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Abstract

Inclusive cross sections for Ξ− hyperon production in high-energy Σ−, π− and neutron induced
interactions were measured by the experiment WA89 at CERN. Secondary Σ− and π− beams with
average momenta of 345 GeV/c and a neutron beam of average momentum 65 GeV/c were produced
by primary protons of 450 GeV/c from the CERN SPS. Both single and double differential cross
sections are presented as a function of the transverse momentum and the Feynman variable xF . A
strong leading effect for Ξ− produced by Σ− is observed. The influence of the target mass on the
Ξ− cross section is explored by comparing reactions on copper and carbon nuclei.
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1 Introduction

The production of strange or heavy quarks and their subsequent hadronization in hadron-hadron
collisions constitute an important benchmark test for QCD-inspired phenomenological models [1–5]
describing soft phenomena and the applicability of perturbative QCD to hard processes. Using,
for example, projectiles with different flavour contents, the role of valence quarks can be explored
[1, 3, 6]. In addition, hyperons represent an essential ingredient for our understanding of hadronic
systems at high energy density. In reactions with complex nuclei the production of strange [7, 8]
and charmed [9–15] particles is sensitive to the surrounding nuclear medium. In turn, the produced
particles may allow to probe interactions with and properties of the partonic or hadronic medium
itself. Evidence for unusual production mechanisms in a non-hadronic environment will always be
based on a comparison to hadron-hadron and hadron-nucleus data. Finally, on a macroscopic scale,
hyperons are predicted to play a relevant role during the developement of neutron stars [16–18].

The production of hyperons has been studied mostly in proton and neutron induced reac-
tions [19–29] or with heavy ion beams [30–32]. Only few data exist for pions interacting with
nuclear targets [33, 34]. Despite the potential interest, measurements with strange quarks in the
incoming beam are also very scarce. Ξ− production in Ξ− + Be and Ξ− + N interactions was mea-
sured in earlier experiments using the charged hyperon beam at CERN [35, 36]. Since the various
experiments were performed in different kinematic regions, large systematic uncertainties make a
direct comparison of these measurements rather difficult.

The latest hyperon beam experiment at CERN – named WA89 – offers the opportunity to
measure the Ξ− production under homogeneous conditions with different types of beam on several
targets. In this paper we present the first measurement of Ξ− production in Σ− interactions, thus
filling the gap between non-strange beams and the Ξ− induced reactions with two strange quarks in
the incoming projectile. In addition, we have studied the π−A→ Ξ−X and nA→ Ξ−X reactions
which enable to connect the new data obtained in the present study with the results of previous
measurements.

The paper is organized as follows. Experimental details are presented in the following section
2. In section 3 the results are presented. A comparison with existing data and a discussion follows
in section 4. The final conclusions and a summary are then given in section 5.

2 Experimental Setup and Event Selection

The experiment WA89 was performed using the charged hyperon beam of the CERN SPS. Its main
purpose is to study the production, spectroscopy and decays of charmed baryons and to search for
exotic states. The production studies of Ξ− were performed in parallel with the main program.

2.1 Beamline and apparatus

Hyperons were produced by 450 GeV/c protons impinging on a 40 cm long beryllium target with
a diameter of 0.2 cm. A magnetic channel consisting of 3 magnets with an integrated field of
8.4 Tm selected negative particles with a mean momentum of 345 GeV/c, a momentum spread
of σ(p)/p = 9%, and an angle to the proton beam smaller than 0.5 mrad. After a distance of
16 m the produced hyperons hit the experimental target which consisted of one copper and three
carbon (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 %, respctively. At the target the
beam was homogeneously distributed over a rectangular area with a width of 3 cm and a height
of 1.7 cm. Its dispersion was 0.6 mrad in the horizontal plane and 1.0 mrad in the vertical plane.
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An average beam spill of 2.1 s contained about 1.8 · 105 Σ− hyperons and about 4.5 · 105 π− at the
experimental target for an incoming intensity of 4.0 · 1010 protons per spill. A transition radiation
detector (TRD) [37] was used to discriminate online between π− and hyperons. In special runs π−

interactions were recorded for normalisation purposes.

