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Limits on the Production of Direct Photons in 200A GeV 32S + Au Collisions
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A search for the production of direct photons intSAu collisions at2004 GeV has been carried
out in the CERN-WAB80 experiment. For central collisions the measured photon excess airgeach
averaged over the range5 = pr =< 2.5 GeV/c, corresponded to 5.0% of the total inclusive photon
yield with a statistical error obry,, = 0.8% and a systematic error @f,,,, = 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. [S0031-9007(96)00150-0]

PACS numbers: 25.75.Dw

Directly radiated thermal photons have long been conthese results have generated a great deal of theoretical in-
sidered an interesting penetrating probe with which tderest [4—8]. In this Letter we report the final results of
study the early phase of the hot and dense matter producéide WA8032S + Au direct photon analysis, we compare
in ultrarelativistic nucleus-nucleus collisions. Single “di- the final results to theoretical calculations, and discuss the
rect” photons are expected at high transverse momenturmplications towards the possible formation of a QGP.
pr, from well-known hard QCD processes, but also pos- The WA80 experimental setup for the 1990 run pe-
sibly in the pr region below several Gei due to ther- riod with 2004 GeV *2S beams was upgraded from that
mal radiation from the hot dense matter [1]. Since theused for the previous run periods wittO and*’S beams
mean free path of the produced photons is considerablf2,3,9]. The direct photon sensitivity for this data set, rela-
larger than the size of the nuclear volume, photons protive to the'O data [2], was improved by several factors [3]
duced throughout all stages of the collision will be observ4including an increased data sample, an increased detector
able in the final state. Thus, it is believed that the emitteccoverage, a coverage closer to mid-rapidity, and improved
photons should provide information about the initial condi-analysis techniques. The WAB80 photon spectrometer con-
tions of the hot dense system and thereby provide evidencgsted of a finely segmented electromagnetic calorimeter
for the possible formation of a quark gluon plasma (QGP)composed of 3798 lead-glass modules with photomultiplier

The search for direct photon production in ultrarelativis-tube readout. The lead glass was arranged into three inde-
tic nucleus-nucleus collisions has been a major emphasRendently calibrated arrays, of roughly equal size. Two of
of the WA80 experiment at CERN. The first results fromthe arrays consisted of TF1 lead-glasstafim X 4 cm X

WAB8O found no excess photon yield beyond that attribut4 ¢m (15Xo) [10] deployed as towers to the left and right
able to resonance decays in central collision$6f + Au  of the beam axis. The third array, located below the beam

at200A GeV, setting an upper limit ofdirct /70 < 15% axis, was the SAPHIR lead-glass detector [11] used in the
[2]. The preliminary results of the 19090 WA8®S + Au ~ WAB80 '°O run period [2] which consisted of SF5 lead-
photon analysis showed no significant excess in periphdlass modules d.5 cm X 3.5 cm X 46 cm (18Xo). The
eral collisions, while an excess at about th@s level  entire photon spectrometer provided coverage of fﬁ%m
was seen in central collisions [3]. Although preliminary, to % of full ¢ over the rapidity range o.1 = y =< 2.9.
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Immediately in front of the photon spectrometer was ap; originate from the decay of"'s at nearly the same
double-layer charged-particle veto (CPV) counter whichpr, it is in practice more convenient to work with the
covered the lead-glass region of acceptance. Each layer aitios(y/7°)°? and(y/#7°)®%ed, which are less sensitive
the CPV consisted of streamer tubes with charge-sensitii® systematic error [2,3]. Furthermore, it is useful to
pad readout, with pads of dimension similar to the leadstudy the ratio(y/7°)°%/(y/#%)"ed which indicates
glass modules [12]. the fraction of photons observed relative to the expected

For the direct photon analysis the total event samplelecay background and should have a value of 1 if there
of 6.27 X 10° events was divided into various centrality are no excess photons.
classes based on the measured transverse energy. Theince the lowpy thermal photon excess is expected to
total transverse energy was measured in the WA80 midbe small in comparison to the known background sources,
rapidity calorimeter [13] which had fuldb coverage over with likely signal/background ratios 0t0% or less [1],
the pseudorapidity rang®9 < n =< 5.5 and partial cov- it is imperative to minimize and accurately determine
erage extending t@.4 = 5. In this Letter, results are possible sources of systematic error. As indicated below,
presented for the most peripheral events corresponding tbis possible to use the WA80 data sample itself to estimate
31% omp and the most central events corresponding t@and limit most sources of systematic error. For example,
7.4% oy, With o, = 3600 mb [14]. This central event the energy dependence of the measur€dnass peak has
class corresponds to the complete geometrical overlap difeen used to set limits on the nonlinearity of the energy
the S nucleus with the Au target, with an average of 10%&cale. The various sources of systematic error are listed in
participating nucleons (to be compared to an average ofable | together with estimated upper limits on their values
5.6 participating nucleons for the peripheral event class)or the central and peripheral data sets presented in this
in contrast to the less restrictive centrality condition oflLetter. Complete details of the systematic error estimation
25% omp Used in the preliminary analysis [3,14,15]. will be presented in a forthcoming publication.

