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Abstract

The CERES experiment has measured inclusive photon production in S-Au col-
lisions of 200 GeV/nucleon at the CERN SPS. No evidence for direct emission

of photons was found. For the kinematic region 2.1 < y < 2.65 and 0.4 GeV/c
< p

?
< 2:0 GeV/c the yield and p

?
-dependence of the observed photons are well

reproduced by hadron decays. Furthermore, their production rate is found to be
proportional to the charged particle density. The signi�cance of the results is lim-

ited by systematic errors, which set an upper limit of 7% for any unconventional
photon source in central S-Au collisions.
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1 Introduction

Direct photons are commonly accepted as a promising probe for the elusive quark

gluon plasma, since they do not interact strongly and thus carry information about the hot

early stage of the interaction. The di�culty in their measurement in heavy-ion collisions

is the huge background due to hadron decays, mainly �� and �. The production rate

of direct photons from quark-antiquark annihilation, quark-gluon-Compton and hadron-

hadron scattering in a hot and dense hadronic system has been investigated theoretically

by several authors [1, 2]. Even though the absolute values of the predicted yields vary

by a factor of up to 5, some properties seem to be rather well established at SPS beam

energies. Direct photons from partonic and hadronic processes are similar in rate. Their

overall yield is of the order of, or smaller than 10% of the inclusive photon production, and

even their p
?
-distribution is not very di�erent from that of the hadron decay photons.

However, the production of direct photons is expected to scale with the square of the

charged particle density dNch=dy if volume e�ects are taken into account. In contrast, the

number of photons from hadron decays is obviously proportional to dNch=dy. Presently,

experiments [3, 4] are barely accurate enough to detect the highest predicted absolute

yields, but the quadratic multiplicity dependence may provide a more sensitive tool to

disentangle direct photons from the hadron decay contribution.

Here we present the measurement of inclusive photon production in S-Au collisions
at 200 GeV/nucleon performed by the CERES/NA45 experiment.

2 Experimental setup

CERES (Fig. 1) is an experiment dedicated to the measurement of e+e�-pair pro-

duction in pp-, pA- and AA-collisions at central rapidity (2:1 < � < 2:65) in the mass
range up to mee < 2000 MeV/c2. A detailed description of the CERES experiment can be
found in refs. [5, 6]. Here we summarize the most relevant features of the detector. Particle
identi�cation and tracking are based on two azimuthally symmetric RICH (Ring Imaging
CHerenkov) detectors operated with a Cherenkov threshold (
thr � 32) high enough to

suppress signals from the large number of hadrons produced in the collisions to a very
low level. Momentum and charge information are provided by a superconducting double
solenoid between the RICH detectors, which locally de
ects the particles in azimuthal (�)
direction according to �� = 0:12 rad=p (GeV/c), but leaves the polar angle � unchanged.
The magnetic �eld (indicated in Fig. 1) is shaped such that the region of RICH-1 is free of

�eld, while in RICH-2 the �eld lines point back to the target. This �eld shaping guarantees
straight particle trajectories inside the radiators which lead to clear ring images and pre-

serves the original particle direction and the e+e�-pair opening angle in RICH-1. In both

detectors the Cherenkov photons are focused by a spherical mirror onto a plane upstream
of the target, which allows their detection in UV-sensitive photon detectors outside the
huge 
ux of forward going particles [7]. A silicon pad detector (SiPD) [8] close to the

target supplies charged particle multiplicity Nch both for �rst-level triggering and o�-line

analysis. In addition, a silicon drift chamber (SiDC) [9] supports the pattern recognition
and also measures dNch=d�. In order to minimize the number of photon conversions and

hence the combinatorial e+e�-pair background, a segmented target of 40 gold disks each
50 �m thick with a diameter of 600 �m separated by 1.5 mm was used.

The capability of the CERES spectrometer to recognize and reject photon conver-

sions, the dominant background for the e+e�-pair measurement, opens the possibility to

carefully study the production of photons using the conversion method with the target
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(2.3% of a radiation length) acting as converter. The conversions are identi�ed by a typi-

cal pattern in the RICH detectors. Since the opening angle of e+e�-pairs originating from

converted photons is a few mrad only, the pair is not or barely opened in RICH-1, while in

RICH-2 electrons and positrons are de
ected by the magnetic �eld in opposite azimuthal

directions, keeping the polar angle � unchanged. Hence a conversion has a V-shaped sig-

nature with an unresolved double ring in the �rst and two distinct rings in the second

RICH. A example for such a V-pattern is shown in the blowup of an event display of

RICH-1 and RICH-2 in Fig. 2.

