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Abstract. In a joint experiment the TAPS and CERES collaborations have studied the production of the
neutral mesons π◦, η and ω in 450GeV p-Be and p-Au collisions at the CERN SPS. The mesons were
identified by their π◦ → γγ, η → γγ, and ω → π◦γ decay modes. The cross sections were measured down
to very low pT (≥ 20MeV/c) near mid-rapidity (3.0 < y < 4.0). The η and ω cross sections are smaller
than expected from extrapolations of earlier data to low pT . Integrated over all pT , the ratios η/π◦ and
ω/π◦ are lower by about 25% compared to previously published values. The reduction may be attributed
to the large number of low pT pions from decays of heavier mesons. In addition, we have studied the
dependence of neutral meson production on the mass of the nuclear target and find it in good agreement
with previous measurements of charged mesons.

1 Introduction

Meson production in high energy hadron collisions has
been studied over the last 30 years. Detailed results are
available on pion production but data on heavier mesons
like η and ω are scarce, in particular at low transverse
momenta pT . The interest in meson production at low pT

is twofold:
On the one hand, these data provide a test of our

understanding of the dynamics of soft hadron collisions.
The observations have mostly been interpreted in terms
of phenomenological descriptions since a rigorous treat-
ment within the framework of non-perturbative QCD is
not yet possible. The most successful phenomenological

a visiting from JINR, Dubna, Russia
b Doctoral Thesis of M. Franke and M. Notheisen, Univer-

sität Gießen (1996)

description – published by M. Bourquin and J.M. Gail-
lard in 1976 [1] – parameterizes the double differential
cross section d2σ/dpT dy for all particles in a large

√
s re-

gion from 6 to 63 GeV. Different particle species are only
distinguished by their transverse mass mT =

√
m2 + p2

T .
Over the past 20 years the BG-parameterization has with-
stood a large amount of new data. However, up to today,
the pT range below 300 MeV/c has mostly been studied
using pion data.

On the other hand, the cross sections for neutral
mesons have to be known with high precision in order
to determine the contribution of π◦, η, and ω decays to
low mass lepton pair production. This is extremely im-
portant to properly address the long-standing problem of
the so-called anomalous excess of low-mass pair produc-
tion (m = 200 - 600 MeV/c2) that was claimed by several
groups [2] over the last two decades and that dramatically
decreased with improved measurements of the HELIOS
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collaboration. In a recent paper HELIOS quotes an upper
limit of ∼40% [3] on additional sources of lepton pairs not
accounted for by either direct or Dalitz decays of neutral
mesons.

In a joint effort the CERES and TAPS collaborations
have performed a coincidence measurement of e+e−-pairs
and photons in 450 GeV p-induced collisions [4]. The main
goal was to further increase the sensitivity to new sources
of dileptons. As in the experiment of HELIOS-1, photons
and lepton pairs were detected in coincidence to allow
a direct measurement of the Dalitz decay contributions
to inclusive lepton pair production. In an effective beam
time of 30 days, e+e− and e+e−γ data were recorded
for p-Be and p-Au. The results of this measurement are
published separately [5]. Simultaneously, the experimental
setup provided the opportunity to measure the production
of neutral mesons via their photon decay modes. For this
purpose a small fraction of the beam time was dedicated
to a high statistics photon measurement using only the
electromagnetic calorimeter TAPS.

This paper is restricted to the results of the dedicated
photon measurement. It is structured as follows: Sects. 2,
3, and 4 describe the experimental setup, the data anal-
ysis and the determination of detector efficiencies. The
results are presented in chapter 5. They are discussed and
compared to previous measurements in chapter 6.

2 Calorimeter setup

The electromagnetic calorimeter TAPS [6] was positioned
downstream of the CERES spectrometer [7]. The calo-
rimeter comprised 378 hexagonally shaped BaF2 crystals
with a depth of 12 radiation lengths and a width of 59 mm.
The detectors were arranged in a hexagon around the
beam axis (shown in Fig. 1) to realize a full azimuthal cov-
erage. It was located 6 m downstream of the target, cover-
ing the pseudorapidity range 3.0 < η < 4.0 approximately
centered around mid rapidity (η = 3.4 for pp-collisions at
450 GeV beam energy). In order to study the photon/
hadron separation one crystal was equipped with a
charged particle veto detector.