Fig. 1 shows a sketch of the experimental setup used in the 1993 run of WA89 on which the
data of this paper are based. The beam and the secondary particles were detected by 29 silicon
micro-strip planes with 25 and 50µm pitch. Positioning the target about 14 m upstream of the
centre of the Ω-spectrometer provided a 10 m long decay area for short living strange particles. The
products of these decays along with the particles coming directly from the target were detected by
40 planes of drift chambers with a spatial resolution of about 300 µm. Special MWPC chambers (20
planes with 1mm wire spacing) were used in the central region of high particle fluxes. In order to
improve the track bridging between the target region and the decay region three sets of 4 MWPCs
each with a pitch of 1 mm were installed about 2 m behind the target.

The particle momenta were measured by the Ω-spectrometer [38] consisting of a super-con-
ducting magnet with a field integral of 7.5 Tm and a tracking detector consisting of 45 MWPC
planes inside the field area and 12 drift chamber planes at the exit of the magnet. The momentum
resolution was σ(p)/p2 ≈ 10−4 (GeV/c)−1.

Charged particles were identified using a ring imaging Cherenkov (RICH) detector [39]. It had a
threshold of γ = 42 and provided π/p separation up to about 150 GeV/c. Downstream of the RICH
a lead glass electromagnetic calorimeter was positioned for photon and electron detection [40]. This
calorimeter was followed by a hadron calorimeter [41].

The trigger selected about 25% of all interactions using multiplicities measured in scintillators
in the target region and in hodoscopes and proportional chambers downstream of the magnet.
Correlations of hits in these detectors were used to select particles with high momenta thus reducing
the background from low-momentum pions (see section 2.3.1). More than 2 particles at the exit of
the magnet were required by the trigger. The results shown in the present paper are based on the
analysis of about 100 million events recorded in 1993.

2.2 Event reconstruction

The event reconstruction proceeded in two steps. In the first part of the analysis events with a
Ξ− candidate were selected. Secondly, interactions in the target were identified, with different
constraints applied for the different beam particles.

2.2.1 Ξ− identification

Ξ− were reconstructed in the decay chain Ξ− → Λ0π− → pπ−π−. Only Λ0 -decays upstream of
the magnetic field of the Ω-spectrometer were considered in this analysis. Reconstructed segments
in the chambers of the decay area and in the Ω-spectrometer were required for the tracks of the
daughter particles

Candidates for Ξ− -decays were then selected by the following procedure. For the definition
of the Λ0 → pπ− decays, all combinations of positive and negative tracks were considered. The
distance of the two tracks at the decay point was not allowed to exceed 0.5 cm. To look for
Ξ− → Λ0π− decays, only Λ0 candidates within a mass window of 3σ around the reference mass were
accepted. Here σ denotes the uncertainty of the mass determination based on the track properties
of the individual events. (Typically, σ is about 3.7 MeV/c2). In addition, the corresponding Ξ−

trajectory had to be measured in the vertex detector. The momentum spectrum of the Ξ− and Λ0

candidates starts at about 12 GeV/c, the cutoff being due to the spectrometer acceptance.
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2.2.2 Selection of interactions

Σ− , π− and neutron interactions were identified according to the following conditions. The interac-
tion vertex contains at least two outgoing charged tracks one of which is the Ξ− track. Furthermore,
the reconstructed vertex position had to be within a target block where in each coordinate an ad-
ditional margin of 3σ was allowed. The σ denotes the uncertainty of the vertex position calculated
for each individual event from the track parameters.

For Σ− and π− interactions the transverse distance between the Σ− or π− beam track and the
reconstructed interaction vertex position was required to be less than 6σ (σ ≈ 25µm). Events were
rejected if the beam track was connected to an outgoing track.

To identify interactions of neutrons generated by Σ− decays in the beam channel the following
criteria were imposed. Since π− from Σ− decays are below the TRD threshold, it was required that
no high momentum π− was detected in the TRD. In addition, the π− track from the Σ− decay had
to pass the reconstructed interaction point with a distance of at least 6σ. Finally, it was demanded
that the π− track was connected to a track in the spectrometer and that it had a momentum
smaller than 140 GeV/c corresponding to the Σ− → nπ− decay kinematics at < p >≈ 345 GeV/c.

The resulting Ξ− mass spectra for the different incident beam particles are shown in Fig. 2.
We observed about 178,000 Ξ− from Σ− interactions, 3000 Ξ− from π− interactions and 3500 from
neutron interactions. The mass resolution lies in the range from 2.5 MeV/c2 to 2.8 MeV/c2 and
is dominated by the error on the direction of the decay products.