Charged pions can also be reconstructed for momenta above 5.5 GeV/c where they

exceed the Cherenkov threshold and radiate enough Cherenkov photons to produce a

recognizable ring image. They can be distinguished easily from electrons up to p ' 20

GeV/c by the smaller ring radius, which also provides an independent measurement of

the pion momentum.

3 Data analysis

In the CERES experiment, the event reconstruction relies entirely on the RICH

detectors. Cherenkov rings are reconstructed without an a priori knowledge of the ring

centers. In the �rst step, the event is cleaned from obvious background signals originating

from electronic noise and physics sources like highly ionizing particles, which unnecessarily
complicate the ring recognition. The remaining event is searched for ring candidates using
a point-to-ring Hough transformation. In the vicinity of these candidates, single photon
hits are reconstructed, and a ring of asymptotic radius is �tted to these hits. In order to
cope with the large number of background hits in the environment, each hit is weighted

by a Gaussian potential according to its distance from the ring. Finally, true Cherenkov
rings are �ltered from random combinations of hits accidentally combined to `fake' rings
employing an arti�cial neural network. The neural network operates on numerous variables
describing the rings and their environment. It is signi�cantly more e�cient in rejecting fake
rings than any standard analysis technique based on quality cuts on the same variables.

For pions the ring reconstruction is essentially the same, except that the ring radius is
no longer known. However, it is constrained to be equal in RICH-1 and RICH-2 and
consistent with the �-de
ection angle.

Rings in both RICH detectors are combined to tracks, identi�ed by their common
�-angle. In order to reduce ambiguities in the track reconstruction, only tracks with a

�-de
ection corresponding to p
?
> 50 MeV/c are accepted. Conversion candidates are

de�ned as V-shaped pairs of tracks with a common ring in the �rst RICH and a minimum

opening angle of �� > 3 mrad in the second RICH. A total of 8:5 � 105 S-Au collisions

selected by two di�erent multiplicity (centrality) triggers have been analyzed. In this
sample 95,000 conversions and 77,000 pions were reconstructed.

In order to evaluate the photon p
?
-spectrum, a correction for the reconstruction

e�ciency within the acceptance and the smearing of the p
?
-spectrum due to the mo-

mentum resolution is needed. This correction function is obtained by generating photons
with a given p

?
-spectrum and tracking them through a GEANT Monte-Carlo simulation

[10] of the CERES detector. Measured detector parameters, like the primary number of
Cherenkov photons, the width of the Cherenkov hits, their spread around the nominal ring

radius and local gain variations, are fed into this simulation. The digitized Monte-Carlo

event is overlaid with data to simulate realistic background conditions. This mixture is
then passed through the analysis chain. The ratio of the generated to the reconstructed
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Monte-Carlo p
?
-spectra, shown in Fig. 3, is used to correct the measured photon p

?
-

spectrum. In the p
?
-region 0.4 to 1.5 GeV/c the correction function decreases only slowly

with an average reconstruction e�ciency of � 20%. For lower p
?
, photon conversions

are lost due to the single track p
?
-cut of 50 MeV/c and the correction becomes large.

Above 1.5 GeV/c the correction function decreases more rapidly, as { due to the limited

momentum resolution { more and more photons are reconstructed at too large p
?
.

The measured photon p
?
-spectrum is contaminated by e+e�-pairs from �o Dalitz

decays, which { due to their low mass and resulting small opening angle { are undistin-

guishable from photon conversions in the RICH detectors. The necessary correction was

calculated with a Monte-Carlo method similar to the one described above. Because of the

limited double ring resolution of � 8 mrad, about 50% of all �o Dalitz decays produce a

conversion-like pattern in the RICH detectors. Including the opening angle dependence

of the reconstruction e�ciency of e+e�-pairs, this results in an 18% contamination of the

inclusive photon spectrum. The contribution of �o Dalitz decays is nearly independent of

p
?
. It is subtracted from the measured photon spectrum.

