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Abstract

A search for the production of direct photons in S+Au collisions at 200-A GeV
has been carried out in the CERN-WAS80 experiment. For central collisions the
measured photon excess at each pr, averaged over the range 0.5 GeV/c < pr <
2.5 GeV/c, corresponded to 5.0% of the total inclusive photon yield with a statistical
error of ogay =0.8% and a systematic error of ogysy =5.8%. Upper limits on the
invariant yield for direct photon production at the 90% C.L. are presented. Possible
implications for the dynamics of high-energy heavy-ion collisions are discussed.
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Directly radiated thermal photons have long been considered an interesting pene-
trating probe with which to study the early phase of the hot and dense matter produced in
ultra-relativistic nucleus-nucleus collisions. Single “direct” photons are expected at high
transverse momentum, pr, from well-known hard QCD processes, but also possibly in the
pr region below several GeV/c due to thermal radiation from the hot dense matter [1].
Since the mean free path of the produced photons is considerably larger than the size
of the nuclear volume, photons produced throughout all stages of the collision will be
observable in the final state. Thus, it is believed that the emitted photons should pro-
vide information about the initial conditions of the hot dense system and thereby provide
evidence for the possible formation of a Quark Gluon Plasma (QGP).

The search for direct photon production in ultra-relativistic nucleus-nucleus colli-
sions has been a major emphasis of the WA80 experiment at CERN. First results from
WAS8O0 found no excess photon yield beyond that attributable to resonance decays in cen-
tral collisions of **0O+4Au at 200-A GeV, setting an upper limit of y4<*/z% < 15% [2].
The preliminary results of the 1990 WAS80 32S+Au photon analysis showed no significant
excess in peripheral collisions, while an excess at about the ~ 2¢ level was seen in central
collisions [3]. Although preliminary, these results have generated a great deal of theoretical
interest [4, 5, 6, 7, 8]. In this Letter we report the final results of the WA80 32S+ Au direct
photon analysis, we compare the final results to theoretical calculations, and discuss the
implications towards the possible formation of a QGP.

The WAS80 experimental setup for the 1990 run period with 200-A GeV 3%S beams
was upgraded from that used for the previous run periods with '¢0O and 32S beams [2, 3, 9].
The direct photon sensitivity for this data set, relative to the *0O data [2], was improved
by several factors [3] including an increased data sample, an increased detector coverage,
a coverage closer to mid-rapidity, and improved analysis techniques. The WAS80 photon
spectrometer consisted of a finely segmented electromagnetic calorimeter composed of
3798 lead-glass modules with photomultiplier tube readout. The lead-glass was arranged
into three independently calibrated arrays, of roughly equal size. Two of the arrays con-
sisted of TF1 lead-glass of 4 cm x 4 cm x 40 cm (15 Xo) [10] deployed as towers to the
left and right of the beam axis. The third array, located below the beam axis, was the
SAPHIR lead-glass detector [11] used in the WA80 *®O run period [2] which consisted of
SF5 lead-glass modules of 3.5 cm x 3.5 cm x 46 cm (18 Xj). The entire photon spectrome-
ter provided coverage of from 1/10 to 1/2 of full ¢ over the rapidity range of 2.1 <y < 2.9.
Immediately in front of the photon spectrometer was a double-layer charged-particle veto
(CPV) counter which covered the lead-glass region of acceptance. Each layer of the CPV
consisted of streamer tubes with charge-sensitive pad readout, with pads of dimension
similar to the lead-glass modules [12].

For the direct photon analysis the total event sample of 6.27 x 10° events was
divided into various centrality classes based on the measured transverse energy. The total
transverse energy was measured in the WA80 mid-rapidity calorimeter [13] which had full
¢ coverage over the pseudo-rapidity range 2.9 < 5 < 5.5 and partial coverage extending to
2.4 < 7. In this Letter, results are presented for the most peripheral events corresponding
to 31% omp and the most central events corresponding to 7.4% oy, with o, = 3600
mb [15]. This central event class corresponds to the complete geometrical overlap of the S
nucleus with the Au target, with an average of 107 participating nucleons (to be compared
to an average of 5.6 participating nucleons for the peripheral event class), in contrast to the
less restrictive centrality condition of 25% oy, used in the preliminary analysis [3, 14, 15].

