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Abstract. We have measured the polarization of Ξ− hyperons produced inclusively by a Σ− beam of
340 GeV/c momentum in nuclear targets. From a sample of 880000 identified Ξ− decays, polarizations were
determined in the range 0 < xF < 0.9 and pt ≤ 1.6 GeV/c. The polarization w.r.t. the production normal
is negative for xF ≥ 0.3. At fixed values of xF , its magnitude increases with pt to maximum values which
reach about 20% at large xF .
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1 Introduction

It is well known that hyperons produced in high-energy
hadronic reactions are polarized transverse to the produc-
tion plane. While details of this process still are not under-
stood, the existing data show differences based on whether
the strange quark content of the produced hyperon was
created from the sea or whether a strange quark was trans-
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ferred from the beam projectile. It is therefore desirable
to have polarization data not only for produced hyperons
of different strangeness, but also for beam projectiles of
different strangeness. The bulk of the existing polariza-
tion data comes from inclusive Λ production, mostly in
proton beam experiments, but there exist also data from
neutron, π− and K− beams. Data on polarization in Σ, Ξ
and Ω− production again come mainly from proton beam
experiments, but Ξ− and Ω− polarization has also been
measured in a neutral beam containing neutrons, Λ and Ξ0.
For reviews of the experimental and theoretical situation
see for instance [1–5].

Further insights into the role of the valence quark con-
tent of the beam particle may arise from experiments which
use high-intensity beams of Σ−. We present here the re-
sults of a polarization study based on a sample of 880000
identified Ξ− → Λπ− decays produced by a Σ− beam of
340 GeV/c mean momentum in copper and carbon targets.
These data were recorded in 1993 and 1994 in the CERN hy-
peron beam experiment WA89. Results on Λ polarizations
based on the same data have already been published [6].
In a previous study of Λ, Λ, Σ+ and Ξ− polarizations
based on a smaller sample recorded in 1991 in the same
experiment [7] we found negative Ξ− polarizations with
magnitudes up to 30% at large pt.

Previous measurements of the polarization of Ξ−
and Ξ0 produced inclusively in proton beams of 400 and
800 GeV/c momentum [8–10] showed negative Ξ− polar-
ization, increasing in magnitude with pt up to pt = 1 GeV/c
with a plateau of |P | ≈ 0.15 at higher pt values, with no
significant difference between Ξ− and Ξ0 and similar to
the behaviour of Λ polarization. In contrast, Ξ− produced
in an unpolarized neutral beam mainly by Ξ0 showed po-
larizations compatible with zero at a level of 1% [11].

There are no quantitative predictions of Ξ− polar-
ization in inclusive production by Σ−. The fragmenta-
tion/recombination model of DeGrand and Miettinen [12]
predicts that the sign of the polarization should be negative
as in Λ production by protons.

2 Hyperon beam and experimental apparatus

The hyperon beam and the apparatus are described in our
previous publication on Λ polarization [6], therefore only
a short description is given here.

The hyperon beam was derived from an external proton
beamof theCERN-SPSat 450 GeV/cmomentum,whichhit
aBe target.Amagnetic channel selected negatively charged
secondaries emerging from this target at production an-
gles of less than 1 mrad. This ensured that the hyperons
in the secondary beam had a negligible polarization. The
mean beam momentum was 345 GeV/c and 330 GeV/c
in the beam periods 1993 and 1994, respectively, and the
momentum spread was σ(p)/p ≈ 9%.

The secondary beam was directed onto the experiment
target 16m downstream. There the beam consisted of π−,
K−, Σ− and Ξ− in the ratio 2.3 : 0.025 : 1 : 0.013. Typically,
about 1.8 · 105 Σ− and 4.2 · 105 π− were delivered to the

target during one SPS-spill of 1.5 sec duration. A transition
radiation detector (TRD) allowed π− to be suppressed at
the trigger level. A detailed description of the hyperon
beam can be found in [13].