In the WA80 experiment, ther® and 7 yields have Individual showers were identified as a cluster of adja-
been measured simultaneously with the inclusive photorent lead-glass modules with energy deposit. Overlapping
yield, y°, via their two-photon decay branches, in theshowers were identified and separated using an algorithm
samepr and rapidity region for each event class used inbased on finding local maxima and apportioning the en-
the excess photon search [9]. This is essential in ordegrgy deposited in each module in a self-consistent manner
to minimize systematic error due to the known centrality[10], though it is inevitable that some showers will have
dependence of the mesgni spectra. In this analysis the their energy modified, or be lost completely, due to the
direct photon excess is determined on a statistical basigffects of overlap. These effects can, however, be under-
once the spectrum of photons expected from backgrounstoodin situby using the data themselves. A large number
sourcesy *2d has been calculated based on the measureaf showers in the calorimeter (or pairs of showers) result-
7% andn yields (which nominally account for abo8%  ing from single particles produced at the target—including
of y’ked) with estimates of the small photon contributions y, #°, n, 7=, K=, p, n, p, or i—were simulated us-
from other radiative decays, one may in principle extracing GEANT Vv3.15 (the GEANT simulation parameters were
the photon excess ag*ess = y°bs — ybked  However, adjusted so that the simulated EM showers matched test
since the large majority of photons observed at a givebeam results). The energy deposited in each module from

TABLE I. Various sources of systematic error in the WABIA GeV *’S + Au direct photon analysis specified as a percentage
of (y/m0)°% /(y/#°)Pked, The dependence of the errors pp is indicated.

Peripheral collision$31% o1,) Central collisions7.4% o)
Source of error pr < 1.5 GeV/c pr > 1.5 GeV/c pr < 1.5 GeV/c pr > 1.5 GeV/c
v reconstruction efficiency 1.0 1.0 2.0 2.0
7 yield extraction and efficiency 2.0 3.0 4.0 5.0
Detector acceptanée 0.5 0.5 0.5 0.5
Energy nonlinearity 2.0 1.0 2.0 1.0
Binning effect$ 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
y conversion correctigh 1.0 1.0 1.0 1.0
Neutrons 15 0.5 15 0.5
Other neutrals, e.gn, K} 1.0 0.5 1.0 0.5
n/m ratio, m; scaling 15 15 15 15
Other radiative decays 0.5 0.5 0.5 0.5
Total (quadratic sum) 4.2 4.0 5.7 5.9

aCentrality independent.
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these'sim.ulated single-particle events was added tp_the 200 A GeV 32S + Au

energies in a real data event, and then both the original A R B A
and the superimposed events were put through the identi- 13b © uShowers (Finat Resul) Central |
cal analysis chain to reconstruct hits in the detector. Com- [ A Veto OR Cur (1-4% Opmp )

I O Veto AND Cut

parison of the reconstructed showers with the iIngEANT B Indep, Anatysis (no CPV)

particles provided the information necessary for the effi-
ciency determination. Single, separated showers can be
labeled as photons or nonphotons using different sets of
criteria of varying restrictiveness. The different photon
identification criteria applied were to use: (A) all show-
ers, (B) only showers with small lateral profile, (C) only
showers without an overlapping hit in either CPV layer,
and (D) only showers without an overlapping hit in both
CPV layers. The different criteria give rise to differ-
ent photon andr? identification efficiencies 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
the photon identification method, for both single photon
and 7° measurements, has been used to check for sys-
tematic errors in the yield determination.

