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Abstract. We report on a measurement of the inclusive cross sections of Λ, Λ, K0
S , Ξ

+
and Ω− production

by Σ−and π−of 345 GeV/c momentum and by neutrons of 260 GeV/c mean momentum in copper and
carbon. The differential cross sections as function of p2

t show a distinct non-gaussian behavior above 1.2
(GeV/c)2. A comparison of the xF -dependence of Λ, Λ and K0 production with calculations using PYTHIA
and the QGSM model is discussed.
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1 Introduction

Hadron production in hadron beams has already been
studied in a variety of beams for a wide range of pro-
duced hadrons. However, data on the production of the
hyperons discussed in this article (Λ, Λ, K0

S , Ξ
+

and Ω−)
are still rather limited.

The production of V 0 (Λ, Λ and K0
S) have been studied

by some experiments with a proton beam [1]–[13]) over a
wide momentum range 6–800 GeV/c. A few experiments
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were performed with a pion beam [14]–[17] in the narrow
momentum range of 100–360 GeV/c. One experiment was
done with kaon beam [18] at 200 GeV/c and neutrons [19]
at average momentum of 45 GeV/c. Most of these experi-
ments were done with bubble chambers and consequently
have a low statistics. No data on V 0 production in hyperon
beams exist.
Ω− production was studied in K−-beams [20]–[23] at

very low momentum 4.5–14 GeV/c and in a Ξ− beam [25]
at 116 GeV/c. In the pion beam the combined production
of (Ξ− + Ξ

+
) was studied at 200 GeV/c [14]. Ξ

+
and

Ω− production cross section were also measured in proton
beams of 400 GeV/c [26].

Progress in heavy ion physics has renewed interest in
studies of strange-particle production. The new generation
of heavy ion colliders target the observation of quark-gluon
plasma (QGP) in experiments such as PHENIX [27] and
STAR [28] at RHIC. One of the most promising signatures
of QGP formation should be an enhanced production of
strange particles [29]. These expectations lend importance
to a comprehensive measurement of strange particle pro-
duction properties in “ordinary” pN collisions.

The xF
1 and p2t spectra contain important information

on the production mechanisms. The xF spectra provide
information about the underlying hadron interaction dy-
namics, for instance the “leading” particle effect, while the
p2t spectra contain information about the thermal equilib-
rium if it has been reached.

In this paper we present the results of the inclusive
cross sections studies of Λ, Λ, K0

S , Ξ
+

and Ω− produced
by Σ−and π−of 345 GeV/c momentum and by neutrons
of 260 GeV/c mean momentum in copper and carbon.

2 Hyperon beam and experimental apparatus

The hyperon beam was derived from an external proton
beam of the CERN-SPS, hitting a hyperon production tar-
get placed 16m upstream of the experimental target. Neg-
ative secondaries with a mean momentum of 345 GeV/c
and a momentum spread σ(p)/p ≈ 9% were selected in a
magnetic channel. The production angles relative to the
proton beam were smaller than 0.5 mrad. At the experi-
mental target, the beam consisted of π−, K−, Σ− and Ξ−
in the ratio 2.3: 0.025: 1: 0.008. A transition radiation de-
tector (TRD) made of 10 MWPCs interleaved with foam
radiators allows π− to be suppressed at the trigger level
with the efficiency of (95±2) while keeping (82±1) of the
Σ−’s [30]. Typically, about 1.8 · 105 Σ− and 4.5 · 105 π−
were delivered to the target during one SPS-spill, which
had an effective length of about 1.5 s.
Σ− decays upstream of the target are a source of neu-

trons which were used in our measurement as a neutron
beam. The momenta of these neutrons were defined as the
difference between the average Σ− momentum and the

1 The Feynman variable defines as: xF = 2p∗
‖/

√
s. Here the

p‖ is the longitudinal momentum of the particle in the CMS
and s is the center of mass energy

momentum of the associated π− measured in the spec-
trometer. The neutron spectrum has an average momen-
tum of 260 GeV/c and a width of σ(p)/p = 15%. More
details can be found in [31].

The experimental target consisted of one copper and
three carbon (poly-cristaline diamond) blocks arranged in
a row along the beam. Each copper and carbon block had a
thickness corresponding to an interaction length of 2.6%
and 0.83%, respectively. At the target, the beam had a
width of 3 cm and a height of 1.7 cm. Microstrip detec-
tors upstream and downstream of the target allowed the
tracks of the incoming beam particle and of the charged
particles produced in the target blocks to be measured.
The target was positioned 14m upstream of the center
of the Omega spectrometer magnet [32] so that a field-
free decay region of 10m length was provided for hyperon
and K0

S decays. Tracks of charged particles were measured
inside the magnet and in the field-free regions upstream
and downstream by MWPCs and drift-chambers, with a
total of 130 planes. The Omega magnet provided a field
integral of 7.5Tm, and the momentum resolution achieved
was σ(p)/p2 ≈ 10−4 (GeV/c)−1.

A ring-imaging Cherenkov detector, an electromag-
netic calorimeter and a hadron calorimeter were placed
downstream of the spectrometer. They were not used in
the analysis presented here.

The main trigger selected about 25% of all interac-
tions, using multiplicities measured in microstrip counters
upstream and downstream of the target, and in scintilla-
tor hodoscopes and MWPCs behind the Omega magnet.
Correlations between hits in different detectors were used
in the trigger to increase the fraction of events with high-
momentum particles, thus reducing background from low-
momentum pions in the beam. In addition, a reduced sam-
ple of beam triggers was recorded for trigger calibration
purposes. The results presented in this article are based
on 100 million events recorded in 1993.

3 Event selection

In the following, we describe the reconstruction of the
beam-target interaction vertex, the search for V 0 candi-
dates and finally the search for Ξ

+
and Ω− candidates.