The experiment target consisted of one copper and three
carbon blocks arranged in a row along the beam, with
thicknesses corresponding to 0.026 and three times 0.0083
interaction lengths, respectively, with the copper block po-
sitioned upstream of the carbon blocks. The tracks of the
incoming beam particle and of the charged particles pro-
duced in the target blocks were measured in microstrip
detectors. The momenta of the incoming beam particles,
however, could not be measured individually.

The experiment target was positioned 14m upstream
of the centre of the Omega spectrometer magnet [14] so
that a field-free decay region of 10m length was provided
for hyperon and KS decays. The Omega magnet provided
a field integral of 7.5 Tm. Tracks of charged particles were
measured inside the magnet and in the field-free regions
immediately upstream and downstream by MWPCs and
drift chambers; the momentum resolution achieved was
σ(p)/p2 ≈ 10−4 (GeV/c)−1.

A ring-imaging Cherenkov detector, an electromagnetic
calorimeter and a hadron calorimeter were located down-
stream of the spectrometer, but these components were
not used in this analysis.

The main trigger selected about 25% of all interactions.
Correlations between hits in different detectors were used
to increase the fraction of events with high-momentum
particles, thus reducing background from low-momentum
pions in the beam. The results presented in this article are
based on 200 million events recorded in 1993 and 1994.

3 Selection of Ξ− decays

The requirements on the identification of the Ξ− produc-
tion vertex were the same as for Λ production: Each ac-
cepted event had to have a single incoming beam track
and an interaction vertex containing at least two outgoing
charged tracks, all tracks being reconstructed in the mi-
crostrip counters around the experiment target. The beam
track had to intercept the production vertex at a distance
of less than 500 µm, to suppress interactions of neutrons
and Λ from Σ− and Ξ− decays upstream of the target. To
suppress interactions of particles scattered from the col-
limator walls, the position/direction correlation for beam
particles coming directly from the proton target had to
be fulfilled.

The identification of Λ → pπ− decays from the mea-
sured p and π− tracks was straightforward and is described
in [6]. The effective (pπ−) mass had to be within ± 10
MeV/c 2 of the Λ mass.

Ξ− candidates then were selected by using any ad-
ditional negative track with measured momentum to re-
construct the Ξ− direction and decay vertex. The recon-
structed Λ line-of-flight and the π− track had to have a
distance of < 5 mm at the reconstructed Ξ− decay vertex.
Furthermore it was required that the reconstructed Ξ−
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Fig. 1. ∆mΞ , the difference between the effective Λπ− effective
mass and the Ξ− mass. Event numbers are per 0.5 MeV/c 2.
Left: 0 < xF < 0.2, right: 0.7 < xF < 0.9

track agreed in angle and position with a track observed
in the microstrip detectors downstream of the target. The
agreement was quantified in a quality factor QΞ based on
the position and direction differences between the recon-
structed track and the observed track. Requiring this factor
to be less than 2.5 rejected about 5% of all genuine Ξ−.

Figure 1 shows the distributions of the effective (Λπ−)
mass for Ξ− candidates with 0 < xF < 0.2 (left) and 0.7 <
xF < 0.9 (right). The r.m.s. of the Ξ− mass peaks can be
parametrized as σ2

m = a2 +(b ·pΛ)2, with the contribution
from multiple scattering being a = 2.2 MeV/c 2 and the
contribution from coordinate measurement errors being
b · pΛ = 1.5 MeV/c 2 at pΛ = 100 GeV/c. Ξ− candidates
had to have a Λπ− effective mass within ±2 σm of the
Ξ− mass. At low pt, the background/signal ratio within
this signal window increases with xF from 0.10 to 0.15
and at high pt from 0.01 to 0.06. After subtraction of a
linear background taken from “side windows” inside ± 24
MeV/c 2, a sample of 880,000 Ξ− → Λπ− decays remained
in the range 0 < xF < 0.9. Ξ− candidates with xF > 0.9
were rejected because of the presence of Ξ− in the beam.

