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Abstract

Employing a 3790 module lead-glass photon spectrometer the production of
neutral pions, eta-mesons, and single photons has been studied in the interac-
tion of 200 AGeV 328 projectiles with a Au target. Transverse momentum spec-
tra of 0 have been measured for 0.3 < p; < 4.0 GeV/c and different classes
of event centralities. The shape of the differential invariant cross section in
peripheral S 4 Au collisions is similar to that of minimum-bias pA-interactions
but a strong nuclear enhancement is observed at large values of p, in central
S + Au reactions. The production of 7 mesons is found to be in agreement
with m | -scaling when compared to 79 mesons. Very preliminary results on
single photon to 70 yields are presented and their experimental uncertainty is
discussed.

1 Introduction

The primary motivation for studying high-energy heavy-ion collisions at the CERN-
SPS and Brookhaven-AGS accelerators is to investigate nuclear matter under condi-
tions of extremely high densities and temperatures. Theoretical calculations predict
that under such conditions hadronic matter might undergo a phase-transition to a
new form of matter. the quark-gluon plasma (QGP), in which quarks and gluons
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are deconfined over an extended volume [1]. Although the exact nature of such a
phase-transition is still not without controversies, there 1s much interest in detecting
appropriate signals of the expected new state of matter. A big obstacle in this effort
is the complicated space-time evolution of the hot fireball. because the subsequent
hadronization tends to mask the signal from the QGP phase. Among the various
suggested signals thermal lepton pairs and direct photons share the advantage of
acting as very clean probe of the plasma, because they interact only via the elec-
tromagnetic force and thus escape from the early high density stage without being
disturbed by the later hadronization.

Direct photons have been measured at large transverse momenta (p1 =<
3 GeV/c) by various experiments using different beam particles (7%.p.p) and tar-
gets (p, nucleus) [2]. In these interactions their production arises from single hard
processes and their yield can be calculated within the framework of pertubative
QCD by employing experimentally measured hadronic structure functions (3, 4]. In
case of a QGP, thermal direct photons are expected from the same kind of elemen-
tary processes, i.e. from quark-gluon Compton scattering (g9 — ¢7v,¢9 — ¢v) and
quark-antiquark annihilation (¢¢ — ¢-v). Their yield can be calculated in a similar
way by integrating over the space-time history of the plasma phase [5, 6, 7, 8] and
is expected to scale with the square of the number of charged particles and the cube
number of the initial temperature of the system. This “black-body radiation” of
the plasma is expected to dominate the region below p; =~ 3 — 4 GeV/c. However,
very recently it has been argued that also a hadron gas of sufficiently high tem-
perature will radiate a substantial amount of photons [9] via processes of the kind
hh — h~. The most abundant source of photons with sufficiently high energy is
the 7p — 7+ reaction with an intermediate virtual = or p or 4;(1260), with the
latter one pointed out in Ref. [10]. The yield of such single photons together with
those arising from 77 — pvy and from radiative decays of higher resonances, e.g.
w — 7%, n — p%y,ny may dominate over the single photons from the plasma at
pr S 1GeV/e, thus leaving an appropriate window for thermal photons from the
plasma in the transverse momentum range 1.0 < p; < 4GeV/c [11]. The standard
sources of single photon production and the ingredients of theoretical calculations
are sketched in Table 1.

The WASO collaboration has concentrated on the measurement of single pho-
tons by a large acceptance lead-glass array. Since most of the observed photons arise
from the 70 — v~ and n — ¥ decay, a careful investigation of these photon sources
is required. The measurement of high precision transverse momentum distribu-
tions of produced particles, however, is interesting in its own right as ever since
the discovery of hard scattering processes at the CERN ISR [12] p, spectra have
heen proven a valuable tool in the study of the properties of the compressed and
highly excited reaction zone. To distinguish different contributing processes to par-
ticle production and to provide a reliable basis for comparisons with p+p or p+ 4
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scattering, a large py coverage is required. In particular, data at high p, values,
where hard or semi-hard processes become important and may be calculated by
pertubative QCD, are of great interest. Also, there is still an unsettled discussion
on the existence of a low-p, enhancement in nuclear reactions [13]. The present
investigation of identified 7%’s has therefore concentrated on the transverse momen-
tum range 0.3 < p; < 4.0 GeV/c and on selections of the data according to the
centrality of the reaction. Previous results on a related analysis based on O + Au
data at 200 GeV/c have been reported in Refs. [14, 15].