For pions the e�ciency correction is much more sensitive to the precise knowledge

of detector parameters than it is for photon conversions. A normalization of the photon

yield to the measured number of charged pions therefore leads to unacceptable systematic

errors. Instead, the yield is normalized to the charged particle density dNch=d� at � = 2:4,

which is determined from the amount of energy deposited in the silicon pad detector
(1:7 < � < 3:7). Each of the 64 pads is analyzed as a convolution of Landau distributions.
The multiplicity sum of all pads (Nch) is corrected for inactive areas of the detector and
the small contribution from photon conversions as well as from �-electrons produced in
the target. In an asymmetric collision system like S-Au the center-of-mass rapidity ycm
and therefore the maximum charged particle density shifts towards target rapidity with
decreasing impact parameter. Consequently dNch=d� at � = 2:4, the relevant quantity for
our photon measurement, is not strictly proportional to Nch measured in 1:7 < � < 3:7.
The uncertainty of the vertex position in the segmented target prevents us from extracting
the non-linearity from the silicon pad data itself. We have used data from S-W [11] and

S-Au [12] collisions obtained at the same beam energy to quantify the non-linearity. It
amounts to approximately 10% over the Nch-range covered by our measurement. The fully
corrected multiplicity distribution is shown in Fig. 4. The average multiplicity of our data
sample is < dNch=d� > = 135 at � = 2:4. Note that the average includes data taken with
two di�erent multiplicity thresholds. Nevertheless, the sample is dominated by central

collisions and in the following we refer to it as central S-Au collisions.

4 Comparison of the photon p
?
-spectrum with known hadronic sources

Fig. 5 shows the inclusive photon p
?
-spectrum for S-Au collisions at 200 GeV/u

measured in the rapidity range 2:1 < y < 2:65. The expected contribution of all known

hadron decays to the inclusive spectrum is also shown. The expected photon yield is
calculated using a Monte-Carlo method. It assumes that within our rapidity acceptance

the invariant cross section d3�=dp2
?

dy factorizes in p
?
and y, such that the distributions

can be treated separately. The dNch=d� distribution for pions follows a �t to measured data

[12]. The �o p
?
-spectrum is generated starting with a distribution measured for negative

particles under similar conditions [13]. This spectrum is modi�ed iteratively such that
the resulting pion p

?
-spectra, including pions from the decay of higher mass particles,

describes measured p
?
-spectra from various heavy-ion experiments [13, 14, 15, 16] in
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di�erent kinematical regions. Photons from decays of heavier mesons like �, �0 and !

are included employing known production cross sections [17] and branching ratios [18],

assuming m
?
-scaling [19] and modifying the width of their rapidity distribution to re
ect

the ratio of �central=�total measured in p-p collisions [17]. It is important to note that, due

to the iterative procedure, the resulting photon p
?
-spectrum is rather insensitive to the

exact choice of the initial p
?
- and y-distribution.

In order to compare to data, the generator result must be normalized to the mea-

sured average charged particle density. Because no accurate data for (d��o=d�)=(d�Nch
=d�)

is available for S-interactions with heavy targets, a starting value of 0.46 measured in p-p

collisions [17] at ycm = 0 is used. We assume that at ycm = 0 the composition of pro-

duced particles will not change going from p-p to S-Au collisions, which is supported by

the similarity in particle composition found for S-Ag [14] and p-p [17] data at ycm = 0.

However, due to the higher degree of stopping in nuclear collisions, more charged baryons

are shifted into the pseudorapidity region 2:1 < � < 2:65. An extrapolation of the baryon

density measured in S-Ag (at y < 3) and S-Au (at y > 3) reactions [14] is used to correct

(d��o=d�)=(d�Nch
=d�), reducing its value to 0.44.

The shape as well as the absolute yield of the p
?
-distribution are well described by

the known hadronic sources, clearly visible in Fig. 5. For a quantitative comparison, both

p
?
-spectra are integrated in the range 0:4 < p

?
< 2:0 GeV/c, resulting in a ratio r
 of

photons per charged particle:

r
 =

 
dNch

d�

!
�1 Z

dN


dp
?

dp
?