In the WAS80 experiment, the 7° and 7 yields have been measured simultaneously
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with the inclusive photon yield, ¥°P, via their two-photon decay branches, in the same
pr and rapidity region for each event class used in the excess photon search [9]. This is
essential in order to minimize systematic error due to the known centrality dependence
of the meson pr spectra. In this analysis the direct photon excess is determined on a
statistical basis: once the spectrum of photons expected from background sources, v°%84,
has been calculated based on the measured 7° and 7 yields (which nominally account for

about 98% of 7°%84) with estimates of the small photon contributions from other radiative

excess — ,_yobs o ,_ybkgd
since the large majority of photons observed at a given pr originate from the decay of

decays, one may in principle extract the photon excess as ¥ . However,
7% at nearly the same pr, it is in practice more convenient to work with the ratios
(7/7%)°" and (y/7°)"ked, which are less sensitive to systematic error [2, 3]. Furthermore,
it is useful to study the ratio (y/7°)°?*/(v/7°)*ked which indicates the fraction of photons
observed relative to the expected decay background and should have a value of 1 if there
are no excess photons. (Note: by construction the calculated background 7 yield should
be identical to the measured 7° yield). This ratio is convenient since in this quantity both
statistical and systematic errors are roughly constant over the pr region of interest.

Since the low pr thermal photon excess is expected to be small in comparison to
the known background sources, with likely signal /background ratios of 10% or less [1], it
is imperative to minimize and accurately determine possible sources of systematic error.
As indicated below, it is possible to use the WA80 data sample itself to estimate and limit
most sources of systematic error. For example, the energy dependence of the measured 7°
mass peak has been used to set limits on the non-linearity of the energy scale. The various
sources of systematic error are listed in Table 1 together with estimated upper limits on
their values for the central and peripheral data sets presented in this Letter. Complete
details of the systematic error estimation will be presented in a forthcoming publication.

Individual showers were identified as a cluster of adjacent lead-glass modules with
energy deposit. Overlapping showers were identified and separated using an algorithm
based on finding local maxima and apportioning the energy deposited in each module in
a self-consistent manner [10]; though it is inevitable that some showers will have their
energy modified, or be lost completely, due to the effects of overlap. These effects can,
however, be understood in situ by using the data itself. A large number of showers in the
calorimeter (or pairs of showers) resulting from single particles produced at the target
— including 7, 7°, n, ¥, K%, p, n, P, or @ — were simulated using GEANT v3.15 (the
GEANT simulation parameters were adjusted so that the simulated EM showers matched
test beam results). The energy deposited in each module from these simulated single-
particle events was added to the energies in a real data event, and then both the original
and the superimposed event were put through the identical analysis chain to reconstruct
hits in the detector. Comparison of the reconstructed showers with the input GEANT
particles provided the information necessary for the efficiency determination. Single, sep-
arated showers can be labeled as photons or non-photons using different sets of criteria
of varying restrictiveness. The different photon identification criteria applied were to use:
A) all showers, B) only showers with small lateral profile, C) only showers without an
overlapping hit in either CPV layer, D) only showers without an overlapping hit in both
CPV layers. The different criteria give rise to different photon and 7° identification effi-
ciencies and different background contamination corrections. In a consistent analysis, all
photon identification methods should give the same final result. The variation of the final
result with photon identification method, for both single photon and 7° measurements,
has been used to check for systematic errors in the yield determination.



To determine the efficiency and hadron-contamination-corrected inclusive photon
yield, two different approaches were used, one using the CPV and the other without.
Various cross-checks were also explored, leading to a final estimate for the systematic
uncertainty of the inclusive photon yield measurement of < 2% (see Table 1).

The major source of systematic error in the search for excess photons is the uncer-
tainty in the 7° yield extraction (see Table 1). The yield extraction is complicated by the
large photon multiplicity in nucleus-nucleus collisions which leads to modifications of the
7% mass peak due to shower overlap. This is simultaneously accompanied by a decreasing
7% peak-to-background ratio resulting from the increasing number of two-photon com-
binatorial background pairs. The centrality dependent combinatorial background in the
two-photon mass distribution has been determined by an event-mixing method in which
photon pairs are combined from artificial events which have been produced by taking
photons from different unrelated events of the same event class. This event-mixed mass
distribution closely resembles the shape of the combinatorial background distribution in
both m,., and pr. Still, in order to accurately match the combinatorial background distri-
butions, it was found necessary to apply a small correction to the event-mixed distributions
by multiplying by a weakly linear function in m,, and pr. Typically this correction was
less than 0.5% over the w° mass fit region.