2 Experimental Setup and Data Reduction

The experiment has been performed at the CERN SPS using the WA80 setup as
shown in Fig. 2. Compared to the previous runs with '®O ions, the distance of the
photon detector to the target has been increased to 9 m. Furthermore, the Saphir
detector which comprises 1278 lead-glass modules [16] has been extended by two
towers with 1256 modules each. In the present setup the experimental coverage
subtends 2.1 < < 2.9. Two layers of larrocci-type streamer tube detectors with
pad readout [17] are used as charged particle veto-detector to reduce the background
of charged hadrons in the photon sample. The combined efficiency of both planes
is close to 98 %. The trigger and event selection is obtained by means of a uranium
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Table 1: Sources of single photon production in AA collisions.




scintillator sampling calorimeter located at zero degree [18], accompanied by an iron
scintillator calorimeter located at mid-rapidity [19].

The data processing and in particular the reconstruction of 7° and 1 mesons
by invariant mass analysis has been described in detail in Ref. [16]. A new and fast
photon and hadron identification method based on the lateral profile of the observed
showers in the calorimeter has been developed over the past two years. Particular
attention is paid to the additional complications arising from the operation of the
detector in the high particle density environment of high energy nuclear collisions.
To identify overlapping showers and to separate photons from accompanied close by
hadrons or other photons, a shower unfolding procedure had to be developed and
was proven to work well down to relative shower distances as close as 1.5 module
units. Details of this procedure and its performance for applications in high energy
heavy-ion reactions are described in Ref. [20].

Among the most important experimental difficulties in measuring single pho-
tons in high energy nuclear collisions is the precise determination of the photon and
7% reconstruction efficiency, ¢, and ¢,0, respectively. The calculation is based on
the actual experimental data and is performed by superimposing single hadronic
and electromagnetic showers on a raw-data level to the measured heavy-ion events.
The additional showers are either generated by the GEANT simulation package and
assuming phase space distributions of the various particles according to the exper-
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Fig. 1: Schematic view of the WARQ setup as of 1990/91.



imental data or are, for reasons of consistency checks, taken from very peripheral
S 4+ Au reactions. The artificial events are processed with the same chain of shower
reconstruction routines as is used for real data events. The photon reconstruction
efficiency is then defined by the ratio of the reconstructed photon spectrum divided
by the known input photon spectrum and is found to depend both on the local par-
ticle density and on the transverse momentum of the photon. As a typical result for
central S + Au events, an event-by-event correction according to €,( giocal, P, ) leads
to a change of the inverse slope parameter in the inclusive photon p,-distributions
from Toaw = 210 MeV to Teorr = 207 MeV. The systematic and statistical uncertainty
in the photon (and 7°) reconstruction efficiency is found to be approximately 3 %.
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Fig. 2: Two photon invariant mass distributions for 200 AGeV S + Au
collisions. The photon pairs are selected according to their trans-
verse momentum (left panel: 0.2 < p; < 0.4GeV/c, right panel:
1.6 < py < 1.8GeV/c). The two upper graphs represent the original
invariant mass distributions and the lower graphs show the same data
after subtraction of the combinatorial background generated from mixed
events.