For data taking, we used a minimum bias interaction
trigger. The trigger required a charged particle multiplic-
ity Nch ≥2, measured with a silicon pad detector that
was located 10 cm downstream of the target covering a
pseudorapidity range from 2.0 to 3.0 [8].

3 Reconstruction of photons
and neutral mesons

3.1 Shower reconstruction

Electromagnetic showers are reconstructed by searching
for localized energy depositions in the calorimeter. A
group of crystals with one local maximum (central crystal)
above a certain threshold is regarded as a single shower
candidate. Candidates are only accepted if the central

1m

Fig. 1. Setup of the TAPS photon spectrometer at the CERN
SPS. The 378 BaF2 detectors are mounted in a wall 6m down-
stream from the target. The magnetic coils serve to compensate
the magnetic field of the CERES spectrometer. A charged par-
ticle veto detector shown in black is mounted in front of one
of the BaF2 modules

crystal is within the fiducial area which excludes crys-
tals on the inner and outer border of the hexagon. Conse-
quently, a complete reconstruction of the showers is guar-
anteed. Signals not originating from the target are sup-
pressed by applying a time-of-flight cut for each BaF2-
crystal. Signals from minimum ionizing particles are re-
moved by an energy cut of 300 MeV on the central crystal.
The total energy of a shower is determined by adding the
energies of the 6 neighboring crystals to the value of the
central crystal. The shower position is calculated as the
center of gravity of the energies. Because of the relatively
coarse granularity of the detector compared to the lat-
eral shower dimension, a correction of the reconstructed
shower position has been applied, resulting in a position
resolution of σ ∼ 5 mm.

3.2 Photon and hadron separation

The distinction between hadronic and electromagnetic
showers is based on the different lateral development of
hadronic and electromagnetic showers, which is reflected
in the width and fluctuation of the shower. A frequently
used measure is the second central moment of the lateral
energy distribution, i.e. the shower dispersion:

D2
x =

∑
Aix

2
i∑

Ai
−

(∑
Aixi∑
Ai

)2

= x̄2 − x̄2 (1)

and correspondingly for the other coordinates, where Ai

is the pulse height and xi the position of the ith module.
Figure 2 shows the results of the lateral dispersion anal-
ysis of photons and hadrons, deduced from data of the
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Fig. 2. Lateral dispersion of the energy deposited by photons
and charged hadrons in the calorimeter. Photons and charged
particles were distinguished by the veto detector in front of one
crystal. The photon selection cuts are indicated by the dotted
lines

crystal equipped with charged particle veto detector. The
narrow photon and the very broad hadron distributions
offer the possibility to separate photons and hadrons. A
cut of 0.7 cm ≤ D ≤ 3.0 cm results in a hadron rejection
of ∼50% with a photon efficiency of ∼75%.

3.3 Calibration and energy resolution

Each detector module is calibrated separately using the
pedestal and the signal of minimum ionizing charged par-
ticles produced in the collision. In order to account for the
longitudinal shower leakage a non-linear extrapolation to
higher energies has been used. The shape of this extrap-
olation is obtained from a GEANT [9] simulation of the
energy deposition as a function of the initial energy. For
the inner part of the detector array, the energy scale in the
high energy region has been determined from data taken
with a 10 GeV electron beam. A final tuning of the en-
ergy calibration of all detectors has been achieved by an
iterative procedure comparing the reconstructed invariant
mass peak of the π◦ → γγ signal with that of the accepted
π◦ mass. Using the same method, temperature dependent
gain fluctuations of the detectors were also corrected. The
energy resolution (RMS) is found to be 3.7% and 5.1%
at 170 MeV and 10 GeV, respectively, in good agreement
with the expected values from GEANT simulations and
earlier measurements [10].
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Fig. 3. The γγ invariant mass spectrum measured in p-Be col-
lisions. The combinatorial background is indicated by a dashed
line. In the lower part of the figure the background has been
subtracted. Note the scale is enlarged by a factor of 20 for
masses above 400MeV/c2

