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Results from the experimental program with light ion beams and
heavy target nuclei at the CERN SPS could demonstrate the occurrence of
an unprecedented state of high density in hadronic matter. The thermal
nature of the hadronic system has been investigated by analyzing spectra
and production ratios of hadrons which reveal a large degree of rescatter-
ing of primary and secondary hadrons.Thermal photons from elementary
quark-gluon interactions are considered a promising signal for the occur-
rence of a phase transition to the quark-gluon plasma. The predictions for
thermal photons from elementary parton interactions are discussed and
compared to the thermal emission rate of photons from a hot hadronic gas.
Recent results from the photon spectrometers in heavy ion experiments
are presented. Production cross sections of x° and 7 mesons are deter-
mined and the projectile and target mass dependence is discussed. An
upper limit for the single photon yield was determined for central O+Au
reactions. Recent S+Au reactions exhibit an excess of photons over the
yield expected from hadronic decays. The spectral shape of the expected
single photon signal is discussed which might reveal the temperature of
hot matter and indicate a phase transition.

PACS numbers: 25.75. 41

1. Introduction

The study of the thermodynamic behaviour of a strongly interacting
matter system will provide an interesting test of the confinement property
of QCD. The interaction of elementary quark and gluon constituents is
weakened by colour screening at very short distances. Sufficiently hot and
dense matter should therefore become a gas of noninteracting quarks and
gluons which move quasifreely in a deconfined but overall colour neutral en-
vironment given by the dimensions of the dense matter volume. Numerical
simulations of statistical QCD [1-4] in the non-perturbative sector of QCD
are very time-consuming calculations and still suffer from severe approxi-
mations. These refer to the quark-masses and the limited lattice size. The
order of the phase transition is not firmly predicted. The required energy
density is about 1 — 3 GeV/fm? which is well above the energy density inside
a single nucleon (~ 0.5 GeV/fm?). A transition temperature T, ~ 160 MeV
appears to be a reasonable value [5] at zero baryonic chemical potential or
zero baryonic density. This situation of purely mesonic matter might be
accomplished in central collisions of heavy nuclei and observed in the phase
space region around midrapidity (ycm = 0). The center-of-mass rapidity is
defined as ye = ta.nh"l(ﬂﬁm), with ,Bﬁm the longitudinal particle velocity
in the center-of-mass of the colliding nuclei.

The main experimental objective is to achieve a sufficiently large and
long lived volume of matter close to thermal equilibrium at the required
energy density. Further, multiple scattering of baryons and rescattering
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of produced particles has to be demonstrated to ensure thermalization in
hadronic matter. Finally, observation of real or virtual photons from ele-
mentary interactions of the matter constituents should allow to deduce the
temperature evolution of the hot matter from the thermal emission rates.
Photons are particularly suited, since their long mean free path leaves the
photon signal free from distortions due to hadronic final state interactions.
If quark matter has been produced in the course of the collision, a signal
of colour deconfinement is expected from the spectroscopy of heavy quark
bound states which would be suppressed due to colour screening [5].

In this lecture we discuss the experimental and theoretical investigations
of real photon production in heavy ion reactions at SPS energies. Photons
and neutral mesons have been measured in the WAS80 [6, 7] experiment
and with an upgraded setup in WA93. Lepton pairs, and thus photons
through lepton pair conversion, have also been studied in the HELIOS [8]
and CERES (9] experiments.

First we present the WAS80 experiment. For the description of the ex-
perimental apparatus of other experiments we refer to the literature [10,
11]. Results from the recent heavy ion experiments giving indications for
hot and dense hadronic matter will be summarized. Then we discuss the
theoretical investigations of the various sources of photons in nuclear col-
lisions at high energies. Next we introduce the experimental work on the
single photon analysis and present results on the photon signal compared
to theoretical expectations. We close with an outlock to the forthcoming
Pb+Pb experiments.