Fig. 1 shows the ratio (y/7°)°®*/(y/n°)*&d as a function of pr for peripheral and
central collisions in 200-A GeV 32S+Au reactions. The final result, shown by the filled
circles, has been obtained with the 7° yield determined with all identified showers con-
sidered to be photons (photon identification method A) above). The variation of the final
result with the photon identification method used in the 7° yield extraction is shown by
the open points for the case of central collisions. This variation, in which the 7° identi-
fication efficiency varies by more than a factor of two, gives an indication of the level of
systematic error which may be attributed to the 7° yield extraction (see Table 1). The
total systematic error estimate is corroborated by the results of an independent com-
plete v and 7° analysis shown by the light-shaded squares. This analysis was performed
without use of the CPV and featured independent methods and calculations of yields,
efficiencies, and backgrounds. A fit to the final ratio with a constant value over the range
0.5 GeV/c < pr < 2.5 GeV/c gives an average direct photon excess over background
sources of 3.7% + 1.0% (statistical) +4.1 (systematic) for peripheral collisions and an
excess of 5.0% + 0.8% (statistical) +5.8% (systematic) for central collisions. These data
are on average consistent within 1o with no direct photon excess in both peripheral and
central collisions. The larger statistical errors and smaller pr coverage for the peripheral
event class is a result of the much lower photon multiplicity. The difference between the
preliminary WAB80 result [3] and the present, final result is attributed to the above noted
difficulties in the 7° yield extraction.

The preliminary WAS80 direct photon result generated a great deal of theoretical
attention with various hydrodynamical model calculations [4, 5, 6, 7, 8]. Most of the model
calculations were able to fit the preliminary WAS80 photon excess yield under various,
rather standard QGP formation scenarios [5, 6, 7, 8]. Calculations were also presented
for scenarios in which a QGP did not form, and these over-predicted the observed excess
photon yield [5, 7] (the greater magnitude in non-QGP scenarios is due to the higher
initial temperature resulting from the fewer degrees of freedom in the hadronic matter).

Both of these qualititative observations remain true in light of the final result. With
knowledge of the measured excess photon yield, and using the statistical and systematic
errors of the measurement summed quadratically, an upper limit can be calculated at each



pr for the excess photon yield per event. Upper limits, at the 90% confidence level, on the
invariant yield of excess photons per central ®2S+Au collision are shown in Fig. 2. These
limits are similar in magnitude to the excess photon yields reported in the preliminary
analysis; accordingly, the theoretical predictions of the scenarios with QGP formation
remain consistent with the final upper limits, while the predictions of the scenarios without
QGP formation, that is, with few hadronic degrees of freedom, remain ruled out by the
final upper limits.

This can be seen in Fig. 2 where the upper limit data are compared with the
calculations of Ref. [5] for both the QGP and pure hadron gas scenarios, and with the
pure hadron gas calculations of [7]. While no prediction for direct photon production can
be considered definitive at the present time, the present upper limits on direct photon
production rule out a simple thermal hadron gas description of the 32S+Au collision within
the context of these particular model calculations. It will be important to compare the
upper limits with predictions of non-thermal models such as cascade calculations.
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Figure 1: The ratio (y/7°)°P*/(v/7°)"%84 as a function of transverse momentum for periph-
eral and central collisions of 200-A GeV 32S+Au. The errors on the data points (shown for
the solid points only) indicate the statistical errors only. The shaded regions indicate the
total estimated pr-dependent systematic errors which bound the region corresponding to
no photon excess.
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Figure 2: Upper limits at the 90% confidence level on the invariant excess photon yield
per event for the 7.4% o, most central collisions of 200-A GeV 32S+Au. The solid curve
is the calculated thermal photon production expected from a hot hadron gas taken from
Ref. [5]. The dashed curve is the result of a similar hadron gas calculation taken from
Ref. [7]. The dotted curve is the calculated thermal photon production expected in the
case of a QGP formation also taken from Ref. [5].



Table 1: Various sources of systematic error in the WA80 200-A GeV 32S+Au direct photon
analysis specified as a percentage of (y/7°)°?*/(v/n°)"ked. The dependence of the errors
on pr is indicated.

Source of Error Peripheral Collisions (31% o) Central Collisions (7.4% omp)
pr < 1.5GeV/e pr >1.5GeV/c pr <1.5GeV/ec pr > 1.5GeV/c
~ reconstruction efficiency 1.0 1.0 2.0 2.0
70 yield extraction and efficiency 2.0 3.0 4.0 5.0
Detector acceptance* 0.5 0.5 0.5 0.5
Energy non-linearity* 2.0 1.0 2.0 1.0
Binning effects™ 1.0-0.0 0.0 1.0-0.0 0.0
Charged vs. neutral shower separation® 1.0 1.0 1.0 1.0
+ conversion correction™ 1.0 1.0 1.0 1.0
Neutrons 1.5 0.5 1.5 0.5
Other neutrals, e.g. 7, K% 1.0 0.5 1.0 0.5
n/m ratio, ms-scaling 1.5 1.5 1.5 1.5
Other radiative decays 0.5 0.5 0.5 0.5
Total: (quadratic sum) 4.2 4.0 5.7 5.9



