Direct Photons and Hard Scattering at the SPS
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A significant direct photon signal, compared to statistical and systematical errors, is seen at
pr > 1.5 GeV/c in central 208ph1-208p collisions at 158 A GeV. The results constitute the first
observation of direct photons in ultrarelativistic heavy-ion collisions. The observed excess exceeds
expectations based on pA measurements at similar /s and pQCD predictions. The result indi-
cates modification of the parton distributions, as may result from rescattering of the partons (kr
broadening) and will be significant for diagnosis of quark gluon plasma formation. The centrality
dependence of the transverse mass distribution of neutral pions demonstrates a nuclear enhancement
due to rescattering (Cronin effect). However, the enhancement is weaker than expected for the most

central collisions.

The observation of a new phase of strongly interact-
ing matter, the quark gluon plasma (QGP), is one of the
most important goals of current nuclear physics research.
Photons (both real and virtual) were one of the earliest
proposed signatures for QGP formation [1,2]. Real pho-
tons are dominantly produced by scatterings of charged
particles during the collision. Once produced, they inter-
act with the surrounding matter only electromagnetically
resulting in a long mean free path. They are therefore
likely to escape from the system directly after produc-
tion without further interaction, unlike hadrons. Thus,
photons carry information on their emitting sources from
throughout the entire collision history, including the ini-
tial hot and dense phase.

Following early estimates of photon emission
rates [3-6], Kapusta et al. [7] made detailed compar-
isons of the emissivity of the QGP and a hadron gas as
two contrasting scenarios. It was demonstrated that the
thermal emission rates of a hadron gas and a QGP were
very similar and dependent essentially only on the tem-
perature T'. This led the authors to conclude that direct
photons are a good thermometer for strongly interacting
matter, but would not in themselves allow to distinguish
between the two scenarios.

Recently, it was shown by Aurenche et al. [8] that pho-
ton production rates in the QGP when calculated up to
two loop diagrams, are considerably greater than the ear-
lier lowest order estimates (although these calculations
are still under investigation - see the contribution of Au-
renche in these proceedings). A new higher order process
of ¢ annihilation with rescattering was found to domi-
nate the photon emission rate from quark matter at high
photon energies. Following this result, Srivastava [9] has
reinvestigated the predicted photon production in heavy-
ion collisions and shown that at sufficiently high initial
temperatures the photon yield from quark matter may
significantly exceed the contribution from the hadronic
matter to provide a direct probe of the quark matter
phase.

A large number of measurements of prompt pho-
ton production at high transverse momentum (pp >
3 GeV /c) exist for proton-proton, proton-antiproton, and

proton-nucleus collisions (see e.g. [10]). To a great ex-
tent, especially at higher /s, these data can be success-
fully described by perturbative QCD calculations and
provide an important foundation from which to study
photon production in nucleus-nucleus collisions. First
attempts to observe direct photon production in ultra-
relativistic heavy-ion collisions with oxygen and sulphur
beams found no significant excess [11-14]. The WAS0
collaboration [14] provided the most interesting result
with a ppr dependent upper limit on the direct photon
production in S+Au collisions at 200AGeV. This result
was subsequently used by several authors to rule out a
simple version of the hadron gas scenario [15-18] and has
been interpreted to set an upper limit on the initial tem-
perature of T; = 250 MeV [19].

The first observation of direct photon production
in ultrarelativistic heavy-ion collisions was recently re-
ported [20]. The results are from the CERN experiment
WAO98 which consists of large acceptance photon and
hadron spectrometers. In addition, several other large
acceptance devices allow to measure various global vari-
ables on an event-by-event basis for event characteriza-
tion. Photons are measured with the WA98 lead-glass
photon detector, LEDA, which consisted of 10,080 indi-
vidual modules with photomultiplier readout. The detec-
tor was located at a distance of 21.5 m from the target
and covered the pseudorapidity interval 2.35 < n < 2.95
(Yem = 2.9). The particle identification was supple-
mented by a charged particle veto detector in front of
LEDA.

The extraction of direct photons in the high multi-
plicity environment of heavy-ion collisions must be per-
formed on a statistical basis by comparison of the mea-
sured inclusive photon spectra to the background ex-
pected from hadronic decays. Individual photons can-
not be tagged as isolated direct photons in these reac-
tions due to the high multiplicities. To obtain the direct
photon spectrum the following steps are performed (for
a detailed description of the detectors and the analysis
procedure see [21]): First, the raw photon spectra are
accumulated after application of the photon identifica-
tion criteria (such as transverse shower size) to the show-