2.3 Beam properties

The negative beam particles ( Σ− , π− ) had an average momentum of 345 GeV/c and a momentum
spread of σ(p)/p = 9%. Since the beam momentum in each individual event was not measured, we
used an average momentum of 345 GeV/c for the further analysis.

Despite the beam particle identification in the TRD, the Σ−or π− data taken in the present
experiment were contaminated by misidentified π−, Σ−, Ξ−, K− and neutrons. For all our mea-
surements the number of Ξ− in the beam is most crucial due to the large Ξ− production cross
section in the reaction Ξ− +A→ Ξ− +X [35]. Therefore the beam composition and its influence
on the cross section measurement was studied in a detailed analysis for each data set individually.

2.3.1 The Σ−beam

To measure the Ξ− contamination of the Σ− beam, a sample of events with beam particles passing
through the target without interaction was analyzed. In this data sample we identified Σ− and Ξ−

decays by the observation of the decay kinks between the incoming beam particle and a negative
particle detected in the spectrometer from the decays Σ− → nπ− and Ξ− → Λπ−, respectively.
The decay point was accepted if it was located between the last micro strip plane and the first set of
drift chambers of the decay area. The decay lengths of Σ− and Ξ− at the same momentum differ by
only 1% and therefore no acceptance or efficiency corrections are needed to evaluate the Σ− / Ξ−

ratio. In part a) of Fig. 3 the expected correlation between the momentum and the kink angle is
shown for Σ− and Ξ− decays. In order to determine the separation between the different beam
particles, an equal number of Σ− and Ξ− particles was generated in this Monte Carlo simulation.
The experimental correlation between the momentum and the kink angle is displayed in Fig. 3b.
A second band originating from Ξ− decays can be discerned there. For a quantitative analysis we
projected this distribution along the angle-momentum correlation marked by the dashed and solid
lines. This projection is shown by the solid histogram in part c) of Fig. 3. Besides the dominating
peak from Σ− decays, a well separated maximum corresponding to Ξ− decays can be identified. The

3



relative strength of the two peaks can be estimated with the Monte Carlo simulations by assuming
a Ξ− contribution of (1.26 ± 0.07)% to the Σ− beam (see cross-hatched histogram in Fig. 3.c).
Based on the Ξ− + Be → Ξ− + X cross section from Ref. [36] the differential cross sections were
corrected for this contamination.

The actual π− to Σ− ratio in the beam is about 2.3. Although beam Σ− were identified online
by the TRD, the data sample taken during the experiment was still contaminated by misidentified
π− with large momenta. The amount of this contamination was determined offline with the help of
the pulse height information from each chamber in the TRD. A value of (12.3± 0.5)% of remaining
high momentum π− in the Σ− data sample was obtained. Using the π−+A→ Ξ−+X cross section
measured in the present experiment (see below), we corrected the observed Σ−+A→ Ξ−+X yield
in an iterative way for these π− interactions.

The K− to π− ratio in 300 GeV/c p-Be collisions was measured to be (1.15±0.02)% [42]. Since
high momentum K− mesons cannot be separated from the Σ− beam via the TRD information, 2.1%
of the total beam in our data sample consists of K−. The production cross section for K−p→ Ξ−X
was measured only at low beam momenta between 4.2 and 16 GeV/c [24]. Within this momentum
range the cross section slowly decreases from 157± 8µb to 135 ± 15µb . Taking 157µb as an upper
limit for the cross section of Ξ− produced by K− at 345 GeV/c we estimated that at most 0.4%
of the observed Ξ− yield can be attributed to K− content of the beam. Since the actual value for
the K− cross section is unknown we include this contamination in the systematic error.

Finally, the Σ− data sample was contaminated by low momentum pions and neutrons stemming
from Σ− decays between the exit of the beam channel and the target. Monte Carlo simulations
predicted that 28% of the Σ− at the exit of the beam channel decayed with the daughter π− hitting
the beam scintillators and the target. Thus, slow secondary pions should acount for about 24% of
the total flux at the target. According to these simulations a strong interdependence between the
incident angle and the position at the target is expected for the primary beam particles while no such
correlation exists for slow, secondary pions. Indeed a plot for the experimental data of the beam
angle versus the target position shows a narrow band which is superimposed on a homogeneous
background. We find that 23% of the total incoming beam flux is contained in this background.
Motivated by the good agreement of this number with the expected 24% of secondary pions, we
attribute the particles outside of the narrow position-angle correlation band to decay pions. We
therefore corrected the total incident beam flux for a 23% contribution from low momentum pions.
By cutting on the position-angle correlation the contamination to the observed Ξ− yield from these
slow pions could be suppressed.