4 Polarization analysis

The polarizations were measured w.r.t. the direction of
the production normal n̂ ∝ p̂beam × p̂Ξ , using the relation
f(cosϑ∗

Λ) ∝ 1+A·cosϑ∗
Λ, where A = PΞ ·αΞ is the product

of the Ξ− polarization and decay parameter and ϑ∗
Λ is the

angle between the production normal and the direction of
the daughter Λ in the Ξ−-CMS. αΞ = -0.458 is the Ξ−
decay parameter [15]. The beam particle direction p̂beam
was measured individually.

We used a coordinate system with the symmetry axis
of the experiment as the x-direction. The beam particle
directions coincided with the x-axis to within 2 mrad. The
y-axis pointed horizontally to the left, looking downstream,

Table 1. Polarization results I. The statistics of the Ξ− signal
is after background subtraction. pt is in units of GeV/c

sample Ξ− sample mean mean polarization
no. signal bgrd. xF pt [%] χ2

sectors

1 15386 1634 0.09 0.13 −2.4±3.8 2.5
2 38198 1728 0.09 0.31 −0.2±2.8 2.2
3 43212 1300 0.09 0.50 −0.8±2.7 1.6
4 35962 737 0.09 0.70 −5.2±2.8 1.5
5 24292 393 0.09 0.89 −11.1±3.1 2.3
6 14087 200 0.10 1.09 −3.6±3.8 0.4
7 13818 141 0.10 1.43 −6.8±3.8 0.5
8 16126 1483 0.20 0.13 −5.0±3.7 0.3
9 40039 1682 0.20 0.31 −2.2±2.8 1.7

10 45385 1497 0.20 0.50 −0.4±2.7 0.1
11 34737 891 0.20 0.69 −2.6±2.9 0.2
12 22872 487 0.20 0.89 −2.9±3.3 0.2
13 13277 239 0.20 1.09 4.6±3.9 0.6
14 15593 195 0.20 1.44 −8.1±3.7 6.9
15 13783 1403 0.30 0.13 −1.9±4.0 0.4
16 34450 1468 0.30 0.31 −2.9±2.9 0.9
17 40498 1388 0.30 0.50 −2.3±2.8 1.7
18 32521 957 0.30 0.69 −6.5±2.9 1.6
19 20260 495 0.30 0.89 −11.5±3.3 3.6
20 10981 259 0.30 1.09 −7.6±4.2 3.0
21 11088 222 0.30 1.44 −13.6±4.2 0.1
22 11232 1299 0.40 0.13 1.2±4.4 0.5
23 26588 1236 0.40 0.31 −1.2±3.1 4.7
24 31252 1227 0.40 0.50 −4.2±3.0 0.9
25 25500 844 0.40 0.69 −6.4±3.1 7.7
26 16199 521 0.40 0.89 −16.3±3.6 0.1
27 8628 264 0.40 1.09 −14.7±4.6 1.0
28 7695 200 0.40 1.42 −15.2±4.9 0.3

and the z-axis pointed vertically upwards. In this geometry,
the production normal was confined to the y-z plane and
had an azimuth ϕn = ϕΞ + 90o.

The polarizations were determined in 7x7 bins of xF

and pt, as listed in Tables 1 and 2. “Feynman-x” xF is
defined as xF = 2pCM

� /
√

s, where
√

s is the invariant
mass of the (beam - target nucleon) system and pCM

� is the
Ξ− momentum in beam particle direction in the (beam -
target nucleon) CMS. pt is the Ξ− momentum transverse
to the beam particle direction.