To determine the efficiency and hadron-contamination-
corrected inclusive photon yield, two different approaches

Peripheral |
(31% 6y, ) ]

(Y/no)Observed / (Y/no)Background

$i Ogyst. I

were used, one using the CPV and the other without. T N A
Various cross checks were also explored, leading to a final 0 05 1 15 2 25 3 35 4
estimate for the systematic uncertainty of the inclusive p; (GeV/c)

photon yield measurement &f2% (see Table ). IG. 1. The ratio (v/m0)1b /(v/mOked as a function of
The major source of system.atlc error |n'the search fo ransverse moment(uyrr/1 fo)r p/e(r?;)/rlerél and central collisions of
excess photons is the uncertainty in th@ yield extrac- 2004 Gev S + Au. The errors on the data points (shown
tion (see Table I). The vyield extraction is complicatedfor the solid points only) indicate the statistical errors only.
by the large photon multiplicity in nucleus-nucleus col- The shaded regions indicate the total estimgteedependent
lisions which leads to modifications of the’ mass peak systematic errors which bound the region corresponding to no
due to shower overlap. This is simultaneously accompar—)hOton EXCess.
nied by a decreasing’ peak-to-background ratio resulting
from the increasing number of two-photon combinatorialthe case of central collisions. This variation, in which the
background pairs. The centrality dependent combinatoria® identification efficiency varies by more than a factor
background in the two-photon mass distribution has beebnf 2, gives an indication of the level of systematic error
determined by an event-mixing method in which photonwhich may be attributed to the® yield extraction (see
pairs are combined from artificial events which have beermable I). The total systematic error estimate is corrobo-
produced by taking photons from different unrelated eventsated by the results of an independent compietnd 7°
of the same event class. This event-mixed mass distribianalysis shown by the light-shaded squares. This analysis
tion closely resembles the shape of the combinatorial backwas performed without the use of the CPV and featured
ground distribution in both:,, andpr. Still, in orderto  independent methods and calculations of yields, efficien-
accurately match the combinatorial background distribu€ies, and backgrounds. A fit to the final ratio with a con-
tions, it was found necessary to apply a small correction tetant value over the rande5 = pr = 2.5 GeV/c gives
the event-mixed distributions by multiplying by a weakly an average direct photon excess over background sources
linear function inm,, and pr. Typically this correction 0f3.7% = 1.0%(stad + 4.1(sys? for peripheral collisions
was less than.5% over thez® mass fit region. and an excess 6f0% * 0.8%(sta) *+ 5.8%(sys) for cen-
Figure 1 shows the rati¢y/7°)°%/(y/=%)bked as a tral collisions. These data are on average consistent within
function of pr for peripheral and central collisions in 1o with no direct photon excess in both peripheral and cen-
200A GeV*S + Aureactions. The final result, shown by tral collisions. The larger statistical errors and smagigr
the filled circles, has been obtained with th@yield deter-  coverage for the peripheral event class is a result of the
mined with all identified showers considered to be photonsnuch lower photon multiplicity. The difference between
[photon identification method (A) above]. The variation of the preliminary WAB8O result [3] and the present, final re-
the final result with the photon identification method usedsult is attributed to the above noted difficulties in thé
in the 770 yield extraction is shown by the open points for yield extraction.
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The preliminary WAB8O direct photon result generatedof the scenarios without QGP formation, that is, with few
a great deal of theoretical attention with various hydro-hadronic degrees of freedom, remain ruled out by the final
dynamical model calculations [4—8]. Most of the modelupper limits.
calculations were able to fit the preliminary WA80 photon This can be seen in Fig. 2 where the upper limit data
excess yield under various, rather standard QGP formare compared with the calculations of Ref. [5] for both
tion scenarios [5—8]. Calculations were also presented fahe QGP and pure hadron gas scenarios, and with the pure
scenarios in which a QGP did not form, and these overprehadron gas calculations of [7]. While no prediction for di-
dicted the observed excess photon yield [5,7] (the greateect photon production can be considered definitive at the
magnitude in non-QGP scenarios is due to the higher initigbresent time, the present upper limits on direct photon pro-
temperature resulting from the fewer degrees of freedonduction rule out a simple thermal hadron gas description of
in the hadronic matter). the32S + Au collision within the context of these particu-

Both of these qualitative observations remain true inlar model calculations. It will be important to compare
light of the final result. With knowledge of the measuredthe upper limits with predictions of nonthermal models
excess photon yield, and using the statistical and systensuch as cascade calculations.
atic errors of the measurement summed quadratically, an This work was supported jointly by the German BMFT
upper limit can be calculated at egefi for the excess pho- and DFG, the U.S. DOE, the Swedish NFR, the Hum-
ton yield per event. Upper limits, at the 90% confidenceboldt Foundation, the International Science Foundation
level, on the invariant yield of excess photons per centralinder Contract No. N8Y000, the INTAS under Con-
3235 + Au collision are shown in Fig. 2. These limits are tract No. INTAS-93-2773, and ORISE. ORNL is man-
similar in magnitude to the excess photon yields reported imged by Lockheed Martin Energy Systems under Contract
the preliminary analysis; accordingly, the theoretical preiNo. DE-AC05-840R21400 with the U.S. Department of
dictions of the scenarios with QGP formation remain con-Energy.
sistent with the final upper limits, while the predictions
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