2.3.2 The π− beam

To obtain a sample of interactions of beam pions the online TRD decision was inverted. This
data sample contains misidentified Σ−, Ξ−, and K−-mesons. With the help of the TRD offline
analysis we determined the total remaining contamination in the pion beam to be (1.5 ± 1)%.
In order to correct the pion data for this background, we assumed that the relative distribution
between Σ− , Ξ−and K−is identical to that of the original beam of about 78 : 1 : 3. Using the
Σ− +A → Ξ− +X cross section from the present study and the Ξ− +Be→ Ξ− +X data at 116
GeV/c [36], we obtained corrections of about 10% and 1.5% due to the Σ− and Ξ−contributions,
respectively. Because of the additional TRD suppression, the contribution to the π−sample from
the K− component is negligible.
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2.3.3 The neutron beam

Neutrons originating from Σ− decays upstream of the target were used to measure the Ξ− pro-
duction by neutrons. The momenta of these neutrons were defined as the difference between the
average Σ− momentum and the momentum of the associated π− measured in the spectrometer.
The neutron spectrum has an average momentum of 260 GeV/c and a width of σ(p)/p = 15%.

Despite the tagging of the neutron interactions by the associated pions, this data sample is also
not free of contaminations. Λ0 stemming from Ξ− decays in front of the target show a similar event
topology. However, due to the small Ξ− content of the beam (see section 2.3.1) and the decay of Λ0

in flight upstream of the target, the content of Λ0 in the neutron beam amounts to less than 1.26 %.
On the basis of quark counting rules, we do not expect that the Λ0(uds) +A→ Ξ−(dss) +X cross
section exceeds the one of the Σ−(dds) + A → Ξ−(dss) + X reaction. Based on the cross section
measured in the present experiment, we find that in the xF region of interest (xF ≤ 0.6) corrections
due to Λ0 interactions reach at most 22 % at large xF . For small xF ≈ 0 this contamination falls
below 2 %. Since the Λ0 cross section is not known, we attribute these potential corrections to the
systematic uncertainties.

We also estimated the probability for events with two beam particles, where one particle was not
reconstructed and thus giving the same topology as a neutron interaction. We therefore scanned
our data for events with a beam Σ− reconstructed in the hadron calorimeter and an interaction
vertex without a beam track pointing to it. The contamination of the neutron data sample from
such type of events was found to be negligible.

2.4 Detection Efficiencies

The large aperture of the spectrometer provided a relatively flat geometrical acceptance within the
region of xF ≥ 0.05 and pT ≤ 2.5 GeV/c . However, detailed Monte Carlo calculations are required
in order to determine the reconstruction efficiency for the decaying hyperons. The primary Ξ−

momentum distribution was generated following a kinematical distribution of the form

d2σ

dp2
tdxF

= C(1− xF )n · exp(−bp2
t ). (1)

For each generated Ξ−, the remaining momentum was assigned to a virtual π− which was fed as
a beam particle into the FRITIOF simulation package [43] to generate the correlated hadronic
background. A complete detector simulation was performed in the frame of GEANT [44]. These
simulations took all available information on the detection efficiencies of the individual components
of the tracking system into account. The simulated events were subsequently passed through
the event reconstruction chain described above. To check if the Monte Carlo corrections are self
consistent, we produced two independent sets of events with different xF and p2

t parametrization.
We were able to restore the generated xF and p2

t distributions of the first set applying the corrections
obtained in the second set.

The overall detection efficiency for Ξ− decays reaches a maximum of about 6% at xF = 0.25.
Towards low xF ≈ 0 the efficiency decreases to about 2.5% mainly due to acceptance losses for
large-angle tracks and to the smaller reconstruction efficiency for low momentum tracks. At high
xF ≈ 1 the efficiency drops to 1.1% because of the finite fiducial volume for Ξ−Λ0decays. According
to the simulation, no significant difference in the detection efficiency is expected for Ξ− produced
in the carbon and copper targets.

The uncertainty in the efficiency determination is the major source of systematic error in the
cross section measurements. To estimate this uncertainty we varied the event selection criteria
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applied to the data and the simulated events. The resultant changes in the cross sections are about
20%.