2. The WAS80 experimental setup

The WAS80 experiment served the purpose to study global character-
istics of heavy ion reaction events, and to investigate the momentum dis-
tributions of photons and neutral mesons in the high particle multiplicity
environment at midrapidity. The setup shown in Fig. 1 combines an almost
full coverage for charged particles with a calorimetric measurement of the
energy flux at midrapidity, in the target-fragmentation region and at zero
degrees. Details of the detection equipment are described in Refs [12-14].

For the spectroscopy of photons a lead glass array of 3800 detector
elements is employed and arranged in 3 sections. The detector design follows
closely the original photon detector of WA80 [14]. Photons are measured in
a rapidity range 2.1< y,1, <2.9 for 60% of the full azimuthal ring around
the beam direction. Charged particle rejection is achieved by two layers of
streamer tube arrays [13] with an overall efficiency of 98%.

Neutral pions and n mesons are identified by their decay photons
(x%n — 27). Transverse momentum (pr) distributions are obtained from



506 H. LOBENER BT AL.

Fig. 1. The setup of the WAB0 heavy ion experiment at the CERN SPS.

the meson yield as extracted from the invariant mass spectra. The meson ef-
ficiency depends sensitively on the signal/background ratio and the accurate
subtraction of the combinatorial background which is due to unavoidable
false pair combinations. An improved and fast photon and hadron identifi-
cation method has been developed recently [15]. The precise shape of the
combinatorial background is determined from polynomial fits to the invari-
ant mass spectra. For unfavorably small signal/background ratios, dom-
inantly at low transverse momenta, the mixed events method has proven
to be a very powerful tool [16]. Finally, the obtained meson momentum
distributions are corrected for the photon reconstruction efficiency and the
geometrical acceptance obtained by a Monte Carlo calculation.

3. Indications for hot and dense matter

The degree of excitation of hot hadronic matter is characterized by the
amount of energy deposited in the volume of interacting target and projectile
nucleons, the energy density ¢p. The energy density can be derived from
final state observables under assumptions on the reaction geometry and the
kinematical evolution. In order to estimate the uncertainty, extreme cases
have been considered. In the partial stopping regime [17] at SPS energies
the longitudinal growth of the reaction volume dominates the transverse
expansion. Therefore, the transverse size of the reaction volume is given by
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the projectile area 7 R% while the longitudinal extension of a unit volume
for the calculation of energy concentration is determined by the formation
time 79, the time needed before excited quark-objects appear as hadrons on
the mass shell and interact with hadronic cross section. The energy density
is given by the mean transverse energy per unit rapidity at midrapidity.
These data are shown in Fig. 2 for different selections of impact parameters
as defined experimentally by different amounts of missing forward energy
which thus must appear at midrapidity. The marked maximum of =~ 100
GeV per unit rapidity corresponds to ¢ = 2 GeV/fm3 if free hydrodynamic
expansion [18] is assumed as derived by Bjorken:

()
d‘l‘] max

wRi‘ro (1)
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The formation time is assumed to be 1 fm/c. If entropy conservation is con-
sidered, then for an isentropically expanding quark-gluon system an upper
limit of the energy density of 3 GeV/fm3 is estimated for the SPS energy of
200 GeV/nucleon. In any case, the amount of energy stopping appears to
be sufficient to create the conditions for a quark-gluon plasma transition if
thermalization is taken for granted.

The momentum distributions of identified mesons are studied to obtain
further insight in the interaction dynamics of produced particles. The com-
parison between O-+nucleus or S+nucleus and p+nucleus spectra shows a
systematic dependence on A similar to the nuclear enhancement observed
earlier [19] in p + nucleus as compared to p+p cross sections (Cronin effect).
The target dependence has been parametrized by