Differential cross sections of 7° and 7 mesons are obtained by measuring
their yields above the combinatorial background in invariant mass distributions of
¥y pairs selected according to the variable of interest. A typical example is shown
in Fig. 2 (top), where the yv invariant mass distributions from 200 AGeV S+ Au



reactions are displayed for different p; bins. While there is no particular difficulty in
extracting a 7° signal in the high p, bin. the problem of observing a clear peak and
extracting the corresponding 7° yield above the background is immediately realized
for the low p, bin, i.e. in the region of very large phase space density. However,
a very powerful tool to determine the precise shape (and yield) of the background
under the 7%n) peak is provided by the mixed event method. Here, the invariant
mass distribution is constructed by combining photons from one event with those
from another one of the same global characteristics. The result of such an analysis
is shown in the lower part of Fig. 2 where the difference of the real data and mixed-
event distribution is plotted. The clear structure of the 7° decay is now easily
identified even down to peak/total ratios as low as 0.15 %. In fact, the detectability
in case of non-vanishing geometrical acceptance is in practice only limited by the
statistics of the data sample. In the present data, 7°'s could be identified down to
prL = 0.1GeV/c and 5 mesons down to p; ~ 0.5GeV/c. In case of 7%s there are,
however, at present still rather large systematic uncertainties in this region because
of the poor geometrical acceptance and the influence of the low-energy threshold of
the detector.

3 Results
9.1 7 Transverse Momentum Spectra

Preliminary invariant 7° cross sections for minimum bias, central, and peripheral
S + Au reactions are shown in Fig. 3 as a function of p; . Compared to the previous
O + Au data [14], the new data extend the p, range appreciably and cover now
momenta up 4 GeV/c, allowing a first exploration of the hard scattering domain.
Comparing the shapes of the two distributions in Fig. 3 (left) a remarkable flatten-
ing of the spectra with increasing centrality is observed. This can be verified more
quantitatively by performing simple exponential fits to the data in the transverse
momentum range 0.5 < p; < 2.0GeV/c. The extracted inverse slope parameter
increases from T = 198 MeV /c in peripheral to T = 225 MeV /c in central collisions.
However, the deviation observed between the concave shaped experimental distri-
butions and the extrapolated pure exponential function demonstrates that there
is more information contained in the transverse momentum spectra than just the
inverse slope parameter. T, extracted from a limited p, region. The excess of the
experimental differential cross section over an exponential distribution i1s commonly
referred to as the “low and high p; enhancement”. The high p;, enhancement has
become a well known experimental fact which was first established in high energy
pp [12] and pA reactions [21] where it has been ascribed to hard scattering phe-
nomena [22] and multiple low-momentum scattering of partons inside the nuclear
matter [23], respectively. There is, however, still experimental controversy about
the occurrence of a low p; enhancement, first observed in high energy heavy ion
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Fig. 3: Transverse momentum distributions of 7% measured in

2.1 < n < 2.9 for minimum bias (right), peripheral, and central (left)
200 AGeV S+ Au reactions. The numbers in brackets give the percent-
age of the minimum bias cross section. The solid lines represent results of
exponential fits to the data in the range 0.5 < py < 2.0 GeV/c with the
the inverse slope parameters Teenter = 225 MeV/c and Tperi = 198 MeV/c .
The dashed line is the extrapolation of the exponential to lower and larger
values in py. The dotted curves represent fits according to Eq. 1 with the
parameters given in Table 2. Results of minimum bias pp collisions [12]
are shown for comparison. The right panel shows a comparison of the
data to different model predictions.

reactions (Recent reviews on this topic can be found in Refs. [13, 24, 25]). We would
like to remark that, due to the above given definition by an arbitrarily chosen fit
region of the exponential, there is some arbitrariness not only in the quoted slope
parameters, but also in the quoted strength and in the regions of the low and high
p1 enhancement. This should be kept in mind when comparing such numbers from
different experiments. Furthermore, the reliability and precision of of such a method
suffers from the large extrapolation of an exponential distribution over many orders
of magnitude in cross section by applying fit parameters which are defined by only
very few data points.