Finally, uncertainties of the incident beam flux were estimated by subdividing the data into
subsamples and normalizing them individually. We found maximum variations of 15%.

Adding all systematic errors quadratically we derive at a total systematic uncertainty of 25%
for the π−and Σ− measurements. For the neutron beam, the systematic uncertainty rises with xF
from 26% at xF = 0 to about 33% at xF = 1.

3 Results

3.1 Differential cross sections

The number of observed Ξ− decays was translated into a cross section using the formula:

σ(xF , p
2
t ) =

1

BR(Λ0 → pπ−)
·

NΞ−

ε(xF , p
2
t ) Nb ρ l NA/M

. (2)

Here NΞ− is the number of observed Ξ− , ε denotes the efficiency (including the trigger efficiency)
and acceptance, Nb is the number of incoming beam particles corrected for the corresponding beam
contaminations and losses due to the dead time of the trigger and the data acquisition system. The
target has an atomic mass M , a density ρ, and a geometric length l. NA stands for the Avogadro
number and BR(Λ0 → pπ−) accounts for the branching ratio of the observed Λ0 decay mode.

Figures 4 and 5 display the differential cross sections as a function of the Feynman variable, xF ,
and the squared transverse momentum, p2

t , for the three different projectiles and the copper and
the carbon targets, respectively. Only statistical errors are shown. The corresponding numbers are
listed in tables 1 - 2.

As a point of reference, we parametrized the observed invariant cross sections by a function of
the form

d2σ

dp2
t dxF

= C(1− xF )n · exp(−bp2
t ) (3)

which is based on quark counting rules [45] and phase space arguments. The three parameters C,
b, and n were assumed to be independent of pt and xF . In case of Σ− interactions this functional
form parametrizes the data only in the regions of xF > 0.4 and p2

t < 1 GeV2/c2. Fits within this
limited range are shown by the solid lines in Figs. 4 and 5. The values of the fit parameters are
listed in Table 3. To obtain the total production cross section we integrated the differential cross
sections in the region 0 < xF < 1. For neutron and π− interactions the fits shown in Figs. 4 and 5
were used to extrapolate from the measured range up to xF =1. This cross section is also listed in
Table 3.

The distributions shown in Figure 4 signal a strong leading effect for the Σ− projectile at large
xF . In this projectile fragmentation region the quark overlap between projectile and produced
particle is reflected in the production yield. In turn, in the central region the different beam
particles yield comparable Ξ− cross sections thus indicating that the initial strangeness content in
the projectile is not relevant and all strange quarks are produced in the fragmentation process.

The transverse momentum distributions are – for pt ≤ 1 GeV/c – similar for the different
projectiles. The most striking feature in Figure 5 is a strong enhancement at large transverse
momenta for the Σ− data as compared to the n and π−data. The slope of this high momentum tail
is about half of the one describing the low pt regime, a phenomenon which is consistent with early
observations at the CERN-ISR [46, 47]. It is an indication that at p2

t ≈ 1 GeV2/c2 higher order
double scattering processes become important.
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For the high statistics Σ− data we present the invariant double differential cross sections in
Tables 4 - 5 corrected for the different components of our beam. The error bars contain the
statistical error contribution from data and Monte Carlo.

3.2 A dependence

Acceptance and efficiency corrections for the detected Ξ− yield do not depend on the target.
Therefore the ratio of the cross sections for the copper and carbon targets allows the determination
of the dependence of Ξ− production on the nuclear mass A with negligible systematic uncertainties.
Figure 6 shows the variation of the normalized cross section ratio

R =
σCu
σC
·
AC
ACu

(4)

as a function of xF (top) and p2
t (bottom). Here, the indices C and Cu refer to the carbon and

copper target, respectively. Using the conventional parametriszation for the A dependence

σ = σ0 · A
α (5)

the ratio R can be directly translated into the exponent α (righthand scale in Fig. 6). The average
values of this attenuation factor α together with the extrapolated inclusive cross section per nucleon
are listed in Table 6.

A compilation of particle production yields in proton - nucleus collisions given in ref. [48]
suggested for xF >0 a dependence of α on xF of the form α(xF ) = 0.8−0.75xF +0.45x2

F . While the
attenuation for Ξ− production in Σ− induced interactions is well described by this parametrization
(solid line in the upper part of Figure 6), the neutron and pion data show significantly larger
values for α at low xF . This deviation from the general behaviour is in line with the target mass
dependence observed earlier for Ξ0 production in proton induced reactions at 400 GeV/c [27,48,49].
It seems that the production of two additional strange quarks at small xF is generally related to
a weaker attenuation. Within the constituent quark model such a behaviour can be explained by
the assumption that a recombination of leading quarks with a heavy strange quark is suppressed
compared to the recombination with a light up or down quark [1].