The interaction vertex had to contain at least two out-
going charged tracks reconstructed in the microstrip coun-
ters downstream of the target. The reconstructed vertex
position had to be within a target block where in each
coordinate an additional margin of 3σ was allowed, i.e
1.6mm in the beam direction and 75µm in the transverse
direction.

For Σ− and π− interactions, the beam track recon-
structed in the microstrip counters upstream of the target
had to have a transverse distance to the reconstructed in-
teraction vertex of less than 6σ (σ ≈ 25µm).

For neutron interactions the beam track interpreted
as the π− track from a Σ− decay had to have a trans-
verse distance to the interaction vertex of more than 6σ.
In addition, this assumed π− track had to be connected
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Fig. 1. Armenteros-Podolanski plot of the V 0. e+e− pairs were
cut at pt = 0.015 GeV/c. p±

L and pt are the laboratory longi-
tudinal and transverse momenta of the decay tracks with the
respect to the V 0 direction

to a track in the spectrometer corresponding to a nega-
tive particle with a momentum smaller than 140 GeV/c
corresponding to the Σ− → nπ− decay kinematics at
< p >≈ 345 GeV/c. These cuts were optimized to sepa-
rate Σ−and π−interactions from neutron interactions.
V 0 candidates then were selected from all pairs of pos-

itive and negative tracks which formed a vertex in the
decay zone (-1332 ÷ -332 cm) between the microstrip de-
tectors (50 cm downstream of the target) and the Omega
magnet (decay length of 10m). The distance between the
two tracks at the decay point had to be smaller than 3mm.
The V 0 trajectory reconstructed from the decay particles
had to have a transverse distance to the interaction vertex
of less than 12mm. The reconstructed V 0 mass had to be
within 5σm and 15 MeV/c 2 of the world mass average of
the corresponding V 0, the mass error σm being typically
2 MeV/c 2 for Λ and Λ and 4 MeV/c 2 for K0

S . The V 0

momentum had to be below 260 GeV/c.
The background from γ→e+e−conversion was suppres-

sed on the basis of the Armenteros plot (Fig. 1) by requir-
ing that the transverse momenta of the decay tracks with
the respect to the V 0 direction be greater than 15 MeV/c.

For the selection of Ξ
+

and Ω− candidates, Λ and
Λ candidates with a reconstructed mass within 3σm of
the Λ or Λ mass were combined with positive or negative
tracks respectively. These tracks had to form a Ω−/Ξ

+

decay vertex within the same decay zone as V 0, with the
V 0 decay vertex downstream at a distance of at least 3σ
(typically 14 cm). For Ω−→ΛK− decay candidates the re-
constructed Λπ− effective mass had to be larger than 1340
MeV/c 2 to suppress the background from Ξ−→Λπ− de-
cays.
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Fig. 3a–d. Effective mass distribution of Λπ+and ΛK− com-
binations

4 Observed signals

Figure 2 shows the mass distributions for all V 0 candi-
dates with xF > 0 produced in Σ− interactions. Clear
signals of V 0 decays are visible above low backgrounds.
Figure 3a shows the effective mass distribution of the Ω−
candidates produced by Σ− and Figs. 3b–d show the ef-
fective mass distributions of Ξ

+
candidates produced by

Σ− , neutrons and π−correspondingly. The signal sample
sizes were estimated by fitting combinations of a Gaussian
with a Legendre polynomial up to 3rd order to the effec-
tive mass distributions, with the resulting numbers given
in Table 1.

5 Production cross section

The differential production cross section as a function of
the Feynman variable, xF , and the squared transverse mo-
mentum, p2t , was calculated using the following formula:

σ(xF , p
2
t ) =

1
BRHyp

· NHyp

ε(xF , p2t ) Nb ρ l NA/M
. (1)
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Table 1. The number of reconstructed events and total inclusive hyperon production cross
sections per nucleus and nucleon. The α is the exponent in the cross section parametrization
vs. atomic number of the form Aα

particle target statistic σnucl [mb] σ0 [mb] α

Σ− beam

Λ Cu 1162398 ± 1157 110. ± 4.
C 1132019 ± 1140 41. ± 2.
nucleon 9.5 ± 0.5 0.59 ± 0.03

Λ Cu 79779 ± 339 7.0 ± 0.5
C 70913 ± 324 2.2 ± 0.2
nucleon 0.39 ± 0.03 0.69 ± 0.05

K0 Cu 938450 ± 1085 67. ± 4.
C 870884 ± 1047 22. ± 1.
nucleon 4.3 ± 0.2 0.66 ± 0.03

Ξ
+

Cu 1245 ± 43 0.64 ± 0.02
C 1109 ± 42 0.18 ± 0.01
nucleon 0.023 ± 0.002 0.77 ± 0.04

Ω− Cu 1630 ± 99 0.63 ± 0.04
C 1239 ± 84 0.17 ± 0.01
nucleon 0.024 ± 0.003 0.78 ± 0.06

π− beam

Λ Cu 31369 ± 211 25. ± 1.
C 27367 ± 197 7.9 ± 0.4
nucleon 1.5 ± 0.1 0.68 ± 0.03

Λ Cu 12501 ± 135 11.9 ± 0.7
C 10424 ± 125 3.6 ± 0.2
nucleon 0.59 ± 0.04 0.72 ± 0.05