3.4 Invariant mass analysis

The π◦ and η mesons are identified via their γγ decay
and the ω signal via the ω → π◦γ → γγγ branch. Fig-
ure 3 shows the γγ invariant mass spectrum for p-Be. The
resonance peaks at the π◦ and η mass are clearly visible on
a large background. The background originates from com-
binations of photons from different meson decays and is
thus unavoidable. It has been fitted with simple analytical
functions and subtracted from the data. The result is dis-
played in the lower part of Fig. 3. The ω signal is extracted
from the invariant mass distribution of a π◦ candidate
and a third photon. All photon pairs within ± 13 MeV/c2

around the π◦ mass are considered as π◦ candidates, but,
in calculating the π0γ invariant mass the true π◦ mass
is used. In Fig. 4, the background-subtracted spectra for
π◦, η, and ω are compared to the line shape expected from
the known crystal response. Good agreement is achieved.
The mass resolution is found to be σ/m = 5.8% both for
π◦ and η mesons and σ = 7.6% for the ω meson. Due to
the variation in opening angles of the γγ pair, the mass
resolution of the π◦ signal is dominated by the spatial res-
olution, whereas the width of the η peak is governed by
the energy resolution of the calorimeter. In order to study
the transverse mass and rapidity distributions, the invari-
ant mass spectra for different transverse momentum and
rapidity bins were analyzed separately. The meson yield
extracted for each kinematic bin corresponds to one of the
data points shown in Figs. 7 and 8.

3.5 Systematic errors

The systematic errors in photon reconstruction have been
estimated by comparing the results of two different photon
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Fig. 4. Background subtracted γγ and π◦γ invariant mass spectra for p-Be near the π◦, η, and ω mass. Also shown is the line
shape expected from the detector response. Only photons with energies larger than 350MeV are used in the analysis

shower reconstruction schemes. One method applies the
dispersion cut described in Sect. 3.2, the other one a cut
suppressing shower pile-up. The latter cut requires that
the maximum energy in any module in the second ring
of neighboring detectors is less than 25% of the summed
energy in the first ring of neighboring detectors. Both
cuts have been optimized through GEANT simulations
and agree within 10% when applied to the data, which
is taken as the systematic uncertainty in photon shower
reconstruction. Because of the high statistics for π◦ and η
mesons, statistical errors are negligible compared to sys-
tematic errors, while the opposite holds for the determi-
nation of ω meson yields.

4 Simulation of the detector acceptance
and efficiency

The detector acceptance and the meson reconstruction ef-
ficiency have been determined through Monte-Carlo sim-
ulations using GEANT. The different meson species have
been simulated according to empirical parameterizations
of transverse momentum and rapidity distributions based
on M. Bourquin and J.M. Gaillard [1]. The original work
has been modified to remove the cusp at ycm = 0, which
is unphysical and not present in the data, while keeping
the link between pT and y [11].

The simulated events were processed through the same
analysis chain as the measured data. The correction for de-
tector acceptance and reconstruction efficiency, including
all losses due to cuts in the data analysis, was determined
in terms of the ratio of mesons generated within the detec-
tor acceptance to those reconstructed in the simulation.

In addition, the reduction of reconstruction efficiency
due to overlapping showers caused by high detector oc-
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Fig. 5. Combined detector acceptance and reconstruction ef-
ficiency as a function of rapidity integrated over all transverse
momenta for different mesons

cupancy ( 20% (30%) at a threshold of 10 MeV for p-Be
(p-Au) ) was estimated using an event overlay method. In
order to simulate the effect of the detector occupancy, two
reconstructed photon showers (three photons in the case
of the ω) were removed from a genuine event and replaced
by the hit pattern of the simulated decay photons from a
meson. The fraction of simulated mesons that could be re-
constructed in this experimental environment determined
the occupancy correction. Figures 5 and 6 show the overall
efficiencies for the different mesons as a function of rapid-
ity and transverse momentum, respectively. The drop in
efficiency at the edge of the rapidity interval 3 < y < 4 re-
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Fig. 6. Combined detector acceptance and reconstruction ef-
ficiency as a function of transverse momentum for different
mesons in the rapidity interval 3 < y < 4

flects the loss in geometrical acceptance and can therefore
be determined with good precision. With increasing pT ,
the geometrical acceptance increases until showers start
to overlap. For pions this leads to a peak in the accep-
tance around a pT of 500 MeV/c. In principle, the other
mesons should show similar behavior, but due to their
larger masses, resulting in larger opening angles between
the decay photons, the maximum is shifted to much higher
transverse momenta.