4 Comparison with other data

In the left part of figure 7 we compare the invariant cross section per nucleon measured in neutron
induced reactions with data from proton induced reactions at similar energies. As naively expected
from the larger d-quark content in the incoming neutron, the neutron data lie slightly above the
cross section for pA collisions.

The invariant cross section for Ξ0 production in p-nucleon collisions is given by the stars in Fig. 7
(left). Here, the p-Be data from ref. [27] were extrapolated to a nucleon target via a power-law A
dependence of the form A0.8. Assuming isospin symmetry, identical cross sections are expected for
the n(udd) +A→ Ξ− (dss) and the p(uud) +A→ Ξ0(uss) reactions. However, the present nA→
Ξ− X cross section is about a factor of 5 above the pA→ Ξ0 X data from ref. [27]. At present, no
explanation for this unexpected inconsistency exists.

For pion induced Ξ− production we observe a cross section which is about a factor 2 higher than
those measured previously in π+A collisions at 200 GeV/c [34] (right part of figure 7). In contrast
to this old measurement the present values are only about 50% smaller than the corresponding
cross section for proton induced reactions. This difference is close to the ratio of the total inelastic
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cross sections for π−and protons. Finally, we note that our value for the exponent n describing
the xF dependence is only about half of that observed earlier for Ξ± production (n=6.7±0.3) in
ref. [33].

To check our possible systematic errors we performed a cross section measurement for Λ0 ,

Λ
0

and K0 in pion and neutron interactions. These cross section values will be the subject of a
forthcoming paper. They are in agreement with the existing world data within 40% of its values
and show us that there we don’t have additional unknown systematic errors big enough to explain
the observed difference between the pA→ Ξ0 and pA→ Ξ− production cross sections.

In fig. 8 we compare our data on Ξ− production by Σ− with other production cross sections of
hyperons by different projectiles. Figure 8 (left part) shows the xF dependence of Ξ− production
by protons, Σ− and Ξ−. Although projectile and produced Ξ− differ in strangeness by different
amounts the three cross sections are equal at small xF . At large xF strong leading effects are
observed for Ξ− as well as Σ− projectiles. At xF close to unity, each unit of strangeness in the
incoming projectile causes a cross-section increase by about two orders of magnitude.

A complementary behaviour is observed in the right part of Figure 8 which compares three
reactions, where the incoming projectile and the produced particle differ by one unit of strangeness.
Here the cross sections are of approximatly equal size at large xF , but differ by about one order
of magnitude at small xF . Together the two figures indicate that in the central region the initial
strangeness content in the projectile is not relevant for the production of Ξ− and all strange quarks
contained in the Ξ− are produced in the fragmentation process. On the other hand, in the projectile
fragmentation region the cross sections depend strongly on the overlap of the quark content between
the projectile and the produced particle.

5 Summary and conclusions

We have presented the first measurement of Ξ− production by Σ−, at a beam energy of 345 GeV/c
and using carbon and copper targets. The measurement was supplemented by measurements of Ξ−

production by neutrons and π−, with lower statistics.

At pt values above 1 GeV/c, the cross-section for Ξ− production by Σ− shows a marked increase
compared to the usually observed Gaussian behaviour of dσ/dp2

t , which indicates that a different
production process becomes important.

The A-dependence of the Ξ− production cross-section is close to a value of α = 2/3 for produc-
tion by Σ−, while the less precise data on production by neutrons and π− favour a higher value
α = 0.9. All three cross-sections show a trend to decreasing values of α with increasing xf .

Difficulties encountered in comparing absolute cross-sections from different experiments with
pion and neutron beams underline the necessity of comprehensive high-statistics studies of particle
production within one experiment for more detailed investigations of hadronic interactions.