K0 Cu 77274 ± 309 53. ± 3.
C 68589 ± 292 17. ± 1.
nucleon 3.2 ± 0.2 0.68 ± 0.05

Ξ
+

Cu 272 ± 19 1.3 ± 0.1
C 241 ± 17 0.45 ± 0.03
nucleon 0.07 ± 0.1 0.61 ± 0.07

neutron beam

Λ Cu 34997 ± 199 56. ± 3.
C 30585 ± 186 18. ± 1.
nucleon 3.4 ± 0.2 0.68 ± 0.04

Λ Cu 4285 ± 76 7.7 ± 0.6
C 3741 ± 71 2.4 ± 0.2
nucleon 0.42 ± 0.03 0.69 ± 0.05

K0 Cu 34456 ± 205 52. ± 3.
C 30609 ± 193 17. ± 1.
nucleon 2.9 ± 0.2 0.69 ± 0.04

Ξ
+

Cu 59 ± 9 1.4 ± 0.3
C 51 ± 9 0.31 ± 0.05
nucleon 0.012 ± 0.002 0.8 ± 0.2
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Here NHyp is the number of observed hyperons in the
particular region of the corresponding kinematic variables
and ε denotes the overall acceptance including reconstruc-
tion and trigger efficiencies. Nb is the number of incoming
beam particles tagged as Σ−, π− or neutron, corrected
for corresponding beam contaminations (see below) and
for losses due to the dead time of the trigger and the data
acquisition system. M , ρ and l are the atomic mass, the
density and the length of the target, NA is the Avogadro
number. The branching ratio of hyperon into the measured
decay channel was taken from [33].

From our previous studies [31] we know that our Σ−,
π− and neutron interaction samples have several contam-
inations which have to be taken into account. The cor-
rection for the Σ− contamination in the π− interaction
sample and vice versa was done iteratively. The total re-
maining contamination of the Σ− in the π− beam was
determined as (1.5 ± 1)% and (12.3 ± 0.5)% of the π−
contamination in the Σ− beam [24]. Since the contamina-
tion level in π− beam is quite low we used the uncorrected
production cross sections measured in π− beam as a first
level correction to the production cross section measured
in the Σ− beam. Then the corrected production cross sec-
tion in the Σ− beam was used for the corrections for π−
beam. The procedure converges after two iterations. The
Ξ− and K− contaminations in the Σ− interaction sample
have to be considered individually.

The Ξ− contamination in the Σ− interaction sam-
ples was measured to be (1.3 ± 0.3)%. For the correc-
tion we used the cross section of Ω− production by Ξ−
of 130 GeV/c momentum measured in the previous hy-
peron beam experiment [25]. The cross sections for V 0

or Ξ
+

production in Ξ− induced interactions have never
been measured. Instead we used our measured production
cross sections in the Σ− interaction. We suppose that the
following approximate relations between the cross sections
can be used:

a) σ(Ξ →Λ) = 2σ(Σ→Λ) and σ(Ξ →K0
s ) = 2σ(Σ→K0

s )
since the production is dominated by the strange quark
fragmentation and the initial state Ξ− contains twice
as many s-quarks as Σ−.

b) σ(Ξ−→Λ) = σ( Σ−→Λ) and σ(Ξ−→Ξ+
) = σ( Σ−→

Ξ
+
) since the final state antiquarks are all new, thus

the quark content of the initial state is unimportant.

The Σ− interaction sample contains a K− contamina-
tion of (2.0±0.5)%. The V 0 production cross sections by
K− have been measured at beam momenta of up to 200
GeV/c [18] and these values were used for the correction.
There exist no cross section measurements in K− beams
for Ξ

+
or Ω− production, therefore we assumed that the

corresponding corrections were the same as for Λ or Ξ−,
i.e. 2% for Ξ

+
and 0.4% for Ω−,where the latter number

was taken from [24].
Ξ− decays upstream of the target are a source of Λ

contamination in the neutron interaction sample. Since
Σ− and Ξ− of equal momenta have practically equal de-
cay lengths, the ratio of Λ to neutron flux is the same as
the ratio of Ξ− to Σ− flux, i.e. 1.3% (see above). The

Table 2. The systematic contribution of different beam com-
ponets to the production cross section of strange particles in-
tegrated over the range xf > 0 in %

Σ− beam neutron beam
components components
K− Ξ− Λ

Λ 3.7 2.5 4.
Λ 2. 1.3 -
K0

S 5. 2.5 -
Ξ

+
2. 1.3 -

Ω− 0.4 - -

production cross section of Λ by Λ is not known, therefore
we used the production cross section of the very similar
process Σ− →Σ− [34]. The resulting correction to the Λ
production cross section is 4%. For Λ, K0

S and Ξ
+

this
contribution is negligibly small.

The corrections from different beam components have
been applied to the production cross sections. These cor-
rection values are shown in Table 2.

To estimate the uncertainties of the integrated cross
sections we repeated the analysis with different sets of cuts
applied for the V 0, Ξ

+
and Ω− identification. We changed

the fiducial volume for the V 0 decays, the requirement on
the distance between tracks at the V 0 decay vertex and the
allowed range for the reconstructed effective V 0 mass. For
the modified cuts the cross section result changed between
−3.5 and 5.5%. We varied the equivalent criteria for the
Ξ

+
and Ω− reconstruction. Here the resultant changes in

the cross section were again of the order of ±5%.
Finally the requirements on the quality of the interac-

tion point were varied. With different cuts on the distance
between the beam track and the reconstructed main ver-
tex and on the distance between the tracks used in the
main vertex fit variations of final the cross section result
of ±4% were observed. Since we can not exclude that some
of these uncertainties are correlated we add them linearly
and obtained σ = 15%. The detector simulation included
the detector elements used for the trigger. To study the
systematics of the trigger simulation we compared the re-
sponse of this detector elements for events with an iden-
tified V 0 in beam trigger events with simulated events of
the same type. The simulated trigger reproduces the trig-
ger response found in real events within ±7%. A small
dependency on the general event multiplicity was found.
We therefore assigned a total systematic error of σ = 10%
to the uncertainties in the simulation of the trigger effi-
cency. Since the beam trigger data sample was too small
for the Ξ

+
and Ω− identification, we estimated the trigger

efficency for Ξ
+

and Ω− as σ = 10% with the simulation
only.