As an alternative and more robust approach we have instead analyzed the
the variation of the inverse local slope parameter as a function of p.. Results of
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such an analysis are presented in Fig. 4. In general, a strong increase of the local
slope by approximately 50 % is observed with increasing p,, both for S+ Au and
and for p + p collisions. The largest difference is found between the central and
peripheral S+ Au data where significantly higher slope parameters are measured
in the low and intermediate transverse momentum range of central collisions. At
pL ~ 3GeV/c both data sets approach the largest slope parameter of approximately
Thocal = 260MeV /c. The values of the p+p data closely resemble the peripheral
S + Au data, but are in general slightly lower. *

The results from the numerical analysis of the local slopes are independently
confirmed by fitting an empirical QCD inspired expression [26]

d’o Po )n
E-~—=C |~ 1
dp? (Po +p1 (1)

to the entire p, distribution (p; > 0.5GeV/c). This provides an excellent fit over
the full range of experimental data with the free parameters C. po, and n. Results
of such a fit are included as dotted lines in Fig. 3 (left) and the fit parameters are
compiled in Table 2. again in comparison with the results from p+p and p+ 4
data. Since the fits describe all experimental data points well within their error
bars and without systematic deviations, the local slope can be calculated from the
derivative of Eq. 1, vielding

Tioc = —_—— (2)

n
The ratio po/n thus reflects the slope extrapolated to p; = 0, and 1/n describes the
gradient of the spectral slope per unit bin in p;. Such an analysis (see Tab. 2) yields
within the experimental error bars the same results as discussed above (Fig. 4). The
smooth variation of the parameters when going from p+p to p+ 4, and further
to peripheral and central S+ Au reactions suggests an increasing flattening of the
transverse momentum spectra particularly in the low and intermediate p, region
(7~ 0.5—2GeV/c) and a decreasing gradient of the slope parameter, i.e. the weakest
curvature of the spectra in central heavy-ion reactions.

The importance of measuring spectra of identified particles up to large values
of py is obvious also from a comparison of the data to different model predictions,
as shown in Fig. 3 (right). Disregarding some uncertainties of the absolute cross
sections. which might be due to trigger effects, all three model predictions (VENUS
with and without rescattering [27], and RQMD [28]) agree with the shape of the
experimental distributions up to p; & 2GeV/c. However, large deviations both to
the data and among the models themselves are observed at p; ~ 4 GeV/c. Here,

*In order to allow for such a comparison, the p+ p data were corrected for their slightly higher
center of mass energy (/s = 23 GeV compared to \/s = 19.7GeV in S + Au) by applying an empirical
scaling law extracted from ISR data [12, 13].



Table 2: Parameters obtained from fitting Eq. 1 to experimental data.

System po/n (MeV/c) 1/n(x10%) x*/NDF
200 GeV p+p [12] 13443 35.7€1.2  47.8/36
200 GeV p + Au [14] 164116 27.7£15.5 30.9/13
200 GeV S + Au (peri.) 17046 26.5+4.7 17.6/10
200 GeV S+ Au (centr.) 200+£5 20.9£2.9 31.0/13
200 GeV O + Au (centr.) 187+£11 22.246.8 20.1/22

VENUS without rescattering underestimates the experimental cross section while
RQMD and in particular VENUS with rescattering predicts a too large cross section
by more than one order of magnitude.
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The transverse momentum distributions of different systems can in a model
independent way also be compared by calculating the ratios of spectra. Such a
representation of data has previously been chosen by Cronin et al. [21] to discuss
the nuclear enhancement of p+ .4 over p+p reactions. A similar enhancement
is now observed within the same system. but selecting different regions of impact
parameters as is shown for S+ Au data in Fig. 5. In accordance to the findings
from the local slope parameters, the 7° production from central S+ Au reactions
exhibits a relative enhancement over peripheral S + Au reactions by about a factor
of 4 at large values of p;.
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3.2 1 Meson Production

The yield and spectral shape of 7 mesons is an important ingredient in the calcula-
tion of the direct photon production (see below), and is also an interesting quantity
in its own. The quark composition of the 7 is given by |n) = o(|ut) + |dd)) — B|s3)
with 8 =~ 0.9, i.e. the n meson is a carrier of hidden strangeness and its relative
abundance over 7° mesons provides important information about the chemical com-
position of the compressed and hot matter. Their production has been studied with
the same apparatus by measuring the n — v+ decay. Because of the 2y branching
ratio of 38.9% and the approximately 4-times larger opening angle of the decay
photons, the acceptance is considerably reduced as compared to 7° mesons. Using
the mixed event method described above, an identification could be achieved in
0.5 < p1 < 2.5GeV/c with a typical invariant mass spectrum shown in Fig. 6. The
peak position and its width are well within the expected values.