Nonetheless, a comparison of our result on the differential cross-section dσ/dxF for Ξ− produc-
tion by Σ− with existing data on hyperon production by nucleons and Ξ− shows a strong leading
particle effect: at low xF the baryon production cross-sections depend strongly on the strangeness
of the produced particle, and are independent of the quark flavour of the beam particle. At high
xF , on the other hand, the cross-sections depend strongly on the strange quark overlap between
beam particle and produced particle, i.e. the cross-sections at high xF are strongly enhanced by
quark transfer from the beam particle to the outgoing particle. These results emphasize the power
of experiments with beams of different strangeness to distinguish between different contributions
to the complex phenomenon of inclusive hadronic production.
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Beam Neutrons π− Σ−

xF Copper Carbon Copper Carbon Copper Carbon

0.0 - 0.1 49.33 ± 6.50 10.26 ± 1.40 23.59 ± 2.88 3.61 ± 0.41 29.82 ± 1.11 9.30 ± 0.33
0.1 - 0.2 26.22 ± 1.81 7.38± 0.55 7.39 ± 0.57 2.41 ± 0.20 30.01 ± 0.66 8.39 ± 0.20
0.2 - 0.3 18.57 ± 1.33 4.02± 0.31 4.81 ± 0.43 1.06 ± 0.11 28.80 ± 0.65 7.96 ± 0.18
0.3 - 0.4 7.32 ± 0.70 1.90± 0.20 3.17 ± 0.37 0.74 ± 0.09 26.46 ± 0.64 8.47 ± 0.21
0.4 - 0.5 2.49 ± 0.40 0.67± 0.12 1.46 ± 0.26 0.60 ± 0.10 19.74 ± 0.53 6.71 ± 0.19
0.5 - 0.6 − 0.26± 0.10 0.52 ± 0.19 0.29 ± 0.08 12.58 ± 0.40 5.16 ± 0.17
0.6 - 0.7 − − − − 8.32 ± 0.37 3.40 ± 0.14
0.7 - 0.8 − − − − 3.93 ± 0.29 1.61 ± 0.11
0.8 - 0.9 − − − − 0.44 ± 0.26 0.45 ± 0.10
0.9 - 1.0 − − − − − −

Table 1: Differential cross section of Ξ− production as a function of xF in mb.

Beam Neutrons π− Σ−

p2
t Copper Carbon Copper Carbon Copper Carbon

0.0 - 0.2 20.53 ± 1.07 4.43 ± 0.25 5.96 ± 0.39 1.54 ± 0.10 24.84 ± 0.40 8.45± 0.13
0.2 - 0.4 11.15 ± 0.82 3.42 ± 0.25 4.21 ± 0.33 0.90 ± 0.08 15.37 ± 0.34 5.44± 0.12
0.4 - 0.6 8.76± 0.78 1.81 ± 0.18 4.29 ± 0.46 0.74 ± 0.09 11.14 ± 0.32 3.30± 0.10
0.6 - 0.8 4.92± 0.67 0.91 ± 0.14 2.21 ± 0.32 0.51 ± 0.08 7.35± 0.27 2.56± 0.10
0.8 - 1.0 2.37± 0.52 0.81 ± 0.18 1.34 ± 0.28 0.26 ± 0.07 5.52± 0.25 1.73± 0.08
1.0 - 1.2 2.34± 0.59 0.29 ± 0.11 1.29 ± 0.36 0.18 ± 0.08 4.29± 0.25 1.29± 0.08
1.2 - 1.4 1.44± 0.78 0.00 ± 0.00 1.17 ± 0.60 0.21 ± 0.13 3.78± 0.28 1.03± 0.08
1.4 - 1.6 − − − − 2.84± 0.24 0.78± 0.07
1.6 - 1.8 − − − − 2.58± 0.27 0.61± 0.07
1.8 - 2.0 − − − − 2.22± 0.29 0.59± 0.08
2.0 - 2.2 − − − − 1.97± 0.32 0.71± 0.15
2.2 - 2.4 − − − − 1.67± 0.34 0.49± 0.10

Table 2: Differential cross section of Ξ− production as a function of p2
t in mb/(GeV/c)−2.
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Beam Target # events average total cross section per n b

particle efficiency nucleus (mb) (GeV/c)−2

Σ− Copper 90160 ± 336 0.029 18.31 ± 0.09 1.97±0.04 1.90±0.04
Carbon 87528 ± 331 0.029 5.15 ± 0.03 2.08±0.04 2.00±0.04

Neutrons Copper 1847 ± 47 0.034 10.6 ± 0.1 4.8±0.3 2.3±0.2
Carbon 1627 ± 44 0.034 2.5± 0.1 5.0±0.3 2.4±0.2

π− Copper 1683 ± 48 0.043 4.1± 0.1 4.1±0.3 1.6±0.1
Carbon 1448 ± 44 0.043 0.9± 0.1 3.8±0.3 1.9±0.1

Table 3: Number of reconstructed events, average efficiency, total inclusive Ξ− production cross
sections and parameters of fits using a function of the form d2σ/dp2

t dxF = C(1 − xF )nexp(−bp2
t )

for the different beam particles and targets. Only statistical errors are given.