To check the time dependence of the detector and trig-
ger efficiencies for our data taking we performed the anal-
ysis on subsamples. The observed variations correspond
to an uncertainty of σ ≈ 5% on the total result.
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Table 3. Differential cross section of Λ production in copper and carbon as
a function of xF in mb

Beam Neutrons π− Σ−

xF Copper Carbon Copper Carbon Copper Carbon
0.0–0.1 158. ± 2. 46. ± 1. 89. ± 1. 25.4± 0.3 164.± 2. 50. ± 1.
0.1–0.2 136. ± 1. 40.6± 0.4 62. ± 1. 19.4± 0.2 200.± 2. 65. ± 1.
0.2–0.3 94. ± 1. 30.0± 0.3 35.9± 0.4 11.6± 0.1 193.± 2. 69. ± 1.
0.3–0.4 65. ± 1. 22.8± 0.2 22.5± 0.2 7.7± 0.1 166.± 2. 65. ± 1.
0.4–0.5 43. ± 1. 16.7± 0.2 14.0± 0.2 6.0± 0.1 135.± 1. 56. ± 1.
0.5–0.6 27.5± 0.3 12.3± 0.1 10.7± 0.1 4.3± 0.1 105.± 1. 45. ± 1.
0.6–0.7 18.1± 0.3 7.9± 0.1 7.7± 0.1 3.5± 0.1 81.± 1. 36.1± 0.4
0.7–0.8 14.1± 0.3 4.9± 0.1 6.3± 0.2 2.1± 0.1 56.± 1. 26.7± 0.3

Table 4. Differential cross section of Λ production in copper and carbon as a function of
p2

t in mb

Beam Neutrons π− Σ−

p2
t Copper Carbon Copper Carbon Copper Carbon

0.0–0.2 104. ± 1. 35.8 ± 0.4 45.6 ± 0.5 15.6 ± 0.2 214. ± 2. 84. ± 1.
0.2–0.4 63. ± 1. 20.3 ± 0.2 26.4 ± 0.3 8.9 ± 0.1 125. ± 1. 47.8 ± 0.5
0.4–0.6 38.8± 0.4 12.6 ± 0.1 16.7 ± 0.2 5.4 ± 0.1 75. ± 1. 28.1 ± 0.3
0.6–0.8 24.9± 0.3 7.9 ± 0.1 10.5 ± 0.1 3.3 ± 0.03 46.6 ± 0.5 17.2 ± 0.2
0.8–1.0 16.4± 0.2 5.0 ± 0.1 6.7 ± 0.1 2.05± 0.02 29.8 ± 0.3 10.5 ± 0.1
1.0–1.2 10.5± 0.1 3.29± 0.04 4.8 ± 0.1 1.40± 0.02 19.4 ± 0.2 6.7 ± 0.1
1.2–1.4 6.8± 0.1 2.05± 0.03 3.6 ± 0.1 0.92± 0.01 13.4 ± 0.1 4.46± 0.04
1.4–1.6 5.7± 0.1 1.44± 0.02 2.50± 0.04 0.64± 0.01 9.4 ± 0.1 3.05± 0.03
1.6–1.8 4.1± 0.1 1.01± 0.02 1.82± 0.03 0.52± 0.01 6.5 ± 0.1 2.14± 0.02
1.8–2.0 3.0± 0.1 0.73± 0.02 1.37± 0.03 0.37± 0.01 5.10± 0.05 1.53± 0.02
2.0–2.2 2.0± 0.1 0.66± 0.02 1.10± 0.03 0.32± 0.01 3.73± 0.04 1.22± 0.01

Table 5. Differential cross section of Λ production in copper and carbon as a function
of xF in mb

Beam Neutrons π− Σ−

xF Copper Carbon Copper Carbon Copper Carbon
0.0–0.1 46.8± 0.5 14.8 ± 0.2 55.6± 0.6 16.7 ± 0.2 42.1 ± 0.4 12.9 ± 0.1
0.1–0.2 21.3± 0.2 6.5 ± 0.1 35.0± 0.4 10.4 ± 0.1 19.3 ± 0.2 6.3 ± 0.1
0.2–0.3 7.1± 0.1 1.77± 0.04 17.3± 0.2 4.9 ± 0.1 6.2 ± 0.1 2.02 ± 0.02
0.3–0.4 1.4± 0.1 0.77± 0.04 6.6± 0.1 2.34± 0.04 1.49± 0.02 0.54 ± 0.01
0.4–0.5 – – 2.8± 0.1 1.03± 0.03 0.57± 0.02 0.19 ± 0.01
0.5–0.6 – – 1.3± 0.1 0.42± 0.03 0.26± 0.02 0.10 ± 0.01
0.6–0.7 – – 0.3± 0.1 0.08± 0.04 0.06± 0.01 –
0.7–0.8 – – – – 0.03± 0.02 0.011± 0.006

Adding all systematic errors quadratically we derive a
total systematic uncertainty of σ = 20%.

The corrected differential production cross sections are
shown in Fig. 4–8 and listed in Tables 3–14 for copper and
carbon targets. Only statistical errors are quoted here.