ers observed in the LEDA. The raw photon spectra are
then corrected for contamination by charged and neutral
hadrons, for conversions, for the identification efficiency,
and acceptance. The efficiency includes all effects of the
detector response such as distortions by shower overlap,
dead and bad modules, and energy resolution. Neutral
pions are reconstructed via their v decay branch. Invari-
ant mass spectra are accumulated for all photon pairs for
each pair pr bin. The photon-pair combinatorial back-
ground is estimated by event-mixing and then subtracted
from the real-pair spectra. The yield in the 7° mass peak
is extracted to obtain the raw neutral pion pr spectra.
These are then corrected for conversions, for the 7° iden-
tification efficiency, and for geometrical acceptance. In
addition, 1 mesons are extracted in a limited transverse
momentum range with an analogous procedure.
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FIG. 1. The inclusive photon (circles) and 7° (squares)
transverse momentum distributions for peripheral (open
points) and central (solid points) 158 A GeV 2°*Pb42°%pPh
collisions. The data have been corrected for efficiency and
acceptance. Only statistical errors are shown.

The final measured inclusive photon spectra are then
compared to the calculated background photon spectra
to check for a possible photon excess beyond that from
long-lived radiative decays. The background calculation
is based on the measured 7° spectra and the measured
n/m -ratio. The spectral shapes of other hadrons having
radiative decays are calculated assuming myp-scaling [22]
with yields relative to 7°’s taken from the literature. It
should be noted that the measured contribution (from

70 and 7) amounts to &~ 97% of the total photon back-
ground.
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FIG. 2. The YMeas/VBked ratio as a function of transverse
momentum for peripheral (part a)) and central (part b))
158 A GeV 2°8Pb+2%Pb collisions. The errors on the data
points indicate the statistical errors only. The pr-dependent
systematical errors are indicated by the shaded bands.

Fig. 1 shows the fully corrected inclusive photon spec-
tra for peripheral and central collisions. The spectra
cover the pr range of 0.3 — 4.0 GeV/c (slightly less for
peripheral collisions) and extend over six orders of mag-
nitude. Fig. 1 also shows the distributions of neutral
pions which extend over a similar momentum range with
slightly larger statistical errors.

The ratio of measured photons to calculated back-
ground photons is displayed in Fig. 2 as a function of
transverse momentum. The upper plot shows the ratio
for peripheral collisions which is seen to be compatible
with one, i.e. no indication of a direct photon excess is
observed. The lower plot shows the same ratio for cen-
tral collisions. It rises from a value of ~ 1 at low pr to
exhibit an excess of about 20% at high pr.

A careful study of possible systematical errors is crucial
for the direct photon analysis. The various sources of sys-
tematical errors have been investigated and are discussed
in detail in [21]. The largest contributions are from the
v and 7 identification efficiencies and the uncertainties
related to the n measurement. It should be emphasized
that the inclusive photon and neutral meson (the basis for
the background calculation) yields have been extracted



from the same detector for exactly the same data sample.
This decreases the sensitivity to many detector related
errors and eliminates all errors associated with trigger
bias or absolute yield normalization. The estimate of
the systematical errors has been checked by performing
the entire analysis with various photon selection criteria
which change the efficiency and background corrections
by factors of 2-3. The final results were verified to be
consistent within the systematical errors for the different
analysis cuts. The total pr-dependent systematical er-
rors are shown by the shaded regions in Fig. 2. A signifi-
cant photon excess is clearly observed in central collisions
for pr > 1.5GeV/c.

The final invariant direct photon yield per central colli-
sion is presented in Fig. 3. The statistical and asymmet-
ric systematical errors of Fig. 2 are added in quadrature
to obtain the total upper and lower errors shown in Fig. 3.
An additional pr-dependent error is included to account
for that portion of the uncertainty in the energy scale
which cancels in the ratios. In the case that the lower
error is less than zero a downward arrow is shown with
the tail of the arrow indicating the 90% confidence level
upper limit (Yegeess + 1.28 0upper)-

No published prompt photon results exist for proton-
induced reactions at the /s of the WA98 measurement.
Instead, prompt photon yields for proton-induced reac-
tions on fixed targets at 200 GeV are shown in Fig. 3
for comparison. Results are shown from FNAL exper-
iment E704 [23] for proton-proton reactions, and from
FNAL experiment E629 [24] and CERN SPS experi-
ment NA3 [25] for proton-carbon reactions. These re-
sults have been divided by the total pp inelastic cross
section (ojn: = 30 mb) and by the mass number of the
target to obtain the invariant direct photon yield per
nucleon-nucleon collision. They have then been mul-
tiplied by the calculated average number of nucleon-
nucleon collisions (660) for the central Pb+Pb event se-
lection for comparison with the present measurements.
This scaling is estimated to have an uncertainty of less
than 10%. The proton-induced results have also been
scaled from /s = 19.4 GeV to the lower /s = 17.3
GeV of the present measurement under the assumption
that Ed3o,/dp® = f(z7)/s?, where zr = 2pr//s [26].
The /s-scaling effectively reduces the 19.4 GeV proton-
induced results by about a factor of two. This compari-
son indicates that the observed direct photon production
in central 2°*Pb+298Pb collisions has a shape similar to
that expected for proton-induced reactions at the same
\/s but a yield which is enhanced.