(1)

Integrated over the full phase space, r
 is � 1 for photons from hadron decays. For

2:1 < y < 2:65 and 0:4 < p
?
< 2:0 GeV/c the value is reduced to 0.09. In the same

region we measure for the inclusive photon yield 0.091 � 0.0004, quoting only statistical
errors. The accuracy of the result is limited by the much larger systematic errors. The
individual contributions are discussed below, quanti�ed in terms of r
. The errors re
ect
the uncertainty of the photon yield at low p

?
, for large p

?
the errors increase signi�cantly.

For those errors with a bell-shaped error distribution function the rms is quoted (for

asymmetric cases, the rms for the positive and negative part of the distribution are given
separately), otherwise upper and lower limits of a uniform distribution are given.

Systematic errors in the measurement:

� The photon reconstruction e�ciency depends on detector parameters which are known
only with limited accuracy. The most critical parameters, namely the number of Cherenkov

photons per ring, the spread of photon hits around the nominal radius and the width of
the detector response to a single Cherenkov photon were varied within these limits. The
combined uncertainty is � � +2.7%,�5%. The e�ciency correction is not sensitive to

the exact shape of the input p
?
-distribution. Di�erent �ts to parameterize the correction

function contribute less than 2% to the systematic error.
� The subtraction of the �o Dalitz decay contamination depends on the correct description
of the opening angle distributions of both Dalitz decays and photon conversions. Monte-
Carlo studies show a variation of the photon yield due to these uncertainties of � 5%.

� The conversion method relies on the exact knowledge of the converter thickness. Besides

the target, all other materials in the target area, like the silicon detectors, radiator windows
etc. contribute to the conversion probability. All these materials were carefully included

in a GEANT Monte-Carlo simulation of the target area. Following reference [10], the
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conversion probability is accurate to � 2.5%. Including an additional statistical error of

� 1.5%, due to the limited amount of Monte-Carlo events available for this evaluation,

the overall error is � = 3%.

� The charged particle density dNch=d� is known within � 5%. The determination of

Nch with the silicon drift detector gives a result consistent with that obtained from the

silicon pad detector. Due to imperfections of the drift detector available in 1992, the

accuracy could, however, not be increased. The systematic error of the average charged

particle density caused by extrapolating Nch from the rapidity acceptance of the silicon

pad counter to dNch=d� in the RICH acceptance is negligible (< 1%).

Systematic errors in the photon yield from hadron decays:

� The expected photon yield varies due to uncertainties of the input p
?
- and y-distributions

for the generator. Di�erent slopes of the pion p
?
-distribution change the �nal yield in the

range +3.5%,�5.3%. The width of the rapidity distribution has been varied by 30%. The

error on r
 is +2:4%;�3:9%.

� The contribution from heavier mesons to the photon yield is dominated by the �-meson.

In the hadron decay generator the total cross sections for the �-meson production was

�xed to 0.1 relative to the ��. Comparing all available data [15, 17, 20], �=�� seems to be

reliably known to within � 30%. In particular, there is signi�cant evidence that in S-Au

�=�� remains unchanged compared to p-p collisions [15]. The resulting systematic error
is estimated to be � 2.4%.
� For the normalization, a value of n��=Nch = 0.44 was used. The statistical and system-
atical errors of the measurement [17] as well as the uncertainty in the estimation of the
the di�erent amounts of charged baryons shifted into the rapidity region 2:1 < � < 2:65

in p-p and S-Au collisions leads to an overall error of � = 5.4 %.

In order to deduce the overall systematic error of r
, the di�erent error distribution
functions are convoluted. The FWHM of the resulting distribution is then quoted as
systematic error. For the measurement and the estimation of the hadron decays we �nd:

rdata = 0:091 � 0:0004 stat: +0:004
�0:008 syst: (2)

rhadr = 0:090 � 0:006 syst: (3)

Within the errors both values are equal. The fraction of direct photons may be expressed
as the surplus of the measured over the expected photon yield from hadron decays:

Ndir



Nhadr



=
rdata

rhadr
� 1 = 1 +8:5

�13% (4)

The errors of this ratio set an upper limit of 10% at a 90% con�dence level on any
contribution of direct photons to the inclusive photon yield.

