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The data: Ξ production enhancemet
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Ξ hyperon production at SIS energies

• HADES experiment: Ar+KCl collisions at bombarding 
energy 1.76AGeV

• data SIS: 
Ξ-/(Λ+Σ0) = (5.6±1.2+1.8-1.7)×10-3
[G. Agakishev et al. (HADES), PRL 103 (2009) 132301]

• show enhanced production 
as compared with statistical model 
(THERMUS: 2×10-4)
[S. Wheaton, J. Cleymanns, M. Hauer, 
Comp. Phys. Commun. 180 (2009) 84]

width approximately scales with the square root of mass

(!y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T=m0c

2
p

), and second, the cascade particle may
carry less longitudinal momentum than the ! hyperon,
since it contains only one light quark which arises from
projectile nucleons. With the given parameters and their
ranges, we calculated the average HADES acceptance
(including the branching ratio for the decay ! ! p"")
for the ! to #acc;! ¼ 0:160# 0:009 and for the "" to
#acc;"" ¼ ð9:6þ2:3

"2:1Þ ' 10"2. The simulation data are pro-
cessed through GEANT, modeling the detector response.
The GEANT data were embedded into real experimental
data and processed through the full analysis chain.
Relating the outputs, after cuts, to the corresponding
inputs, the average ! and "" reconstruction efficien-
cies were estimated to #eff;! ¼ ð6:1# 0:3Þ ' 10"2 and
#eff;"" ¼ ð5:5# 0:5Þ ' 10"2, respectively. [Note that
both efficiencies are almost equal because of the higher
survival probability with respect to cut (iii) of secondary
!’s as compared to primary ones. Thus, the loss due to the
additional cuts (iv)–(viii) is compensated to a large extent.]
We confirmed our acceptance and efficiency corrections by
extracting the ! yield [12] which is found to be in agree-
ment with existing data [17]. With the above correction
factors, the ratio of "" and ! production yields can be
determined. Such a ratio, when derived from the same data
analysis, has the advantage that systematic errors cancel to
a large extent. The ratio is calculated as

P""

P!þ#0
¼ N""

N!

#acc;!
#acc;""

#eff;!
#eff;""

¼ ð5:6# 1:2þ1:8
"1:7Þ ' 10"3;

(1)

where statistical and systematic errors are given, resulting
from adding the individual ones quadratically. The statis-
tical error in (1) is dominated by the 20% error of the ""

signal, while the systematic error is governed by the stabil-
ity of the signal against cut and background variation and
by the range of the parameters T"" and !y;"" entering the
simulation.

The deduced""=! ratio (1) may be compared with the
corresponding ratios at higher energies [2–5]. Figure 4
shows a compilation of ""=! ratios as a function offfiffiffiffiffiffiffiffi
sNN

p
. The displayed data represent the most central 5%–

10% of collisions of Auþ Au or Pbþ Pb. At RHIC and
SPS energies, hardly any centrality dependence of the
""=! ratio was observed [2,3]. So far, the lowest energy
at which a ""=! ratio is available is

ffiffiffiffiffiffiffiffi
sNN

p ¼ 3:84 GeV,
i.e., an excess energy ofþ600 MeV above the NN thresh-
old [5]. The corresponding ratio, measured at the AGS at a
beam energy of 6A GeV, is found to increase slightly with
centrality. For central (semicentral) collisions it is about
3 (2) times larger than our value. Indeed, a steep decline of
the ""=! production ratio is expected below threshold,
where now the first data point is available. This allows for
comparisons to model calculations.

The""=! ratio has been estimated for Auþ Au within
a statistical approach [18]. While RHIC [2], SPS [3,4], and
AGS [5] data are well described, the present experimental
""=! ratio is underestimated by the model yielding 4'
10"4 (cf. Fig. 4). Utilizing by ourselves the statistical-
model package THERMUS [19], we obtained a ratio of 2'
10"4. Here the optimum input parameters [i.e., tempera-
ture T ¼ ð73# 5Þ MeV, baryon chemical potential $b ¼
ð780# 40Þ MeV, and ratio of strangeness correlation and
fireball radii Rc=R ¼ ð0:45# 0:15Þ fm] follow from the
best fit to all HADES particle yields (except "") in Arþ
KCl at 1:76A GeV [12,14]. Finally, predictions within a
transport approach [6] (soft EoS with incompressibility
K0 ¼ 194 MeV) yield a ""=! ratio of a few times
10"4, comparable to the statistical model.
In summary, we observed the production of the doubly

strange cascade hyperon "" in collisions of Arþ KCl at
1:76A GeV with a significance of about five. For the first
time, using the HADES detector at SIS18/GSI, this hy-
peron was measured below the threshold in free nucleon-
nucleon collisions, i.e., at

ffiffiffiffiffiffiffiffi
sNN

p " ffiffiffiffiffiffiffi
sthr

p ¼ "640 MeV.
Comparing the experimental ""=ð!þ #0Þ ratio to the
predictions of a statistical model and a transport approach
shows that both underestimate the experimental ratio. We
conclude that (I) the conditions for the applicability of
present statistical models might be not fulfilled for such
rare-particle production in small systems far below thresh-
old and that (II) in transport approaches, a better under-
standing is necessary of the strangeness-exchange