o _ gelpr) 99

de(p+ 4) = AT o (p+p) (2)
with an empirical pr dependent exponent, 1 < a(pr) < 1.2, where a = 1 is
the limit of mere superposition of independent nucleon nucleon collisions.
An explanation for the power-law dependence on A, consistent with the
experimental systematics, is multiple low momentum scattering of partons
in the hadronic medium. Quantitative calculations have been carried out
for p + A reactions [20]. The projectile dependence was found to follow a
similar parameterization [21]. The cross sections of central and peripheral
S 4+ Au reactions have been compared to p + p data in a similar rapidity
range near midrapidity. The 7 cross sections divided by the charged =
cross sections from p + p reactions [22] are shown in Fig. 3. The ratio shows
a marked increase at large pr which is more pronounced for the central
reactions. Here, the larger effective interaction volume leads to a stronger
influence of multiple interactions.
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Fig. 2. (a) Measured transverse energy distribution for 200 GeV/nucleon S+Au
reactions as function of the pseudorapidity 7 = -In tan(8/2) for different estimated
impact parameter ranges. The curves are gaussian fits to the data points. (b) The
ratio of dErp /dn distributions from central and peripheral reaction events.

Enhanced strangeness production with significant changes in the K/«
ratios has been predicted as another signal for the quark-gluon plasma.
The K/« ratios have been measured at BNL and SPS energies. A marked
increase above the p+ p level is observed for S+W reactions [23] in the range
1< 9ap <1.5 near the baryon rich target fragmentation region. The same
increase in Kt /x+ from the p + p level to p + nucleus and nucleus+nucleus
data is observed at the BNL energy. This suggests that rescattering is the
responsible mechanism which may lead the heavy reaction system close to
equilibrium.

An impressive set of data has been collected by the NA38 collaboration
on the production of J/v mesons in p + nucleus and nucleus + nucleus
collisions as compared to p + p reactions [24]. Scattering and absorption
in the initial and final state have been investigated and reveal significant
influence on the production and propagation of J/4 mesons in dense matter,
such that the experimentally studied transverse momentum and energy-
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Fig. 3. Ratios of #° pp distributions from central and peripheral S-+Au reactions
at 200 GeV/nucleon to charged = cross sections from p+p reactions.

density dependence can be explained. A spectral analysis of heavy quark
bound states is proposed [5] to differentiate the deconfinement scenario from
scattering and absorption in dense hadronic matter.

In summary, sufficient indications have been gathered in recent high
energy heavy ion experiments for the existence of dense and highly excited
hadronic matter. Interactions of hadrons are of significant influence to ex-
plain observed data so that approach to thermal equilibrium can be con-
cluded. Direct observations of initial state features, unmodified by hadronic
interactions, are thus desirable and expected from electromagnetic probes.
Real photon production has been investigated. The photon yield should
allow to draw a conclusion on the temperature of the emitting source.

4. Sources of single photons

The emission rates of real photons and lepton pairs from virtual photon
decay are a useful tool to study the interaction rate among constituents
of matter investigated in high energy hadronic or nuclear collisions. Since
the mean free path of electromagnetically interacting probes is much larger
than the transverse size of colliding nuclei, the signal may be observed undis-
turbed by final state interactions.

4.1. Photons from hard parton scattering

The production of high energy direct photons from large momentum
transfer hadron-hadron collisions has been studied extensively [25, 26]. In



510 H. LOHENER ET AL.

the first stage of a hadronic collision photons are produced in elementary
interactions of valence and sea quarks. Their distribution is described by
the structure functions giving the probability of finding a parton a in a
hadron A with a fraction of the hadron momentum. The elementary parton
subprocesses for high pr v production are calculated in lowest order per-
turbation theory. These are the “QCD-Compton” process g¢ — ¢y and the
annihilation ¢g§ — gy which are of order aag in electromagnetic and strong
coupling. Higher order terms like bremsstrahlung and soft gluon corrections
are found to be important.

Information on the importance of gluon contributions to the structure
functions could thus be obtained. The ratio v/%° increases with py since
hadrons originate from jet fragmentation and receive a momentum fraction
while photons carry essentially all the final state momentum of the par-
tonic subprocess. On the other hand, extrapolating the hard scattering v
production to small momentum transfer Q% in the thermal regime at low
pr = 1 GeV/c, where no rigorous calculations are available yet, we expect
a contribution of v/x% ~ 0.01.

4.2. Photons from the quark-gluon plasma

If high energy nuclear collisions lead to formation of a quark-gluon
plasma the emission rate of photons from parton interactions in a thermal
environment may provide information on the temperature of the system
[28]. The calculations proceed in analogy to those introduced in the pre-
vious section. Instead of the structure functions the thermal distribution
functions of partons describe the momentum spectrum of elementary inter-
acting constituents. However, low Q? processes have to be considered which
are complicated by infrared divergences.