5 Results

The fully corrected spectra for π◦, η, and ω mesons are
shown in Fig. 7 as a function of the transverse mass for
p-Be and p-Au collisions. The meson production cross sec-
tion is normalized to the total number of neutral pions
produced in the interval 3 < y < 4. This normalization
was chosen to allow a straightforward comparison of the
p-Be and p-Au data. The absolute cross sections can be
obtained by multiplying the ordinates of Fig. 7 by π◦/nch ·
〈 dNch/dy 〉 · σinel , where the ratio π◦/nch = 0.47 can
be taken from [12]. For p-Be (p-Au), the average charged
particle multiplicity density 〈 dNch/dy 〉 is 3.0 (4.7) within
the calorimeter acceptance [13,14]. The inelastic nuclear
cross section is 199 mb (1720 mb) [15]. The data agree
to a large extent with a simple mT -scaling hypothesis.
They exhibit the typical exponential-like behaviour, and
the spectra are very similar for the two reactions. For both
systems, the slopes of the η and ω spectra are nearly iden-
tical, while the pion data tend to give the same slope
only above ∼ 500 MeV/c2. At lower transverse mass, it
clearly deviates from a simple mT -scaling hypothesis, as
already observed in [16], which points towards a possible
contribution from resonance decays to the production of
pions with low transverse momentum. The structure in
the pion mT distribution around ∼ 500 MeV/c2 probably
originates from a slight overestimate of the correction for
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Fig. 7. Transverse mass distributions for the neutral mesons
π◦, η, and ω produced in p-Be and p-Au collisions. The errors
reflect the statistical uncertainties only

efficiency losses due to shower pile-up. The pion data at
low mT – which dominate the integral yield – and the
mT -distributions of the η and ω mesons are not affected
by this minor imperfection.

In Fig. 8 we give the rapidity density for the various
mesons integrated over mT . The pion density clearly rises
towards the lowest measured rapidities. This is expected
for asymmetric collision systems, where the peak of the
charged particle density shifts towards target rapidities.
For p-Be (p-Au) the maximum charged particle density
is reached at rapidity ∼ 2.9 (2.4), compared to 3.4 for a
p-p collisions at the same

√
s [14]. It is interesting to note

that for the η meson the rapidity density is rather flat
between 3 and 3.6, but decreases slightly towards rapid-
ity 4. This could possibly indicate a smaller average shift
towards target rapidity for η mesons than for pions.
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6 Discussion of the results

6.1 Transverse momentum spectra of neutral mesons

In Fig. 9, our data from Fig. 7 are compared to previous
measurements. Though all experiments were performed at
slightly different conditions, they all measure neutral me-
son production close to ycm = 0, i.e. mid rapidity in the
nucleon-nucleon rest frame. Like our experiment, HELIOS
[17] investigated p-Be collisions at 450 GeV, but while we
cover −0.4 < ycm < 0.6, HELIOS had a slightly larger ac-
ceptance −0.2 < ycm < 1.2. E706 at FERMILAB detected
neutral mesons in 500 GeV π-Be interactions in a rapidity
interval −0.7 < ycm < 0.7 [18]. In the NA27 experiment,
neutral mesons were reconstructed for ycm > 0.5 in p-p
at 400 GeV [12]. We have normalized all π◦ data relative
to our data in order to avoid systematic differences in the
absolute normalization of the different data sets. The rela-
tive normalization of the different meson species π◦ : η : ω
is taken from the original publications. Thus the compari-
son of different η and ω meson data contains no additional
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normalization factor. Note the good agreement of the data
from different experiments. Also shown in the figure is
the modified Bourquin-Gaillard parameterization [11] for
3≤ y ≤ 4 and 450 GeV. The calculations are normalized to
the data sets at high momenta. They reproduce very well
the π0- data, but significantly overestimate the production
rate of η and ω mesons at low transverse momenta. For
the new precise η-data the deviation is illustrated more
clearly in Fig. 10, where the ratio of η/π◦ is shown as a
function of pT . This behaviour is easily understood. Most
likely the large contribution of resonance decays to the
production of low transverse momentum pions accounts
for the different behavior of π◦ compared to η or ω. In
the Bourquin-Gaillard, or any other parameterization us-
ing mT as the only parameter distinguishing between the
various mesons, an extrapolation to low pT based on pion
data – which was the only low-pT -data available at the
time the BG-parameterization was suggested – cannot be
expected to describe heavier mesons. In order to achieve
a better description of the low-pT -region, we use a pa-
rameterization with additional parameters (similar to a
parameterization suggested earlier by [19]):