The cross sections were parameterized by a function of
the form:

d2σ

dp2tdxF
= C(1 − xF )n · exp(−Bp2t ), (2)

which is based on quark counting rules and phase space

arguments [35]. The shape parameters n and B were as-
sumed to be independent of p2t and xF . The solid lines on
the graphs are shown in the region where this parametri-

sation gives a good description of the data and the extrap-
olation beyond the fit range is shown by the dashed lines.
No significant difference is observed between the values
obtained from the copper and the carbon target. The val-
ues of n and B obtained from the fits are listed in Table 15
for each target. In Fig. 9 we show the cross sections for V 0

production by Σ− as a function of p2t up to 4 (GeV/c)2.
The distributions were parameterized by three different
functions:

a) dσ/dp2T ∝ exp(−Bp2T ): Gaussian.
b) dσ/dp2T ∝ exp(−bpT ): non-Gaussian tails at high pT

(dashed line b).
c) dσ/dp2T ∝ m3/2

T exp(−mT /kT ): “thermal distribution”
(dot-dashed line c).
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Table 6. Differential cross section of Λ production in copper and carbon as a function of
p2

t in mb

Beam Neutrons π− Σ−

p2
t Copper Carbon Copper Carbon Copper Carbon

0.0–0.2 17.3 ± 0.2 5.8 ± 0.1 23.7 ± 0.2 7.4 ± 0.1 14.2 ± 0.1 4.70 ± 0.05
0.2–0.4 8.7 ± 0.1 2.85± 0.04 13.9 ± 0.1 4.21± 0.04 7.9 ± 0.1 2.45 ± 0.03
0.4–0.6 5.3 ± 0.1 1.27± 0.02 8.2 ± 0.1 2.39± 0.03 4.5 ± 0.05 1.44 ± 0.02
0.6–0.8 2.54± 0.05 0.87± 0.02 4.82± 0.06 1.36± 0.02 2.91 ± 0.03 0.91 ± 0.01
0.8–1.0 1.39± 0.04 0.46± 0.01 3.20± 0.04 0.98± 0.01 1.85 ± 0.02 0.57 ± 0.01
1.0–1.2 1.06± 0.03 0.29± 0.01 2.05± 0.03 0.60± 0.01 1.24 ± 0.01 0.335± 0.004
1.2–1.4 0.80± 0.03 0.19± 0.01 1.67± 0.03 0.40± 0.01 0.83 ± 0.01 0.245± 0.003
1.4–1.6 0.42± 0.03 0.11± 0.01 1.03± 0.02 0.30± 0.01 0.56 ± 0.01 0.171± 0.002
1.6–1.8 0.36± 0.03 0.07± 0.01 0.80± 0.02 0.22± 0.01 0.43 ± 0.01 0.121± 0.002
1.8–2.0 0.21± 0.02 0.05± 0.01 0.57± 0.02 0.13± 0.01 0.275± 0.004 0.092± 0.001
2.0–2.2 0.13± 0.02 0.03± 0.01 0.34± 0.02 0.11± 0.01 0.246± 0.004 0.063± 0.001

Table 7. Differential cross section of K0 production in copper and carbon as a function of
xF in mb

Beam Neutrons π− Σ−

xF Copper Carbon Copper Carbon Copper Carbon
0.0–0.1 279. ± 3. 86. ± 1. 244. ± 2. 79. ± 1. 285. ± 3. 94. ± 1.
0.1–0.2 146. ± 2. 48. ± 1. 156. ± 2. 51. ± 1. 205. ± 2. 68. ± 1.
0.2–0.3 60. ± 1. 18.8± 0.2 75. ± 1. 25.0± 0.3 104. ± 1. 36.1± 0.4
0.3–0.4 23.8± 0.3 8.6± 0.1 35.3± 0.4 11.8± 0.1 46.2± 0.5 16.3± 0.2
0.4–0.5 9.1± 0.2 3.3± 0.1 14.5± 0.2 5.0± 0.1 14.5± 0.1 5.7± 0.1
0.5–0.6 4.1± 0.2 1.9± 0.1 6.7± 0.1 2.1± 0.1 5.2± 0.1 1.8± 0.1
0.6–0.7 − − 9.3± 0.2 1.6± 0.1 5.3± 0.1 1.0± 0.1

Table 8. Differential cross section of K0 production in copper and carbon as a function of p2
t

in mb

Beam Neutrons π− Σ−

p2
t Copper Carbon Copper Carbon Copper Carbon

0.0–0.2 118. ± 1. 38.6 ± 0.4 120. ± 1. 40.4 ± 0.4 148. ± 1. 51.7 ± 0.5
0.2–0.4 55.9 ± 0.6 18.2 ± 0.2 58.9 ± 0.6 19.5 ± 0.2 73.6 ± 0.7 24.8 ± 0.3
0.4–0.6 30.6 ± 0.3 9.5 ± 0.1 32.2 ± 0.3 10.2 ± 0.1 40.5 ± 0.4 13.3 ± 0.1
0.6–0.8 19.4 ± 0.2 5.56± 0.06 20.4 ± 0.2 5.73± 0.06 23.9 ± 0.2 7.8 ± 0.1
0.8–1.0 10.9 ± 0.1 3.52± 0.04 12.5 ± 0.1 3.61± 0.04 15.6 ± 0.2 4.69± 0.05
1.0–1.2 8.3 ± 0.1 2.47± 0.03 7.6 ± 0.1 2.40± 0.03 10.3 ± 0.1 3.16± 0.03
1.2–1.4 5.1 ± 0.1 1.48± 0.03 6.1 ± 0.1 1.64± 0.02 7.2 ± 0.1 2.15± 0.02
1.4–1.6 3.4 ± 0.1 1.28± 0.02 4.20± 0.05 1.33± 0.02 5.31± 0.05 1.48± 0.02
1.6–1.8 2.92± 0.06 0.79± 0.02 2.83± 0.04 0.96± 0.01 3.79± 0.04 1.07± 0.01
1.8–2.0 2.36± 0.06 0.52± 0.02 2.37± 0.04 0.57± 0.01 2.80± 0.03 0.83± 0.02
2.0–2.2 1.36± 0.05 0.36± 0.02 2.03± 0.04 0.51± 0.01 2.16± 0.02 0.60± 0.01