Recently, the resummation method for finite temperature perturbation
theory [29} was applied to real photon production [30, 31]. The quark
mass singularity is dynamically screened by many-body effects: One-loop
corrections to the photon self-energy are calculated in the high temperature
limit with effective (dressed) quark propagators. An analytic result for the
photon rate at temperature T is obtained for the sum of annihilation and
Compton contributions:

d*R aag _ k2 E
Byt =0 (S| srie ™/ (,c +]nasT) (3)
ny
with C = 1, k3 = 0 and x3 = 0.23. Various approximations [32-34] have
been used which lead to a similar analytic dependence on E, and T but
differ in the constants x; and k2, and in the absolute normalization C. Re-
sults of different evaluations at a temperature T = 200 MeV are compiled
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Fig. 4. Calculated thermal photon emission rates for different theoretical ap-
proaches at a temperature of 200 MeV.

in [35] and compared in Fig. 4 in the photon energy range where the high
temperature approximation gives reliable results. The thermal propagator
approach of Baier gives about a factor 5 lower photon rates than the eval-
uation of Neubert, where many-body screening effects were not taken into
account.

4.3. Photons from hot hadronic matter

If nuclear collisions lead to the formation of hot hadronic matter, then
photon emission from the electromagnetic coupling of interacting mesons
(dominantly #¥) needs to be taken into account. The relevant processes
have been studied recently [30]. Annihilation and Compton processes were
considered among which #7 — py dominates at small photon energies and
7p — =7, with higher available energy due to the p mass in the initial
state, contributes most in the tail of the photon spectrum. With thermal
momentum distribution functions at temperature T the hadronic collisions
give rise to similar photon rates as expected from parton interactions at the
same temperature. The importance of the A4;(1260) resonance formation in
the process ¥p — A; — =7 has been pointed out [36] with a photon rate
competing with hadron scattering.

Thus a photon signal is expected even if the plasma phase has not been
reached. Since the hadronic matter phase is expected to dominate at a
lower temperature over the quark-gluon plasma, the spectral shape of the
photon signal needs to be analysed and should allow to separate the different
contributions.
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5. Space-time evolution

In order to evaluate the photon yield that can be compared to exper-
imental data the space time evolution of the interacting system needs to
be considered. The reaction volume develops from proper time =0, when
projectile and target nuclei overlap, to maximum energy density in a highly
excited and thermalized stage at ©; with initial temperature Tj(7). Subse-
quently, the system cools down to the freeze-out temperature Ty(7;) where
interactions cease. A first-order phase transition at the critical tempera-
ture T might lead to an extended mixed phase. The expected temperature
profile will influence considerably the photon yield so that estimates for the
space time evolution are highly desirable. Various attempts based on hy-
drodynamical expansion and an ideal gas equation of state have been made
(32, 37, 38].
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Fig. 5. The calculated y/x° ratio based on a dynamical situation as expected for
200 GeV/nucleon S+Au reactions for different initial temperatures and a critical
temperature of 160 MeV.

Hydrodynamical model calculations have been applied to describe the
expansion scenario which proceeds isentropically and is dominated by lon-
gitudinal expansion. The space-time integration was carried out {35], based
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on the photon rate calculated in [34], in order to obtain the photon yield

& Ry(T(7))

E /drdyrrR E'Y-—dsp';——— N (4)

'l'ds

in the rapidity interval dy at midrapidity. Results from these calculations
for different initial temperatures T; and 7. = 160 MeV are shown in Fig. 5,
where photon cross sections have been divided by the measured 7% produc-
tion cross section at the corresponding py. The surnmed production yield
of all photon processes discussed earlier peaks slightly above py = 1 GeV /¢
with significant differences at large py for different initial temperatures. A
considerable yield above the currently achievable detection limit of v/79 ~
0.05 may then be expected. Looking at the individual contributions to the
photon yield, the yield from the hadron phase clearly dominates at low
pr and the relatively low initial temperatures expected for the S+Au re-
actions at SPS energies. Photons from hard parton scattering stay below
v/7% 2 0.02 in the photon energy range currently accessible by experiment
and thus below the detection limit.