Wong and Wang [27] have investigated the effects of
parton intrinsic k7 on photon production. Results of
their calculations (scaled to central Pb+Pb collisions ac-
cording to the number of binary collisions) are also shown
in Fig. 3 with and without the effects of parton intrinsic
k7 by the long-dashed and short-dashed curves, respec-
tively. At this low incident energy, the parton intrinsic

kr is seen to significantly increase the predicted pho-
ton yield by a factor which increases from about 4 to
about 8 with decreasing pr. The predicted direct pho-
ton yield with intrinsic k7 included is in good agree-
ment with the proton-induced results (from which the
value of (k%) = 0.9 (GeV/c)? was extracted). It is also
in agreement with the shape of observed excess photon
spectrum in central 2°8Pb-+208Ph collisions, but under-
predicts the observed yield by about a factor of 2.5. A
possible explanation might be additional kr broadening
of the incoming partons due to soft scatterings prior to
the hard scattering which produces the photon [28]. Re-
cently, Dumitri et al. published [29] an analysis which
indicated that an additional k7 broadening contribution
of AkZ ~ 1 GeV?/c? would allow to describe the central
Pb+Pb data in the region above pr > 2.5 GeV/c. How-
ever, the excess photon yield at intermediate ppr would
not be accounted for in this prompt photon calculation.
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FIG. 3. The invariant direct photon multiplicity for cen-
tral 158 A GeV 298 Pb4-298Pb collisions. The error bars indi-
cate the combined statistical and systematical errors. Data
points with downward arrows indicate unbounded 90% CL
upper limits. Results of several direct photon measure-
ments for proton-induced reactions have been scaled to central
208 p}, 4208 Py, collisions for comparison.

Already from the measured shape of the transverse
mass spectra of hadrons it is evident that heavy ion reac-
tions are not merely a superposition of nucleon-nucleon
collisions. In p+A collisions the flattening of the trans-
verse mass spectra compared to p+p results (Cronin



effect [30]) has been attributed to initial state multi-
ple scattering of partons [31]. It the case of central
208p-208pY, collisions, it has been shown that the neu-
tral pion spectra can be described well alternatively by
perturbative QCD predictions [32], or by hydrodynam-
ical model calculations [33]. The determination of the
relative contribution of hard and soft processes in par-
ticle production is especially important in view of the
interest in the energy loss of partons traversing dense
matter [34,35], generally referred to as jet quenching, as
a potential probe of quark gluon plasma. The observ-
able effect of jet quenching is the suppression of particle
production at high transverse momenta.

Information about the mechanism of particle produc-
tion, and possible modifications of the spectra of pro-
duced particles can be obtained by a detailed comparison
of the particle spectra for different reaction systems, or
different centralities. At high transverse momenta one
expects the pion multiplicity to increase in proportion to
the number of binary nucleon-nucleon collisions, charac-
teristic of a hard process. In fact, it is already well known
from p+A collisions at beam energies of 200 - 400 GeV
that the absolute yield of produced pions increases even
more strongly than the increase in target mass - the well
known Cronin effect [30].

To investigate the dependence of the pion yield on cen-
trality in 2°8Pb+2"8Pb collisions the ratios of the mea-
sured pion transverse mass distributions for two different
samples (labeled X and Y) normalized to the calculated
number of binary collisions for that sample

(EW(mT)/Ncou)Y

(0.1)

are shown in Figs. 4. The ratio of peripheral
208p1,-208pY, collisions to p+p shown in Fig. 4a increases
strongly with increasing transverse mass, as expected
due to the Cronin effect. A similar trend is observed
when going from peripheral to medium-central data sam-
ples (Fig. 4b). In addition, the pion yield is seen to
increase roughly proportional to the number of binary
collisions even at rather low transverse masses. In go-
ing from medium-central to central (Fig. 4c) the trend is
reversed: the ratio decreases with increasing transverse
mass and the pion multiplicities increase more weakly
than the number of collisions. The ratio of very central
to central collisions shows an indication of a similar effect
although not very significant.