Table 9. Differential cross section of Λ, Λ and K0 production by Σ− in copper and carbon as
a function of p2

t in mb

Λ Λ K0

xF Copper Carbon Copper Carbon Copper Carbon
2.2–2.4 2.95 ± 0.03 0.858 ± 0.009 0.167 ± 0.003 0.048 ± 0.001 1.74 ± 0.02 0.459 ± 0.005
2.4–2.6 2.21 ± 0.02 0.638 ± 0.007 0.153 ± 0.003 0.037 ± 0.001 1.40 ± 0.02 0.359 ± 0.004
2.6–2.8 1.91 ± 0.02 0.505 ± 0.006 0.116 ± 0.003 0.024 ± 0.001 1.08 ± 0.01 0.321 ± 0.004
2.8–3.0 1.49 ± 0.02 0.430 ± 0.005 0.104 ± 0.003 0.026 ± 0.001 1.02 ± 0.01 0.245 ± 0.003
3.0–3.2 1.27 ± 0.02 0.338 ± 0.004 0.088 ± 0.003 0.021 ± 0.001 0.73 ± 0.01 0.209 ± 0.003
3.2–3.4 1.05 ± 0.01 0.281 ± 0.004 0.080 ± 0.003 0.013 ± 0.001 0.67 ± 0.01 0.159 ± 0.003
3.4–3.6 0.88 ± 0.01 0.246 ± 0.004 0.029 ± 0.002 0.013 ± 0.001 0.58 ± 0.01 0.130 ± 0.002
3.6–3.8 0.68 ± 0.01 0.176 ± 0.003 0.022 ± 0.002 0.007 ± 0.001 0.43 ± 0.01 0.103 ± 0.002
3.8–4.0 0.56 ± 0.01 0.149 ± 0.003 0.032 ± 0.003 0.007 ± 0.001 0.36 ± 0.01 0.086 ± 0.002
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Fig. 5a,b. Differential cross sections of inclusive K0
S produc-

tion by Σ−, π− and neutrons in carbon. The straight line shows
the result of the fit. The dashed line shows the extrapolaion of
the fit beyond the fit region

Figure 9 shows that neither a pure Gaussian nor a sin-
gle thermal distribution can describe the observed p2t spec-
tra. The exponential ansatz b) gives a reasonable fit to the
spectrum at high p2t , only at very low p2t is the experimen-
tal slope less steep than the fit.

In Fig. 10 we present B values from a Gaussian fit (“a”
in Fig. 9) to all p2t distributions of strange particles ob-
served in our experiment as a function of the particle mass
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Fig. 6a,b. Differential cross sections of inclusive Λ production
by Σ−, π− and neutrons in carbon. The straight line shows
the result of the fit. The dashed line shows the extrapolaion of
the fit beyond the fit region
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Fig. 7a,b. Differential cross sections of inclusive Ξ
+
produc-

tion by Σ−, π− and neutrons in carbon. The straight line shows
the result of the fit

[24,34,36–38]. The B values decrease with increasing mass
and can be fit by the simple formula: B ∝ C1 − C2 ·M δ

where δ = 4.1 ± 0.1. It is very interesting to compare this
behavior with predictions based on the thermal model (for
example [39]). We tried different parameterizations for the
p2t distribution, such as w ∝ exp(−

√
p2t +M2/T ), where

T denotes a temperature or a more sophisticated expres-
sion involving the chemical potential. All parameteriza-
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Table 10. Differential cross section of Ω− production by Σ−

in copper and carbon as a function of xF in mb

xF copper carbon

0.00–0.15 1.29 ± 0.1 0.37 ± 0.03
0.15–0.30 1.38 ± 0.05 0.33 ± 0.02
0.30–0.45 1.14 ± 0.05 0.31 ± 0.02
0.45–0.60 0.42 ± 0.05 0.13 ± 0.01

Table 11. Differential cross section of Ω− production by Σ−

in copper and carbon as a function of p2
t in mb/(GeV/c)2

p2
t copper carbon

0.00–0.40 0.66 ± 0.05 0.17 ± 0.02
0.40–0.80 0.48 ± 0.04 0.12 ± 0.02
0.80–1.20 0.23 ± 0.03 0.06 ± 0.01
1.20–1.60 0.08 ± 0.03 0.04 ± 0.01
1.60–2.00 0.04 ± 0.03 0.03 ± 0.01

Table 12. Differential cross section of Ξ
+
production as a function of xF in mb

Beam Neutrons π− Σ−

xF Copper Carbon Copper Carbon Copper Carbon
0.00–0.05 6. ± 3. 0.9 ± 0.8 4.8 ± 0.9 2.3 ± 0.4 4.4 ± 0.3 1.11 ± 0.04
0.05–0.10 6. ± 2. 0.9 ± 0.4 3.5 ± 0.5 1.4 ± 0.2 2.9 ± 0.1 0.84 ± 0.04
0.10–0.15 3.7± 0.9 1.1 ± 0.3 3.7 ± 0.5 0.9 ± 0.2 1.8 ± 0.1 0.58 ± 0.03
0.15–0.20 − − 2.6 ± 0.5 0.7 ± 0.1 1.3 ± 0.1 0.40 ± 0.03
0.20–0.25 − − 2.1 ± 0.5 0.7 ± 0.2 0.97± 0.08 0.23 ± 0.03
0.25–0.30 − − 1.5 ± 0.5 0.5 ± 0.2 0.26± 0.07 0.06 ± 0.02
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Fig. 8a,b. Differential cross sections of inclusive Ω− produc-
tion by Σ− in carbon. The straight line shows the result of the
fit

tions yield results very different from the observations –
the curvatures of the functions have a different sign.