4.1 Bias cancelling

Biases resulting from unrecognized apparatus asymme-
tries are the main cause for worry in any polarization
measurement. For instance, the Omega magnet bent posi-
tively/negatively chargedparticles to the left/right, thereby
introducing a strong acceptance bias in favour of π− emis-
sion to the left. If not properly taken into account, this
acceptance bias would translate into a positive polariza-
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Table 2. Polarization results II

sample Ξ− sample mean mean polarization
no. signal bgrd. xF pt [%] χ2

sectors

29 8243 1052 0.50 0.13 0.3±5.0 2.4
30 19521 964 0.50 0.31 0.6±3.4 0.1
31 22986 1037 0.50 0.50 −0.2±3.3 0.9
32 19053 788 0.50 0.69 −9.3±3.5 5.1
33 12021 471 0.50 0.89 −14.6±4.1 2.6
34 6409 206 0.50 1.09 −6.8±5.2 7.4
35 5412 215 0.50 1.41 −17.8±5.7 4.4
36 5827 753 0.60 0.13 3.6±5.9 5.5
37 13236 777 0.60 0.31 3.8±3.9 3.4
38 15151 842 0.60 0.50 −1.3±3.8 4.2
39 12708 677 0.60 0.69 −5.7±4.0 1.8
40 8018 361 0.60 0.89 −9.8±4.7 4.6
41 4022 207 0.60 1.09 −27.2±6.4 3.1
42 3393 179 0.60 1.41 −17.0±7.1 0.1
43 6954 1048 0.75 0.13 7.2±5.4 0.3
44 14871 1089 0.74 0.30 8.6±3.8 0.3
45 15590 1067 0.74 0.50 −4.2±3.8 0.6
46 12166 745 0.74 0.69 1.5±4.1 4.3
47 7155 441 0.74 0.89 −5.6±5.1 1.3
48 3602 250 0.73 1.09 −21.0±6.8 0.7
49 2669 169 0.73 1.40 −17.1±7.9 0.8

tion bias for Ξ− emitted upwards and a corresponding
negative polarization bias for Ξ− emitted downwards.

In order to cancel apparatus biases, we adopted the
following procedure: to determine the polarization in a
given interval of xF and pt we subdivided that xF /pt sam-
ple into subsamples corresponding to 12 sectors of 30◦
in ϕΞ . In each sector of ϕΞ , , the polarization was deter-
minedby calculating the asymmetrya(cos ϑ) = (n(cos ϑ) −
n(− cos ϑ)) / (n(cos ϑ) + n(− cos ϑ)) in 10 bins of 0 <
cos ϑ < +1 and then determining A from a fit to a(cos ϑ) =
A · cos ϑ. To be bias-free, this method does not require the
acceptance and reconstruction efficiency ε to be constant,
but only ε(cosϑ∗

p) = ε(−cosϑ∗
p). The polarizations deter-

mined in each sector then were averaged to obtain bias
cancellation. This method is explained in detail in [6]. As a
check for the reliability of the bias cancelling, we averaged
the polarizations in three subsamples of four ϕΞ sectors
each, sample A comprising Ξ− azimuths inside ±300 to the
vertical, sample B comprising Ξ− azimuths inside ±150 to
the diagonals and sample C comprising Ξ− azimuths inside
±300 to the horizontal. If, for instance, the large left/right
acceptance bias resulting from the horizontal bending of
the tracks was not fully cancelled, we would expect the po-
larizations measured in sample A to differ systematically
from the polarizations in samples B and C. Figure 2 shows
the distributions of (poli − polall)/σi , where i = A, B, C.
poli is the polarization measured for subsample i in a given
xF /pt bin, σi is its statistical error and polall is the po-
larization averaged over subsamples A, B and C. Thus
each plot contains 49 entries for the 49 different xF /pt
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Fig. 2. Deviations of the polarizations measured in sector
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and C are indicated in the corresponding figures
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bins. The mean values of the distributions are -0.09±0.12,
+0.13±0.12 and -0.06±0.11 for A, B and C, respectively,
and the observed r.m.s. values of the distributions, 0.84,
0.87 and 0.77 are in agreement with what we would expect
from purely statistical fluctuations, viz. σ =

√
2/3 = 0.82.

To further investigate the small differences between the
polarizations in A, B and C, we studied the distribution of

χ2
sectors =

∑

i

(poli − polall)
2/σ2

i

which is shown in Fig. 3. χ2
sectors is also listed in Tables 1

and 2. This distribution again is in good agreement with
what we would expect from purely statistical fluctuations,
its mean value is 2.1±0.3.