5 Multiplicity dependence of the photon production

The multiplicity dependence of the photon yield provides an additional tool to
search for direct photons independent of the di�culties of the absolute normalization dis-

cussed above. While the photon yield from hadron decays must be proportional to the

charged particle density, the rate of thermal photons is expected to scale with the square
of the particle density at time of their creation, independent of the underlying production
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mechanism. Inevitably, the yield of photons normalized to some variable proportional to

dNch=dy results in a constant value for photons from hadron decays, whereas a contri-

bution of direct photons would be signaled by a rise with dNch=dy. Here we adopt two

di�erent strategies of normalization. In the �rst approach shown in Fig. 6a we normalize

to dNch=d� measured by the silicon pad detector, in other words, r
 obtained in Section 4

is analyzed as a function of dNch=d�. Mandatory for such a study is an accurate correction

of the non-linear multiplicity scale, as discussed in chapter 3. The second method avoids

this problem by normalizing to the charged pions observed in the CERES spectrometer

between p
?
= 1:3 to 2.5 GeV/c. The multiplicity dependence of the ratio n
=n� is plotted

in Fig. 6b. The large uncertainty in the pion reconstruction e�ciency, which previously

prevented the use of pions for precise normalization of the photon yield, is irrelevant here

since it mostly a�ects the absolute value of n
=n�, but not its multiplicity dependence.

Both methods of normalization give the same result: The photon yield is propor-

tional to the charged particle density. We �nd no evidence for a source of photons with a

quadratic multiplicity dependence. In order to quantify the measurements we parameter-

ize the normalized photon yield G assuming a contribution quadratic in dNch=d�:

G(dNch=d�) = C � (1 + � � dNch=d�) (5)

with �� dNch=d� = Ndirect

 =Nhadron


 , i.e. the ratio of direct photons to photons from hadron
decays, and the constant C which measures rhadr (cf. Section 4) for Fig. 6a and, after
correcting for the di�erent p

?
-acceptance of photons and pions, Nhadron


 =N� for Fig. 6b.
The �ts are also shown on the �gures, the numerical values of the slope parameters are:

� = (+0:5 � 1:4 stat: +4:5
�1:5 syst:) � 10

�4 (6)

� = (�0:4 � 1:9 stat: +6
�4:5 syst:) � 10

�4 (7)

for Fig. 6a and b, respectively. Both values of � are consistent with zero within the
statistical errors. The relevant sources of systematic errors on � are listed in the following.

Systematic errors normalizing to dNch=d�:

� As mentioned above, the main uncertainty is caused by the non-linearity between Nch

(1:7 < � < 3:7) and dNch=d� at � = 2:4. If no correction is applied r
 rises trivially

with Nch, resulting in a false value of � = 8:5 � 10�4. Obviously, the necessary correction

is large. Comparing various methods to extract the correction we are con�dent that the

uncertainty of � is not larger than +4:5
�0:5 � 10

�4.
� There is a small but �nite decrease of the photon reconstruction e�ciency with dNch=d�.

It was studied in detail by a Monte-Carlo simulation. In terms of � the error is slightly

asymmetric: +1:5
�3 � 10�4.

Systematic errors on n
=n�:

� The multiplicity dependence of the reconstruction e�ciency is not equal for photons and

pions. It is more sensitive to uncertainties of the detector parameters mentioned above

for charged pions than for photon conversions. The reason of this is the large di�erence

of Cherenkov photons produced in RICH-1 by a pion (usually with small �) compared to
the collinear e+e� tracks from a conversion. The error introduced is +6

�4 � 10
�4.
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� Pions are reconstructed in a p
?
-region from 1.3 to 2.5 GeV/c, which corresponds only

to a small fraction of the pion production cross section. The measured yield is extremely

sensitive to any change of the p
?
-distribution with centrality of the collision. There is

some evidence in our data for a subtle change of the average p
?
with dNch=d�. The e�ect

would partially be compensated since the photon yield, also measured in a limited p
?
-

interval, would vary too. It is impossible to completely disentangle the e�ect of a changed

pion p
?
-distribution from an imperfect correction of the non-linear multiplicity scale. In

any case the error of � is below � 5 � 10�4.