A preliminary n/7° ratio is presented in Fig. 7 as a function of p, with a typ-
ical invariant mass distribution shown in Fig. 6. The ratio is found to increase with
p1 in accordance with expectations from m | -scaling. The result of a m  -scaling fit
performed to the heavy-ion data points is shown as hatched area. The extrapolated
results are well in agreement with the n/7% ratio extracted from p + C reactions
at the same energy and large values of p; [29] and are of similar experimental

uncertainty.

3.8 Single Photon Production

The direct photon yield — commonly expressed in terms of the v/n%ratio - is ex-
tracted from the measured photon yield N, and 7° yield N,o according to the
expression [2, 15]:
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where ¢,0 and ¢., are the photon and 7° reconstruction efficiencies, respectively, Ageo
is the geometrical acceptance of the detector for s, and R0, R,, and Ry are the
Monte-Carlo calculated ratios of observed background photons from measured 7°

and 1 mesons, and higher (non-measured) resonances, respectively. Such a presen-
tation of data has the advantage that certain experimental errors, e.g. the absolute
cross section normalization, cancel out thus allowing a total experimental sensitive

in the ~/7° ratio of up to 5%.

In case of high heavy-ion reactions where the 7% and n production cross sec-
tions are in principle unknown it is very important to measure those data in the
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same experiment and in the appropriate p; region. Heavier resonances are then to
a large part automatically taken already into account, since the major fraction of
these resonances decays via the 7% or n branch (e.g. ' — 7%7%)) and is therefore
already contained in the measured spectra. Besides the 7° decay the most impor-
tant hadronic photon background is the n — vv decay. These photons amount to
approximately 10 % compared to those from the 7% while the sum of all heavier
resonances contributes on the 1-2 % level. Possible inherent systematic uncertain-
ties when assuming their production cross-sections from different experiments and
reactions are thus suppressed by approximately the same factor.

In Fig. 8 we compare the total yield of background photons, as calculated
by the Monte-Carlo, to the measured inclusive photon yield as a function of p;. In
this very preliminary ratio an excess of photons over the background calculation
is observed at low p;. However, further analysis is still required to estimate the
influence of photon conversion and other remaining effects, like nonlinearities, etc.,
in order to verify this interesting experimental finding.

4 Summary

Impact parameter selected transverse momentum distributions of 7% have been mea-
sured for 200 AGeV S + Au reactions in the pseudorapidity range 2.1 < n < 2.9. The
spectral shape of the invariant 7° cross sections is analyzed (i) by extracting the lo-
cal slope from the spectra, (42) by fitting a formula proposed by Hagedorn, and (i)
by calculating ratios of spectra. All these results clearly demonstrate that simple ex-
ponential fits are inappropriate to describe the concave shaped experimental distri-
butions. At p; ~ 3GeV/c a slope parameter of Tj,. ~ 260 MeV /c is observed for all
systems. In the intermediate transverse momentum range (0.5 < p; < 2.0GeV/c)
we observe a gradual increase of the inverse slope parameter when going from min-
imum bias p + p via minimum bias p + 4 and peripheral S+ Au to central S+ Au
reactions.

String models like VENUS or RQMD provide a rather good description of the
data in the low and intermediate p; range but totally fail in describing the spectra
at p; & 3GeV/c. »

The production of n-mesons is in agreement to expectations from m -scaling
when compared to 7°’s. The preliminary 1/7° ratio extracted from S + Au reactions
and extrapolated to large values of p, is /7% = 0.56 £ 0.07 and is similar to results
from p + C reactions.

A first and very preliminary estimate of the single photon yield is presented
for 200 AGeV S+ Au reactions. Subtracting all known sources of photons, most
abundantly the decay photons from 7° and  mesons a slight excess over the hadronic
background is observed. Single photons from a hadron gas during the mixed phase
would be a natural source of such photons. However, further detailed analyses is



still required and presently underway to reduce the uncertainty in the v/ 7% ratio to
approximately 7% at intermediate p,, enabling us to set constrains on the initial
and critical temperature of the interacting system.
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