4.2 Search for systematic errors

As mentioned above, a cut was made on QΞ , the qual-
ity factor describing the agreement in angle and position
between a track reconstructed in the microstrip detectors
downstream of the target and the Ξ− track reconstructed
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= 0.19 (solid) and 0.45, 0.73, 1.15 (open) from left to right,
respectively

from the Ξ− decay cascade. In a search for possible biases
arising from this cut, each xF /pt sample was split by a
cut on QΞ into two subsamples with equal statistics. The
number of xF /pt samples was reduced to 4x4 to increase
the sensitivity to possible effects of this cut. Figure 4 shows
on the left the distribution of ∆ pol = pollow − polhigh, nor-
malized to the corresponding statistical errors. The r.m.s.
of this distribution is 0.82 and its mean value is 0.06±0.21,
in good agreement with the assumption of purely statis-
tical fluctuations. The plot on the right shows ∆ pol as a
function of xF . This plot might indicate a bias of 0.01 to
0.02 depending on xF . We therefore added quadratically
a systematic uncertainty of ±0.02 to the statistical errors
of the polarization measurements.

We have also split the xF /pt samples into subsam-
ples of equal size with the beam direction to the right/left
or up/down resp., and for long/short Ξ− decay lengths.
Comparison of these subsamples revealed no systematic
differences at a level comparable to the systematic error
already added to the statistical errors.

4.3 Beam contaminations

In the following, we investigate possible effects of beam
contaminations on our results.

12% of the beam particles accepted in the trigger are
fast π−, which have the same momentum and angular dis-
tributions as the Σ− and were not rejected by the TRD.
The cross sections for inclusive Ξ− production by π− and
by Σ− have been measured simultaneously in our experi-
ment [16]. Their ratio rπΣ = σ(π− → Ξ−)/σ(Σ− → Ξ−)
decreases rapidly with xF as shown in Table 3. Even in
our lowest xF bin, 0 < xF < 0.2, we expect that about 6%
only of our Ξ− sample have been produced by π−. Since
Ξ− produced by π− can be expected to be essentially un-
polarized as observed in Λ production by π− [17] we would
only have to multiply our measured polarizations by a fac-
tor 1/(1 − 0.12 · rπΣ), which is negligible compared to the
measurement errors.

The beam also contains an admixture of 2.2% of K−.
There exist no measurements of Ξ− production by K−.
From our experiment and from a K−/π− beam experi-

Table 3. Ratios of cross sections for inclusive Ξ− production
in different beams: rπΣ : pion beam / Σ− beam, rΞΣ : Ξ− beam
/ Σ− beam. fΞΞ is the fraction of Ξ− in our sample produced
by Ξ−

xF rπΣ rΞΣ fΞΞ

0.05 0.60
0.15 0.27 1.6 0.02
0.25 0.15 3.0 0.04
0.35 0.11 4.8 0.06
0.45 0.08 9 0.11
0.55 0.05 13 0.15
0.65 19 0.20
0.75 40 0.34
0.85 100 0.57

ment [18] we know that about half as many Λ are produced
by K− as by Σ− (see [6] for details). Assuming a similar
ratio for Ξ− production by K− and Σ−, we expect that
about 1% of our Ξ− sample has been produced by K−,
which results in a negligible effect on our measured polar-
izations.

The effect of the fraction of 1.3% of Ξ− contained in
the beam is very different. We remind the reader that we
have no possibility to tag the Ξ− in the beam individually.
Ξ− production by Ξ− shows a very strong leading particle
effect [19]. A comparison of Ξ− production by Ξ− and by
Σ− is shown in Fig. 8 of [16] and the values in Table 3
are taken from this figure. At low xF , the ratio rΞΣ =
σ(Ξ− → Ξ−)/σ(Σ− → Ξ−) is about 1, but already at
xF =0.5 production by Ξ− is enhanced by about a factor
rΞΣ=10 and at xF =0.75, the mean value of our highest
xF -bin, rΞΣ=40. These ratios have an overall systematic
uncertainty of 20%. Correspondingly, the fraction of Ξ−
produced by Ξ− in the total Ξ− sample , fΞΞ , rises to
≈ 1/3 at xF = 0.75 (last column of Table 3).