E
d3σ

dp3 = A · ( βi · e−bi·mT + αi · (1 − xT )c

(1 + m2
T )4

) (2)

with xT =
2·mT√

s
and i = π, η, ω (3)

√
s = 29.1 GeV c = 7.9

απ = 0.02 απ = αω = 1.8 · αη

βπ = 1 βη = βω = 0.15
bπ = 7.5 GeV−1 bη = bω = 6.5 GeV−1

(4)

In this parameterization, pT and y are explicitly factor-
ized, which is only valid in a region close to mid rapidity.
The first term is a simple exponential in mT , with differ-
ent slopes and amplitudes for pions compared to heavier
mesons to account for the different low-pT behavior. The
second term is inspired by QCD, and describes the high-
pT part of the spectrum. The parameters were determined
by fitting the data in Fig. 9. Due to the large systematic
uncertainty, our pion data above 500 MeV/c was not in-
cluded. The second term is fixed using the E706 data [18]
only. The parameter A determines the normalization and
is not explicitly quoted. The results shown in Fig. 9 and
10 are in good agreement with all data.

6.2 Relative abundance of neutral mesons

Since an exact determination of the relative neutral me-
son abundances is of utmost importance in order to deter-
mine the dilepton yield from hadron decays – the primary
goal of this experiment – we compare in this section our
data to results of previous experiments in a more quantita-
tive way. Throughout this section we compare production
cross sections integrated over pT in the rapidity interval
3.1 < y < 3.7. We have restricted the acceptance for our
data to avoid large corrections at the boundaries. Wher-
ever necessary, we have extrapolated the data of other

Table 1. Comparison of relative cross sections integrated over
pT in the rapidity range 3.1 < y < 3.7. Data not measured in
this rapidity range have been extrapolated to this region with
the modified Bourquin-Gaillard distribution [11]. The results
of the HELIOS measurement can be found in [17], the NA27
data are from [12].(* Estimated, assuming to be the same as
η/2ω.)

Experiment η/π◦ ratio ω/π◦ ratio η/(ρ + ω)
(ρ/π◦ ratio) ratio

TAPS p-Be 6.9±0.5 % 10.2±2.0 % 34±8 %∗

TAPS p-Au 8.8±1.1 % 12.0±3.4 % 37±11 %
HELIOS p-Be 6.9±0.8 % - 43±5 %
NA27 p-p 9.3±0.8 % 13.3±1.2 % 34±4 %

(14.8±1.1 %)

experiments to our rapidity region, taking into account
the measured reduction of the width of the rapidity dis-
tribution with the meson mass [12]. We have always used
the originally published extrapolation to low pT . In addi-
tion, we focus on ratios of cross sections so as to be less
sensitive to systematic errors in absolute normalization of
different experiments. The results of our compilation are
summarized in Table 1. Statistical and systematic errors
have been added quadratically.

The η/π◦ ratio found by HELIOS, which has also di-
rectly measured π◦ and η at low pT , agrees with our value
within the errors. In contrast, extrapolating the NA27
data [12] to our rapidity acceptance we find a ratio approx-
imately 25% larger than our value. The difference is shown
in Fig. 11 as a function of rapidity. NA27 has measured η
and π◦ only above ycm > 0.5, but clearly the discrepancy
does not arise from the extrapolation to ycm = 0. Careful
inspection of Fig. 9 shows that the NA27 η-spectrum is
higher compared to ours or to the HELIOS spectrum for
pT ≤1 GeV/c. As a consequence, these higher points lead
to the fit used by NA27, which significantly deviates from
our data below 400 MeV/c, as shown in Fig. 10. An ear-
lier measurement by Kass et al. [20], which gave an upper
limit for the η/π0 ratio of ≤ 6.4%, is compatible with our
result.