6. Single photon analysis

The measured momentum distributions of 7° mesons and the determi-
nation of the n/7® production ratio provide the basis for extracting the rate
of single photons from the measured inclusive photon yield. Severe prob-
lems arise from the high particle multiplicity and the tremendous hadronic
background of photons from neutral meson decays. The single photon to
x0 ratio (7/x%) is calculated from the total measured photon yield N., and
the measured pion yield N, o according to the following expression:

Y _ Ny &
F=—N—-’;€—: geo = (R0 + Ry + R.). (5)

The €,0 and €., are the 7% and photon reconstruction efficiencies, respec-
tively, Ageo is the geometrical acceptance of the detector for 7% and the R;
are the Monte Carlo calculated ratios of observed background photon yield
from meson decays to the detected 7° yield for each of the sources i. Besides
photons originating from #° and 7 decays we also take into account the de-
cays of 7', w, ¢, K® and £° with contributions well below that from the 7
mesons. Measured pr distributions for #° [6] and 7 mesons are the basis
for the Monte Carlo background calculation. The non-measured resonance
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decays contribute only ~ 2% to the photon background and are based on
p+p data and scaling [39] with the transverse mass my = /p3 + m? as:

f(mrih) = C f(mp;7%); h=1n,7,w. (6)

The n production is measured with the photon detector array exploiting
the 38.9% branch into the vy decay channel. For 200 GeV /nucleon O+Au
reactions a value /%% = 0.61 £ 0.2 was measured for minimum-bias re-
actions in the py region 2 GeV/ec < pr(v7) < 2.4 GeV/e. This ratio is
consistent with the n/#x° ratio from p 4+ p reactions. For the analysis of
recent S+Au data the mixed events method to subtract the combinatorial
background was developed and tuned to simulated data [16, 40, 41]. The
7 cross sections for S+Au reactions, as measured in the range 0.5 GeV/c
< pr(77) £ 2.5 GeV/e, are shown in Fig. 6 together with the #° results.
The momentum distributions are parametrized by the following expression

[42]):
d*a ( Po )n
EZZ_¢ , 7
d*p pr + Po (M

with free parameters C,py and n. The power-law ansatz is deduced in a
model of hard collisions of quarks based on QCD. Transformed into the
my scale, the resulting fit is included in Fig. 6. Except for the absolute
normalization, the same parameters also fit the » distribution, so that a
ratio n/'xo = 0.61 £+ 0.08 is obtained for the minimum-bias S+Au data.

7. Results on single photons

Since the transition to a quark-gluon plasma state and hence an excess
of single photons is expected to occur more likely in central than in periph-
eral reactions, the 200 GeV /nucleon S+Au data sample has been divided
into peripheral and central events. This selection was made according to
the transverse energy measured in the midrapidity calorimeter and results
are shown in Fig. 7. The circles indicate the experimental inclusive photon
yield and the histograms are Monte Carlo results based on the measured =°
and 7 yield and represent the hadronic background. A difference between
experimental inclusive photon yield and the histograms must be attributed
to the contribution of single photons. The general py dependence of the
data is well reproduced by the Monte Carlo simulations.

The central S+Au data show a slight overall enhancement over the
hadronic background. Collecting all sources of statistical and systematic
errors and assuming them to follow a gaussian distribution, we arrive at
an uncertainty of 6-8% and 8-15% for pr bins below and above 2 GeV/c,
respectively. The excess of photons in central data over the expected yield
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Fig. 6. The invariant cross sections for #° and 7 mesons as function of the transverse
mass mr for minimum bias reactions of S+Au at 200 GeV /nucleon.

from the hadronic background observed for pr < 2 GeV/c reaches a level of
2 standard deviations [40, 43].