5 Results

The polarization results for all xF /pt bins are listed in
Tables 1 and 2. In Fig. 5 we show the polarizations as a
function of xF in fixed intervals of pt with the mean value of
pt indicated in each plot. At pt < 0.4 GeV/c, the polariza-
tion has a tendency to increase with xF to positive values
around 5%. Above pt > 0.6, the polarization changes sign
and at pt > 0.9 there is a clear increase of the magnitude
with xF to about -20%.

In Fig. 6 we show the polarizations as a function of pt

in fixed intervals of xF . Except for the positive values at
high xF and small pt noted above, the polarizations are
negative. Above xF ≈ 0.3, we see the magnitude of the
polarization rising with pt with no clear sign of a plateau
at high pt.

The results of this analysis are in good agreement with
our earlier result based on 80,000 Ξ− from our 1991 data [7].

We also looked for a possible dependence of the polar-
ization on the target nuclei. Again we have reduced the
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number of xF /pt bins from 49 to 16. Figure 7(left) shows
the distribution of the differences ∆P = P (Cu) − P (C)
normalized to their statistical errors. The mean value of
the distribution is −0.22 ± 0.20 and its r.m.s. is 0.78, in
agreement with the hypothesis of purely statistical fluctu-
ations. Figure 7(right) shows the polarization differences
as a function of xF . No significant copper/carbon target
difference is visible.

6 Discussion

The results presented here constitute a fully two-dimen-
sional study of the xF and pt dependence of Ξ− polar-
ization, extending considerably the xF /pt range of ear-
lier Ξ− polarization measurements in proton and neutral
beams [9–11].

The negative sign of the Ξ− polarization comes as no
surprise. It is expected in the fragmentation/recombination
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Fig. 7. Cu/C target comparison: The left-hand plot shows the
distribution ∆ pol /σ for the 16 xF /pt samples. There are no
overflows. The right-hand plot shows ∆ pol (in %) vs xF . For
each value of xF , four points are given corresponding to pt =
0.19 (solid) and 0.45, 0.73, 1.15 (open), respectively
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Fig. 8. Polarizations in units of % of Λ (squares) and Ξ−

(triangles) produced by protons and of Ξ− produced by Σ−

(circles), at 5 mrad production angle, as a function of xF

model of DeGrand and Miettinen [12], though there are no
quantitative predictions available. In Fig. 8 we show the
polarizations of Λ and Ξ− produced inclusively by a proton
beam of 400 GeV/c momentum in a beryllium target [8,9]
at a production angle of 5 mrad and our data interpolated
to the same production angle. The three data sets are very
similar.

The polarization of Ξ− produced by Ξ− is unknown,
therefore we cannot make any correction for the contribu-
tion from Ξ− interactions. However, in the region 0.4 <
xF < 0.6, where the strong negative polarization at large pt

is already fully developed, the fraction of Ξ− produced by
Ξ− is between 0.1 and 0.2 only, therefore the polarization
in this region is essentially due to Ξ− production by Σ−.
At the highest value xF = 0.75, about 1/3 of the Ξ− are
produced by Ξ−, and the polarizations due to production
by Σ− may differ significantly from our measured values.

The indication of a positive polarization at high xF and
low pt is unexpected, but the effect is not very significant
and clearly in need of verification.

A fraction of about 15% at low xF and 20% at high
xF of the Ξ− sample was produced via the Ξ0(1530) and
Ξ−(1530) resonances, as determined from the Ξ0(1530)
production cross section measured in our experiment [20].
We cannot, however, extract a sufficiently clean sample of
Ξ− produced in Ξ0(1530) → Ξ−π+ decays for a separate
polarization analysis, and thus we can make no statement
about the effects of Ξ− production via Ξ∗ resonances.

No dependence of the polarization on the target mate-
rial was found.
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