Included in Fig. 4 are results of HIJING calculations
(open circles) for the same centralities. They show a
very different trend: For all but the most central case
the ratios increase with increasing transverse mass, for
high transverse masses the ratio is always larger than
one. HIJING does not describe p+p data well at these
energies while a reasonable description of central Pb+Pb

collisions is obtained by an implementation of the Cronin
effect via a soft transverse momentum kick model which
results in a very strong A dependence, as was pointed
out already in [37]. Thus the reasonable description of
central Pb+PDb collisions by HIJING appears to be for-
tuitous. The authors of [37] stated that a better imple-
mentation of the Cronin effect should use an additional
intrinsic kr of the incoming partons and a likely weaker
k1 broadening. Still, in any model of the Cronin effect
one would expect the ratios of central to less central spec-
tra, as shown in Fig. 4c, to be larger than one at high
transverse mass. A more refined calculation including in-
trinsic k7 was performed in [38] using the same model as
in [32]. The results are also shown in Fig. 4 as solid lines.
As expected, the ratios show a weaker increase at high
myp compared to HIJING, but are all > 1 and thus do
not explain the centrality dependence, as seen in Fig. 4c.

45

2, £ PO#PD (Neg = 10) Pb+Pb (Negy = 207)
< “F e “+ Po+PD (Neg) = 10)
T 35 3
S 3pe WA® 3 +
© o HIJNG
w 25F E o
u — pQCD (Wan
S op PACO Wang i JE
=G sl 4 e o L
= osht oooeser ==
g oA ‘ 1) ‘ ‘
B gl POPD (Neg=712) " PPb (Now = 807)
(_?ZJ 1.6 b Pb+Pb (Ng = 207) b Pb+Pb (Ngoi = 712)
Wo1ab + b
S
\% 12F ¢§<¥ ﬁ%‘i
1 + . & &
g o8l + oty ‘ hECSe NN
Sp oF 4 EREE!
06F E +
04F + 3 +
O'OZVC) ‘ ‘ +’d) ‘ ‘
0 1 2 30 1 2 3

my - my (GeV/c?)

FIG. 4. Ratios of invariant mass distributions of neutral
pions normalized to the number of binary collisions. The up-
per left plot (a) shows the ratio of distributions for peripheral
Pb+PDb collisions to a parameterization of pp collisions. The
other plots (b-d) show the ratio of more central sample to a
more peripheral sample. The shaded regions show the esti-
mated systematic error in the 7° distribution. The additional
error bar in (a) and (b) shows the normalization uncertainty
due to the calculation of the number of collisions and the
absolute cross section normalization relative to p+p.

With these observations in mind one can revisit the
evolution of the particle yields with system size at given
transverse mass. This is done in Fig. 5 where the neutral
pion yield per binary collision:

ENY

Rbin =F—~ Ncoll

g (0.2)

is shown as a function of the number of collisions for four
different transverse mass intervals. In addition to Pb+Pb



reactions the parameterization of p+p is included. At
relatively low transverse mass the yield per collision de-
creases as expected from the scaling exponent «, < 1.
With increasing transverse mass a rise of Ry, develops
which is most prominent for the highest my. However, it
is also clear that Ry, decreases significantly with Neoy;
for Neoi > 200.
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FIG. 5. Multiplicities of neutral pions normalized to the
number of binary collisions N.o; as a function of N.o; for
different ranges of transverse mass as indicated in the figures.
The filled circles show the experimental results for Pb+Pb
reactions, the open circles the parameterization for p+p reac-
tions. The error bars contain statistical and systematic errors
added in quadrature.

In summary, the first observation of direct photons in
ultrarelativistic heavy-ion collisions has been presented.
While peripheral Pb+Pb collisions exhibit no significant
photon excess, the 10% most central reactions show a
clear excess of direct photons in the range of pr greater
than about 1.5 GeV/c. The invariant direct photon mul-
tiplicity as a function of transverse momentum was pre-
sented for central 2°®Pb+20%Pb collisions and compared
to proton-induced results at similar incident energy. The
comparison suggests excess direct photon production
in central 2®Pb+2%8Pb collisions beyond that expected
from proton-induced reactions. The result suggests mod-
ification of the prompt photon production in nucleus-
nucleus collisions, or additional contributions from pre-
equilibrium or thermal photon emission.

Similarly, the neutral pion spectra show a behaviour
which is not trivially expected from p-induced results. A
possible explanation of this behaviour might be that the
multiple scattering mechanisms which are expected to be
responsible for the apparent kp-broadening in p4+A and

peripheral Pb+Pb might be modified in central Pb+Pb
collisions. This might be possible if both initial and final
state scatterings are relevant for the enhancement, and
the relative contributions are shifted more towards final
state contributions in central collisions, reminiscent of a
more and more thermalized system. Alternative explana-
tions might involve suppression mechanisms independent
of the nuclear enhancement in question, e.g. an onset of
quenching via energy loss of produced particles (partons
or hadrons) in central Pb+Pb collisions.
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