E · d3σ/dp3 [mb · c3 ·GeV−2]
xF 0.0 < p2

t < 0.4 0.4 < p2
t < 0.8 0.8 < p2

t < 1.2 1.2 < p2
t < 1.6 1.6 < p2

t < 2.0

0.0 - 0.2 30.2 ± 0.6 15.2 ± 0.7 10.8 ± 0.8 10.2± 1.5 8.9± 2.3
0.2 - 0.4 88.3 ± 1.7 42.7 ± 1.7 23.6 ± 1.6 15.7± 1.7 19.4 ± 4.6
0.4 - 0.6 95.8 ± 2.3 46.6 ± 2.0 23.2 ± 1.6 17.7± 2.0 11.2 ± 2.2
0.6 - 0.8 67.5 ± 2.3 34.6 ± 1.9 21.7 ± 2.0 17.0± 2.6 9.0± 2.7
0.8 - 1.0 38.8 ± 2.6 12.9 ± 1.4 9.7± 2.5 − −

Table 4: Invariant cross section of Ξ− production by Σ− on copper as a function of xF and p2
t .
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E · d3σ/dp3 [mb · c3 ·GeV−2]
xF 0.0 < p2

t < 0.4 0.4 < p2
t < 0.8 0.8 < p2

t < 1.2 1.2 < p2
t < 1.6 1.6 < p2

t < 2.0

0.0 - 0.2 8.9± 0.2 4.1 ± 0.2 2.8± 0.2 2.2 ± 0.3 2.3± 0.8
0.2 - 0.4 27.5 ± 0.6 12.6 ± 0.5 6.2± 0.4 3.8 ± 0.4 3.9± 0.9
0.4 - 0.6 35.8 ± 0.9 15.1 ± 0.7 8.8± 0.7 6.0 ± 0.8 3.3± 0.6
0.6 - 0.8 30.2 ± 1.0 10.7 ± 0.6 6.9± 0.6 5.9 ± 1.0 2.7± 1.0
0.8 - 1.0 15.9 ± 1.0 8.4 ± 0.9 3.2± 0.7 − −

Table 5: Invariant cross section of Ξ− production by Σ− on carbon as a function of xF and p2
t .

Beam α cross section per
particle nucleon, mb(xF > 0)

1. Σ− 0.681 ± 0.001 1.06± 0.01
2. Neutrons 0.880 ± 0.04 0.24± 0.10
3. π− 0.920 ± 0.03 0.11± 0.09

Table 6: A dependence of the inclusive cross section of the Ξ− production.
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Figure 1: Setup of the WA89 experiment in the 1993 run. The lower part shows an expanded view
of the target area.
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Figure 7: Left part: Invariant cross sections for inclusive Ξ− and Ξ0 production at p2
t < 0.2 GeV2/c2

by protons and neutrons: nA→ Ξ−X at 345 GeV/c this measurement (filled circles); pA→ Ξ−X
at 200 GeV/c and 400 GeV/c [22,26] (triangles); pA→ Ξ0X at 400 GeV/c [27] (stars). The right
part compares the invariant inclusive Ξ− production cross sections at p2

t < 0.2 GeV2/c2 by pions
observed in the present experiment at 345 GeV/c (filled circles), to previous data taken at 200
GeV/c (open triangles) [34].
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displays the Ξ− cross section at p2

t < 0.2 GeV2/c2 in reactions with ∆S=0 (open circles),∆S=1
(filled circles), and ∆S=2 (triangles) between beam and observed particle. The invariant inclusive
particle production cross section at p2

t < 0.2 GeV2/c2 in reactions with ∆S = 1 between projectiles
and observed final particle for different projectiles is shown on the right hand side. The data are
from Ξ−A → Ξ−X and Ξ−A → Ω−X at 116 GeV/c [36], Σ−A → Ξ−X at 345 GeV/c (this
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GeV/c [21].
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