Because the reaction volume changes only little once target and projectile fully

overlap, which corresponds to dNch=d� � 110 in our acceptance, the yield of direct pho-

tons should scale quadratically with dNch=d� over most of the detected range. Their

contribution is therefore determined by the slope parameter � extracted from the data.

Convoluting statistical and systematical errors of � we can establish a bound for any

thermal source of photons independent of the absolute normalization of the photon yield.

We �nd upper limits of 7% (at 90% CL) and 9.5% (at 90% CL) from the multiplicity

dependence of r
 and n
=n�, respectively. Note that the two approaches reach a similar

precision, though the origins of the errors are quite di�erent.

6 Conclusions

The inclusive photon production has been measured in S-Au collision at 200 GeV/u.
In the kinematic region 2:1 < y < 2:65 and 0.4 GeV/c < p

?
< 2.0 GeV/c the production

rate as well as the shape of the photon p
?
-spectrum are well described by known hadronic

sources. A quantitative comparison limits any contribution of direct photons to the in-
clusive photon yield to less than 10% at a 90% con�dence level. In addition the photon
yield is proportional to dNch=d� in the range from 75 up to 200, again the accuracy being
limited by systematic errors. The uncertainty in the multiplicity dependence of r
 sets a
independent limit of 7% (at 90% CL) for the strength of a photon source with quadratic

multiplicity dependence.
Our results are in good agreement with previous experiments which investigated

O-Au [4] and, with lower statistics, O-W and S-W [3] at CERN SPS energies. Those
experiments reached the conclusion that no unconventional source could be identi�ed
within � 13 � 15% systematical errors. The upper limit is now reduced by our data to

7%. Preliminary data of the WA80 group [15] showed an almost 15% contribution beyond
photons from hadron decays with a signi�cance at the 2{3 � level. A recent { not yet
completed { reanalysis of the data, points towards a smaller photon excess [21], bringing

their result in better agreement with our �ndings.
The experimental accuracy reached today is still not good enough to draw a de�nite

conclusion, since the predicted yield [1, 2] is at most comparable to the experimental er-

rors. The search for direct photon emission remains an important issue, especially in the

light of the enhanced dilepton production observed in S-induced reactions by our experi-
ment [22], HELIOS-3 [23] and NA38 [24] (for a review see ref. [25]). For the continuation

of the CERES experiment with lead beam [26] major improvements are being made to in-
crease the sensitivity, i.e. to reduce the systematic errors. In particular, the measurement

of the multiplicity dependence will bene�t greatly from two new silicon drift detectors

just behind the target which ease the identi�cation of conversions and allow to determine
event by event the exact charged multiplicity in the RICH acceptance.
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Figure 1: Schematic view of the CERES spectrometer
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CERES/NA45

CERES/NA45

Figure 2: RICH display of a reconstructed photon conversion in a central S-Au collision.
Clearly visible the typical V-pattern of a conversion: an unresolved double ring in RICH-1

(top) and two rings in RICH-2 (bottom). The area of the black boxes corresponds to the

signal amplitude measured for each readout channel. The ring �ts are shown with the

ring centers (stars). The small circles mark the � and '-position of the rings in the other

RICH.
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Figure 3: Function used to correct the photon p
?
-spectrum for reconstruction e�ciency.

The Monte-Carlo simulation includes the acceptance of the spectrometer, losses caused
by analysis cuts, and smearing due to momentum resolution.
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Figure 4: Multiplicity distribution for the S-Au data sample taken 1992 with two di�erent

multiplicity thresholds: a threshold at dNch=d� = 140 to select central collisions, and, in

order to cover a large multiplicity range, a second threshold at dNch=d� = 50, which was

scaled down by a factor of � 4. The open circles show the multiplicity distribution after
rescaling the dNch=d� > 50 data.
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Figure 5: p
?
-spectrum of photons from central S-Au collisions. Shown is the inclusive

measurement (with statistical errors only) in comparison to the expectation from hadron
decays, generated as described in the text.
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Figure 6: Multiplicity dependence of (a) r
 as de�ned in Section 4, and (b) the ratio of
measured inclusive photons (0:4 < p

?
< 2:0 GeV/c) to charged pions (1:3 < p

?
< 2:5

GeV/c). Only statistical errors are shown. In order to quantify a possible contribution of
direct photons the data are �tted with C(1 + � � dNch=d�).14