Figure 11 shows the nuclear mass dependence of V 0

and cascade hyperon production as a function of xF (left)
and p2t (right). The left-hand scales give the cross section
ratio:

R =
σCu

σC
· AC

ACu
(3)

The right-hand scales shows the corresponding values of
α in the conventional parameterization for the A depen-
dence:

σ = σ0 ·Aα (4)
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Fig. 9. The differential production cross section of V 0 as a
function of p2

t produced in Σ− interactions. The straight line
shows the result of the Gaussian fit. The doted line shows the
extrapolaion of the Gaussian fit beyond the fit region. See text
for the meaning of other lines

The dashed lines correspond to α=2/3 and α=1, respec-
tively.

The values for V 0 and cascade hyperon production are
very similar to each other and to those observed in other
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Table 13. Differential cross section of Ξ
+
production by π− ,

Σ− as a function of p2
t in mb/(GeV/c)2

Beam π− Σ−

xF Copper Carbon Copper Carbon

0.0–0.2 2.43 ± 0.08 0.78 ± 0.03 1.13 ± 0.04 0.32 ± 0.01
0.2–0.4 1.19 ± 0.07 0.43 ± 0.03 0.71 ± 0.03 0.19 ± 0.01
0.4–0.6 0.57 ± 0.06 0.27 ± 0.02 0.40 ± 0.03 0.10 ± 0.01
0.6–0.8 0.40 ± 0.06 0.17 ± 0.02 0.27 ± 0.03 0.09 ± 0.01
0.8–1.0 − − 0.16 ± 0.02 0.05 ± 0.01
1.0–1.2 − − 0.15 ± 0.02 0.04 ± 0.01
1.2–1.4 − − 0.09 ± 0.02 0.02 ± 0.01

Table 14. Differential cross section of Ξ
+
production by neu-

tron as a function of p2
t in mb/(GeV/c)2

p2
t copper carbon

0.00–0.30 1.4 ± 0.3 0.26 ± 0.06
0.30–0.60 0.9 ± 0.2 0.17 ± 0.05
0.60–0.90 0.3 ± 0.2 0.07 ± 0.03

hadroproduction processes which can be summarized as
α(xF ) = 0.8 − 0.75xF + 0.45x2

F [40] (solid line in the left
part of Fig. 11). For K0

S produced by Σ− a strong devi-
ation in the α value is seen at xF = 0.65. The deviation
of this point is probably due to a fluctuation at the edge
of the spectrometer acceptance.There is no visible depen-
dence of α on p2t .

The production cross sections per nucleus integrated
over all p2t and xF > 0 are listed in Table 1 for the cop-
per and carbon targets separately. These production cross
section were fit by σ0 · Aα function and the fit values for
the cross sections per nucleon and α are also shown in the
Table 1. The errors listed in the table are statistical errors
only.

6 Discussion

We first discuss the features of the p2t spectra. The first
observation of V 0 p2t spectra over such a wide range of
p2t 1–4 (GeV/c)2 shows that the Gaussian or “thermal”
approximations are only valid in the region below 1.0-1.2
(GeV/c)2. Thus the approximations made in the ‘ther-
mal” model as proposed in [39] have to be considered very
carefully.

In total, experiment WA89 has provided production
cross sections for 19 strange particles. It is interesting to
study the slope parameters of the p2t spectra as a function
of the mass of the particle produced. For this dependence,
the thermal model predicts a curvature opposite in sign
to the experimental behavior (Fig. 10). The difference in
curvature cannot be changed by varying the parameters
of the model. Thus the swap of the curvature sign can be
considered as the reliable signature of the thermalization
of the system.

We now turn to the xF spectra. The xF -dependence
of the invariant production cross sections clearly shows
the leading particle effect (Fig. 12) which depends on the
overlap of the quark contents in the beam particle and
the particle produced: more overlap results in harder xF

distributions.
We have compared the experimental results with the-

oretical calculations based on PYTHIA 5.7 and JETSET
7.4 [41] and the Quark-Gluon String Model (QGSM, see
[42], [43] and references therein).

PYTHIA was used with its default set of parameters,
and no attempt was made to adjust them to obtain a
better fit of the experimental data. In the PYTHIA cal-
culations, elastic and diffraction processes were included
(PYTHIA option MSEL=2) and the Lund string fragmen-
tation algorithm was used. The latter is more similar to
the QGSM model than “independent” or “cluster” frag-
mentation.

In the QGSM, a baryon may be produced either di-
rectly from the projectile diquark, or indirectly in a re-
mote part of the color string (this includes quark, anti-
quark and antidiquark fragmentation cases). Similarly, the
model distinguishes between the production of K mesons
from strange and non-strange constituents. Although the
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Table 15. The fit parameter values of the differential cross section approximation in form of
d2σ/dp2

t dxF = C(1 − xF )nexp(−Bp2
t ) with their fit errors (see text)

Beam Σ− π− Neutrons
target n B n B n B

Λ Cu 1.13 ± 0.01 2.40 ± 0.01 2.71 ± 0.02 2.17 ± 0.01 2.23 ± 0.02 2.27 ± 0.01
C 0.93 ± 0.01 2.52 ± 0.01 2.12 ± 0.02 2.33 ± 0.01 1.80 ± 0.02 2.38 ± 0.01

Λ Cu 8.57 ± 0.04 2.44 ± 0.01 5.53 ± 0.04 2.35 ± 0.01 8.18 ± 0.08 3.03 ± 0.03
C 8.20 ± 0.04 2.57 ± 0.01 5.23 ± 0.04 2.47 ± 0.01 8.46 ± 0.09 3.22 ± 0.03