The remaining single photon yield, obtained by subtracting the calcu-
lated decay contribution from the inclusive photon yield, is shown in Fig. 8
for central S+Au reactions. Contrary to the peripheral data, the central
sample shows a positive signal and a slight increase towards low py. This
feature resembles the spectral shape expected from hadronic interactions at
a temperature below 200 MeV/c.

Inclusive photon production has also been studied by the NA34 col-
laboration [8] for O+W data. The inclusive photon results are compatible
with the expectations from hadronic decays. Recent data from the NA45-
CERES dilepton spectrometer [9] could provide a single photon estimate of
7/%% = 0.08 - 0.11 averaged in the range 0.4 GeV/c < pr < 2.4 GeV/c for
S4+W reactions.

At this stage of the data analysis, however, no quantitative comparison
to calculated photon spectra will be made. This is because large uncertain-
ties in the estimation of the initial conditions allow only rough predictions.
The experimental analysis is extremely tedious due to critical Monte Carlo
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ground from the inclusive v/x° spectrum as shown in Fig. 7.
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procedures in the determination of the photon and 7° efficiency. Therefore
an independent re-analysis is planned in order to gain extra confidence in
the estimates of systematic errors. The measured photon yield could then
be used to estimate the hadronic temperature from the low pr yield and to
set limits on the contribution from a high temperature quark-gluon plasma
phase at high pr.

8. Outlook to forthcoming experiments

New experiments are being planned at the CERN SPS for the near
future. For the first time, Pb jons will be accelerated to 160 GeV /nucleon.
In Pb+Pb collisions at this energy interactions volumes above 7000 fm?
are likely [5] so that truly thermal behaviour of hot hadronic matter may
be expected. The A dependence of the thermalization time could lead to
an initial temperature as high as 400 MeV so that the photon yield from
the quark-gluon plasma at large pr is quite prominent. The spectral shape
of the photon yield could thus not only provide the temperature of the
emitting system but also might indicate a possible phase change and reveal
the critical temperature from the low py photon yield.

Recently, photon intensity interferometry has been studied theoretically
[44]. The correlation functions reflect the different time scales of the system
in the plasma, hadronic or mixed phase. Since photons from the plasma
phase dominate at high pr, the correlation functions for high pr photons
are found to be sensitive to the space-time evolution of the quark-gluon
plasma.

The largely extended WAS80 photon detector will be implemented in the
WA98 setup for Pb+Pb collisions. About 10000 Pb-glass elements might
provide sufficient spatial resolution to investigate photon correlations ex-
perimentally. A photon multiplicity detector is included to allow selection
of photon-rich events. Charged hadrons will be measured in a dipole spec-
trometer, so that electromagnetic and hadronic signals can be correlated.
In this way, a sensitive selection of reaction events is expected that may
reveal the quark-gluon plasma signature.

9. Summary

The thermal photon signal to reveal the quark-gluon plasma in high
energy nuclear collisions has been investigated theoretically and experimen-
tally. Central reaction events exhibit an energy density of about 4 times
the energy density inside a single nucleon. A large degree of rescattering of
primary and secondary hadrons can explain the measured K* /7t ratio and
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the suppression of the J/9 production in central collisions. Rescattering is
a prerequisite to achieve thermalization.

Calculations of single photon production from various sources have been
reviewed. Photons from hot hadronic matter occur at the same rate and
exhibit a similar spectral shape as photons from the quark-gluon plasma at
the same temperature. Within a hydrodynamical scenario, the space-time
evolution of hot matter is discussed and the photon yield is calculated by
integration over the temperature evolution.

Experimental data reveal for the first time an excess of single photons
above the yield expected from hadronic decay sources. The spectral shape
suggests photon emission from hot hadronic matter.

Results presented in this work are based to a large extent on thor-
ough experimental investigations conducted by the photon teams at Univ.
Miinster and the Kurchatov Institute Moscow. Inspiring discussions with
Prof. R. Santo, Dr. K.H. Kampert, Dr. G. Clewing, G. Hélker and D.
Bucher are gratefully acknowledged. This work was supported in part by
the German BMFT and DFG, the United States DOE, the Dutch Founda-
tion FOM, the Swedish NFR, and the CERN PPE division.
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