


























The deduced ratio (2) can be compared with correspond-
ing ratios at higher energies [1–6,18,36–38]. Figure 3
shows a compilation of such ratios as a function offfiffiffiffiffiffiffiffi
sNN

p
. So far, the lowest energy at which a Ξ−=Λ ratio

is available is
ffiffiffiffiffiffiffiffi
sNN

p ¼ 2.61 GeV, i.e., 630 MeV below the
threshold in NN collisions. The corresponding ratio (open
circle) was extracted by HADES from Ar þ KCl reactions
at a beam energy of 1.76A GeV [12]. A steep decline of the
Ξ−=Λ production ratio is observed around threshold, where
now, a second data point (full circle) is available at an
excess energy of −70 MeV. This allows for comparisons to
model calculations (see below). To visualize the energy
dependence of the proton-induced data (full curve in
Fig. 3), we fitted the corresponding ratios with a function
fðxÞ ¼ C½1 − ðD=xÞμ&ν (with x ¼ ffiffiffiffiffiffiffiffi

sNN
p

, C ¼ 0.44,
D ¼ 2.2 GeV, μ ¼ 0.027, ν ¼ 0.78), a simple parametri-
zation which may be used to estimate the expected Ξ−=Λ
ratio in energy regions, where data are not yet available.
The Ξ−=ðΛþ Σ0Þ ratio has been investigated within a

statistical model approach. We performed a calculation
with the package THERMUS [39], using the mixed-canonical
ensemble, where strangeness is exactly conserved, while all
other quantum numbers are conserved only on average by
chemical potentials. The optimum input parameters for this
calculation (i.e., temperature, T ¼ ð121' 3Þ MeV, baryon
chemical potential, μB ¼ ð722' 85Þ MeV, charge chemi-
cal potential, μQ ¼ ð24' 20Þ MeV, fireball radius, R ¼
ð1.05' 0.15Þ fm, and radius of strangeness-conserving

canonical volume, Rc ¼ ð0.8' 2.1Þ fm) follow from the
best fit to the available HADES particle yields (π−, π0, η, ω,
K0, Λ) in pþ Nb collisions at 3.5 GeV [30–32]. We
obtained a Ξ− yield of 1.0 × 10−5 and a Ξ−=ðΛþ Σ0Þ ratio
of 8.1 × 10−4 (asterisk in Fig. 3). Both values are signifi-
cantly lower than the corresponding experimental data.
We also estimated the Ξ production probability within

two different transport approaches, both having imple-
mented the aforementioned strangeness-exchange chan-
nels. The first approach is the URQMD model [16,17]
(version 3.4 [42]). For Ξ− hyperons, we derived a yield
of ð6.9' 2.8Þ × 10−7 per event which is more than 2 orders
of magnitude lower than the experimental yield (1) and
decreases only by a factor of 2, if the channels YY → ΞN
(with cross sections from [13]) are deactivated; i.e., in the
model, hyperon-hyperon fusion is of minor importance for
Ξ production in proton-nucleus reactions at 3.5 GeV. The Λ
rapidity distribution, however, was fairly well reproduced
by URQMD [32]. The resulting Ξ−=ðΛþ Σ0Þ ratio amounts
to ð3.1' 1.2Þ × 10−5 (filled star in Fig. 3). The second
transport approach we used is the GIBUU model [40,41]
(release 1.6 [43]). We estimated a Ξ− yield of
ð6.2' 0.9Þ × 10−6, a value being considerably higher than
the prediction by the URQMD model, but still significantly

FIG. 2. Relative Ξ− yield as a function of the cut value of
various Λ and Ξ− geometrical distances (see text, abscissa units
are mm). The full (open) circles display the experimental
(simulation) data. The yields are normalized to those obtained
with the nominal cuts. The vertical and horizontal arrows indicate
the chosen cut values and the region of accepted distances,
respectively.

FIG. 3. The yield ratio Ξ−=ðΛþ Σ0Þ as a function of
ffiffiffiffiffiffiffiffi
sNN

p
orffiffiffiffiffiffiffiffi

sNN
p − ffiffiffiffiffiffiffi

sthr
p

(inset). The arrows indicate the threshold in free
NN collisions. The open symbols represent data for symmetric
heavy-ion collisions measured at LHC [1,36] (cross), RHIC [2,3]
(stars), SPS [4,5] (triangles), AGS [6] (square), and SIS18 [12]
(circle). The filled cross depicts pþ p collisions at LHC [37],
while the downward and upward pointing filled triangles are for
pþ A reactions at DESY [38] and SPS [18], respectively. The
filled circle shows the present ratio (2) for pð3.5 GeVÞ þ Nb
reactions (statistical error within ticks, systematic error as bar).
The full curve is a parametrization (see text) of the proton-
induced reaction data. The asterisk, diamond, and filled star
display the predictions of the statistical-model package THERMUS

[39], the GIBUU [40,41], and the URQMD [16,17] transport
approaches, respectively.
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