section) as
function of mT 2 m0 is shown in Fig. 1. The data are
compared to predictions of the string model Monte Carl
generatorsFRITIOF 7.02 [10] and VENUS 4.12 [11]. As
already observed in S1 Au reactions [9], both generators
fail to describe the data well at largemT . The FRITIOF

prediction is more than an order of magnitude lowe
at high mT while VENUS significantly overpredicts the
data. Alternatively, it has recently been shown tha
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FIG. 1. Transverse mass spectra of neutral pions in cen
collisions of 158A GeV Pb1 Pb. Invariant yields per event
are compared to calculations using theFRITIOF 7.02 [10] and
VENUS 4.12[11] Monte Carlo programs. Predictions of a pQCD
calculation [7] are included as a solid line. The inset show
the ratios of the results of the Monte Carlo codes to th
experimental data.

perturbative QCD (pQCD) calculations, including initia
state multiple scattering and intrinsicpT [7], are able
to describe the preliminary WA98 data at intermedia
and highpT . This prediction is included in Fig. 1 as a
solid line. (The results shown have been corrected
a small numerical error by the author of [7] and hav
changed byø10% 30% compared to the publication.)
The pQCD calculation shows a very good agreement
the highmT region. This surprising agreement has bee
interpreted as an indication for unexpectedly small effec
of parton energy loss [7]. On the other hand, the part
cascade Monte Carlo code,VNI, which provides a more
detailed pQCD description, overpredicts the measur
WA98 result by more than a factor of 10 at largepT [4].
In an alternative picture, hydrodynamical description
(see, e.g., [12]) with properly adjusted parameters c
describe the momentum spectra reasonably well.

In view of the above discussion and the difficulty t
describe the details of the neutral pion spectrum, it
apparent that the theoretical description of ultrarelativis
nucleus-nucleus collisons remains uncertain. In order
demonstrate a consistent description of nuclear effects i
important to investigate the details of the pion productio
as a function of the system size. To study the central
dependence of the spectral shape in a manner which
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independent of model or fit function we have used th
truncated mean transverse momentumkpT spmin

T dl, where

kpT spmin
T dl 

√Z `

pmin
T

pT
dN
dpT

dpT

, Z `

pmin
T

dN
dpT

dpT

!
2 pmin

T . (1)

The lower cutoff pmin
T  0.4 GeVyc is introduced to

avoid systematic errors from extrapolation to lowpT and
has been chosen according to the lowestpT of the present
data where systematic uncertainties imposed by the n
essary corrections are still small. In general, the value
kpT spmin

T dl differs from the true averagepT , except in the
case of a purely exponential distributiondsydpT . For
a purely exponential invariant cross section,d2sydp2

T ,
kpT spmin

T dl decreases with increasingpmin
T .

Figure 2 showskpT spmin
T dl as a function of the aver-

age number of participantsNpart for 158A GeV 208Pb 1

Pb collisions. For comparison,kpT spmin
T dl values for

200A GeV S1 Au [9] and from a parametrization ofpp
data [13] are also included.Npart is extracted by the
assumption of a monotonic relation between impact p
rameter and transverse energy and using the resulting c
respondence between measured cross section and im
parameter. The average number of participants is calc
lated from nuclear geometry using the extracted impact p
rameter. Together these data show the general trend o
rapid increase ofkpT spmin

T dl compared topp results for
small system sizes. ForNpart greater than about 30 the
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FIG. 2. Truncated mean transverse momentumkpT spmin
T dl of

p0 mesons as defined by Eq. (1) plotted as a function
the average number of participantsNpart. The solid circles
correspond to the 8ET based centrality selections for Pb1

Pb. The open square showskpT spmin
T dl extracted from a

parametrization ofpp data scaled to the same c.m. energy [13
the open circles the results for S1 Au collisions at200A GeV
[9]. For comparison, results fromVENUS 4.12[11] are included
as histograms for Pb1 Pb collisions and as a star forpp. A
cut parameterpmin

T  0.4 GeVyc was used.
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mean transverse momentum appears to attain a limit
value ofø280 MeVyc2. [The variation ofkpT spmin

T dl has
been studied for values ofpmin

T  0.2 1.0 GeVyc. The
saturation is always observed; the statistical significan
however, decreases with increasing threshold.]VENUS 4.12

[11] calculations show a qualitatively similar behavior, bu
underpredict the present data, as well as thepp data. The
simple implementation of rescattering which is used in th
model seems to be strong enough to lead to a saturation
semiperipheral collisions as in the experimental data. O
should, however, keep in mind thatVENUS 4.12 does not
correctly describe pion production at highpT (see Fig. 1).

Earlier investigations of the dependence ofkpT l of
pions on system size [9,14,15] at SPS energies ha
suggested such a saturation for large systems. The pre
study is the first investigation of the dependence with P
ions at the SPS. Preliminary results from the AGS ha
indicated a weak increase in the averagemT of pions with
the number of participants for Au1 Au collisions [16].

It is important to note that the observed limiting
behavior is very different from the observations inpp
or pp collisions. For very high energieskpT l rises with
the pseudorapidity density of charged particles [17–2
In that case, more violent parton scatterings presuma
result in a harder spectrum of leading particles togeth
with a greater multiplicity of fragmentation products
This would lead to the observed correlation betweenkpT l
and multiplicity. At lower

p
s, comparable to the data

presented here,kpT l decreases for increasing multiplicity
[21], most likely due to energy conservation. In the ca
of nuclear reactions, this anticorrelation is lost due
the large number of binary collisions. Instead, the initi
increase ofkpT spmin

T dl with Npart is interpreted as a result
of multiple scattering. Initial state multiple scattering, a
suggested as an explanation for the Cronin effect [
would imply a continuing increase ofkpT spmin

T dl for
more central collisions. Here, however, the surprisin
observation is that additional multiple scattering, implie
by increasingNpart, does not alter the pion distributions
This is most easily understood as a consequence of fi
state rescattering and is, of course, the behavior expec
for a thermalized system.

More detailed information about the centrality depen
dence of the pion spectral shape and yield is shown
Fig. 3 where the neutral pion yield per event has been p
rametrized asEd3Nydp3 ~ N

as pT d
part s0spT d. The results

for Npart . 30 are well described by this scaling with an
exponentaspT d ø 1.3, independent ofpT . Consistent
with the previous discussion, the results indicate a co
stant spectral shape over the entire interval of measu
ment from 0.5 , pT , 3 GeVyc. The observedN

4y3
part

scaling for symmetric systems implies a scaling with th
number of nucleon collisions, as confirmed by a sim
lar analysis. However, this scaling does not extrapola
from the pp results. On the contrary, when comparin
semiperipheral Pb1 Pb collisions withpp the exponent
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a varies over the entirepT interval, confirming the very
different spectral shapes.

In summary, we have analyzed the centrality depe
dence of high precision transverse momentum spectra
neutral pions from158A GeV Pb1 Pb collisions. The
neutral pion spectra are observed to show increas
deviation frompp results with increasing centrality, indi-
cating the importance of multiple scattering effects. How
ever, for centralities with more than about 30 participatin
nucleons, the shape of the transverse momentum sp
trum becomes invariant over the interval0.5 , pT ,

3 GeVyc. In this interval the pion yield scales likeN1.3
part,

or like the number of nucleon collisions, for this rang
of centralities. Since the amount of rescattering increas
with centrality, the invariance of the spectral shape wi
respect to the number of rescatterings, most naturally s
gests a dominantly thermal emission process. It will b
important to determine whether cascade models which
produce the observed invariant spectral shape will supp
the interpretation as an “effective” thermalization due
significant rescattering.
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