K0 Cu 5.38 ± 0.02 2.64 ± 0.01 4.94 ± 0.02 2.52 ± 0.01 6.39 ± 0.03 2.72 ± 0.02
C 5.26 ± 0.02 2.78 ± 0.01 4.92 ± 0.02 2.67 ± 0.01 6.02 ± 0.03 2.82 ± 0.02

Ξ
+

Cu 7.8 ± 0.1 2.45 ± 0.05 4. ± 1. 3.2 ± 0.3 6. ± 3. 2.3 ± 0.7
C 7.4 ± 0.1 2.45 ± 0.05 4. ± 1. 2.6 ± 0.3 5. ± 4. 2.1 ± 0.8

Ω− Cu 1.65 ± 0.07 1.55 ± 0.06 − − − −
C 1.20 ± 0.08 1.26 ± 0.05 − − − −

absolute normalization of these contributions is arbitrary,
their xF behavior is strictly defined in the model. We have
used the normalization freedom to tune the parameters to
the process nC →ΛX. Once fixed, the parameters remain
unchanged whatever other projectile particles come into
play.

Both models, PYTHIA and QGSM, reproduce the
hardness hierarchy in the xF distributions of V 0 produc-
tion (Fig. 13). Production by π− and Σ− yields similar
K0

S spectra, while neutrons yield a softer spectrum. Also,
neutrons and Σ− yield similar Λ spectra, while pions yield
a harder spectrum. Finally, the Λ hardness degrades from
Σ− to n and further to π− beam particles.

The most significant discrepancies between the models
and the data are seen in the Λ spectra. PYTHIA seems
to show a too strong leading particle effect for Σ− and n
beams, while the QGSM seems to show a too small differ-
ence between the Σ− and n cases. The similarity between
the Σ− and n-induced spectra in the QGSM comes from
the fact that baryon-to-baryon fragmentation is greatly
influenced by the transmission of the string junction. At
low and moderate xF , this factor appears to be even more
important than the baryon flavor content — a feature that
we have already pointed out in a previous publication (re-
garding Ξ− production by neutrons) [24].

Concerning the Λ spectra, the suppression of anti-
baryon production by Σ− or n relative to the baryon pro-
duction is evident and well reproduced by both models.

The data show a difference between the xF spectra
of Λ and Λ produced by pions. This is completely unex-
pected because the baryon and antibaryon valence quark
overlap with the π− is symmetric. Therefore their produc-
tion spectra should be identical at least in the positive xF

region where the target role is negligible.
For K0

S production, the agreement between data and
model calculations is also better than for Λ production.

A qualitative explanation of the K0
S xF -spectra within

the QGSM may be given as follows. The fragmentation of
a baryon into a meson is disfavored because of the neces-
sity to remove the valence diquark with its color string
junction from the projectile. This must equally soften the
kaon spectra in the n and Σ− beams, but the suppression
does not apply to the π− beam. On the other hand, the

presence of a strange quark in the Σ− beam particle opens
the way for direct fragmentation (enhanced by a numer-
ically large normalizing coefficient in QGSM). Thus, the
strangeness overcomes the disfavor of Σ− fragmentation.
The fragmentation of neutrons is left with no compensa-
tion.

The comparison between models and data for Ξ
+

and
Ω− production is straightforward. All constants in the
QGSM model were already fixed in our previous studies of
Ξ− production [24]. Both models fail on the magnitude of
the production cross sections. The xF distributions of Ξ

+

production are somewhat better reproduced by PYTHIA
than by the QGSM, the inverse holds for Ω− production
(Fig. 14).

The transverse momentum distributions show weak
dependence on the beam type. The p2T spectra gener-
ated by PYTHIA are systematically narrower than the
data and the spectra generated by the QGSM, although
the algorithm that could provide the pT broadening was
turned on (i.e. the initial and final state parton showering,
PYTHIA options MSTP(61)=1, MSTP(71)=1). This may be
related to the fact that much of the production cross sec-
tion is due to quasielastic and diffractive contributions. In
the QGSM, the pT behavior does not depend on the in-
trinsic features of the theory and is regulated by two free
parameters.

7 Conclusion

We have observed clear signals of Λ, Λ, K0
S , Ξ

+
and Ω−

produced by Σ−and π−of 345 GeV/c momentum and by
neutrons of 260 GeV/c mean momentum in copper and
carbon in the same experimental conditions. This gives us
a unique possibility to study their production spectra.

The differential production cross sections as a function
of xF show the expected qualitative effect of the quark
content overlap in the beam and produced particles with
the only exception of the Λ and Λ in π− induced interac-
tions.

The p2t spectra are well parameterized by Gaussian
function in the p2t region below 1.1 (GeV/c)2. The V 0

spectra flatten substantially above 1.2 (GeV/c)2 showing
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Fig. 11. Normalized ratio R (see (3)) of V 0’s and cascade hyperon production by Σ−, π− and netrons in copper and carbon
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the same trend as other particles studied in the exper-
iment [24,34,38]. The fit parameter B of the Gaussian
function decreases with the increase of the particle mass.
The comparison of our result with the thermal model cal-
culation shows that thermalization did not happens in our
experimental condition. We could expect that the shape
of the experimental and theoretical curve will be similar
at other experimental conditions, for example in heavy ion
collision.

The Aα dependence of all production cross sections is
consistent with hypotheses of α ≈ 2/3 for produced and
beam particles.

To summarize, the abundant data on hyperon and K0
S

hadroproduction now available cannot yet be satisfactorily
described by existing phenomenological models. A better
understanding of these processes is desirable not only by
itself, but also for extrapolations to other energy regions.
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