For the ω/π◦-ratio, also given in Table 1, we again ob-
serve a slightly lower value compared to the NA27 data.
The NA27 value for the ω/π◦-ratio is well in line with their
ρ/π◦-ratio, as expected, since ρ and ω have similar mass
and quark content. A compilation of ρ-data from other ex-
periments supports the large value of ρ/π◦ [21]. However,
common to all these estimates is the extrapolation of the
data to low pT , based on pT -distributions that are steeper
than suggested by our data. We have therefore determined
the ratio η/ω, for which the uncertainty of the extrapola-
tion should cancel. Since a value for η/(ρ + ω) is available
also from HELIOS [22], we have quoted this ratio in Ta-
ble 1, using η/2ω for our measurements. For this ratio,
a good agreement is achieved between our value and the
value derived from the NA27 data. The HELIOS value is
slightly higher, however, this measurement is determined
from muon pair data, and involves several extrapolations,



256 G. Agakichiev et al.: Neutral meson production in p-Be and p-Au collisions at 450GeV beam energy

TAPS

NA27

rapidity   ycm

η 
/ π

o  r
at

io

0.05

0.1

0.15

0.2

-0.5 0 0.5 1 1.5 2

Fig. 11. Ratio of the cross sections after integration over pT

for η/π◦ as a function of rapidity, measured by TAPS (this
work) and by NA27 [12]. The horizontal line corresponds to
the η/π0 -ratio deduced from the NA27 data

e.g. correcting for the ρ/ω interference in the µ+µ− decay
channel.

We have also made an attempt to reconstruct η′ →
γγ decays in our p-Be data, but no reliable signal could
be derived. We have estimated that, at a confidence level
of 95%, our data limits the η′/η-ratio to less than 0.2.
This value is somewhat lower than the one derived from
an extrapolation of high-pT η and η′ data, which yields
η′/η = 0.3 [23].

6.3 A dependence of neutral meson production

Table 1 compares the ratios of neutral meson production
cross sections we have measured in p-Be collisions with
those extracted from the p-Au data. Both η/π◦ and ω/π◦
ratios are slightly larger for p-Au, though the effect is not
significant. A small increase might be expected if the ra-
pidity shift towards target rapidity in asymmetric collision
systems is smaller for heavier mass mesons than for pions.
Some indication for a smaller shift of the η compared to
the π◦ has already been observed in Fig. 8. But, like the
difference in the particle ratios, the evidence is not signif-
icant.

Neglecting the small difference in the acceptance due
to the different rapidity shifts in p-Be and p-Au, we have
analyzed the pT -spectra in terms of σpA = Aασpp using a
pT -dependent exponent α(pT ). Such parameterizations of
the A dependence have been used frequently ever since the
discovery of the so-called anomalous nuclear enhancement
of pions and kaons in the 70’s [16,24]. In Fig. 12 α(pT )
is shown for π◦ and η. Also shown is a fit to previously
measured charged pion data [16,18,24–26]. Our pion data
is in very good agreement with this fit and in particular

πo

η

pT [GeV/c]

α(
p T

)

0.7
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Fig. 12. Power α of the A dependence as a function
of transverse momentum for the different mesons ( α =
ln

(
σAu
σBe

)
/ ln

(
AAu
ABe

)
). The absolute normalization for our p-

Be and p-Au data was obtained as outlined in Sect. 5

corroborates the slight increase of α observed for very low
pT charged pions [25]. The η meson reveals a similar A
dependence as the pions. For the ω meson our data are
not conclusive.

7 Conclusions

We have measured the production of neutral mesons π◦,
η, and ω in p-Be and p-Au collisions at 450 GeV in a nar-
row interval around mid-rapidity. The π◦ pT -distribution
is well in line with previous measurements. Our precise
data on η-production at low pT , however, reveals a lower
cross section than expected from extrapolating data at
higher pT , in agreement with recent HELIOS results. A
similar observation is made for the ω meson, though with
somewhat less accuracy. From a comparison of all avail-
able data we conclude that both η- and ω-production may
have previously been overestimated by 25-30 % at low pT .
Within the accuracy of our measurement, we observe no
change in the relative abundance of π◦, η, and ω compar-
ing p-Be and p-Au data. For the η the A dependence as a
function of pT is very similar to the well known “Cronin-
effect” for pions.

Based on these new data, we have estimated the con-
tribution of hadron decays to the production of low mass
e+e−-pairs in p-Be and p-Au collisions, and demonstrated
in [5] that the systematic uncertainty is thereby greatly
reduced compared to previous studies.
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