FIG. 4. The yield ratio ""=ð!þ#0Þ as a function of
ffiffiffiffiffiffiffiffi
sNN

p
orffiffiffiffiffiffiffiffi

sNN
p " ffiffiffiffiffiffiffi

sthr
p

(inset). The arrow gives the threshold in free NN
collisions. The open star, triangles, and square represent data for
central Auþ Au and Pbþ Pb collisions measured at RHIC [2],
SPS [3,4], and AGS [5], respectively. The filled circle shows the
ratio (1) for Arþ KCl reactions at 1:76A GeV (statistical error
within ticks, systematic error as bar). Full curve: Statistical
model for Auþ Au [18].
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Considerations about the system 

 baryon dominated system
 strangeness produced in πN→KΛ(Σ)

− all strange antiquarks go into kaons
− kaons do not interact with other particles

➡ the interacting system contains net strangeness
➡ net strangeness corresponds to the number of 

produced kaons

3
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Strangeness as rare species
 number of kaons is very low!
〈K+〉= (2.8±0.4)×10-2

➡ no kaons in most events
➡ one kaon in about every 50 events
➡ very rarely two or more kaons in one event

➡ cascades are produced only here, however

Take this into account when calculating the 
number of cascades statistically.

4



Boris Tomášik: Production of Ξ hyperons in nuclear collisions at subthreshold energies /18

Minimal statistical model
 respect fixed strangeness in each event

− formulate separately for net strangeness 
0,1,2,... ⇒ n-kaon classes

 distribution of net strangeness Poissonian
 distribute strange quarks according to 

statistical equilibrium prescription
 non-strange species distributed according 

to statistical equillibrium

5



For fixed impact parameter (fixed volume):
multiplicity of species a with S=-1:

multiplicity of Ξ

• note the missing term for single-kaon class
• note the missing factor of 2 in the first term
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Multiplicity of strange species

6

Ma = 1P (1)
ss̄ P(1)

a + 2P (2)
ss̄ P(2)

a + 3P (3)
ss̄ P(3)

a + . . .
probability

to have given 
number of ssbar

inclusive probability of
releasing species a

MΞ = P (2)
ss̄ P(2)

Ξ + 3P (3)
ss̄ P(3)

Ξ + . . .



 for all events (or triggered events) we must 
average over impact parameter

 the probability to have some number of s 
quarks depends on volume

 kaon multiplicity is observed - gives the 
normalisation
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Event-averaging

7

P (i)
ss̄ → �P (i)

ss̄ �



 Probability to release s quark in species a

 normalisation depends on the number of strange quarks 
in the system 

 normalisation depends on volume (non-trivial averaging 
over impact parameter)
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Statistical distribution of s quarks
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normalisation volume degeneracy
chemical
potential

integrated 
Boltzmann
distribution

P (n)
a =

�
z(n)s

�Sa

V νa e
BaµB/T m2

aT

2π2
K2

�ma

T

�
=

�
z(n)s

�Sa

V pa



for fixed impact parameter: 
the average number of ssbar pairs

multiplicities distributed Poissonian

expand for different n

get λ from kaon multiplicity
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Probability of n-kaon production

9

W =

� t0

0
V (t)W[ρB(t), T (t)] dt = W̄ τ V 4/3 ≡ λV 4/3

P̃ (n)
ss̄ = Wn e

−W

n!

P̃
(1)
ss̄ = λV 4/3 − λ2

V
8/3 + 1

2 λ
3 V 4 +O(λ4) ,

P̃
(2)
ss̄ = 1

2λ
2 V 8/3 − 1

2λ
3 V 4 +O(λ4),

P̃
(3)
ss̄ = 1

6 λ
3
V

4 +O(λ4)



average over volume (impact parameter)

we have parametrisation for V and we can do 
averages
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Normalisation from kaon multiplicity
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MK+ =
�W �
1 + η

η =
A− Z

Z
= 1.14

λ =
(1 + η)MK+

�V 4/3�
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Summary of the model
 total strangeness normalisation from kaon 

multiplicity
 assumption of isospin asymmetry
 Poissonian distribution of number of s 

quarks
 statistical distribution of s quarks into 

hadrons
Implications:
• more K0 estimated than in isospin symmetry
• Ξ only produced in at least 2-kaon events
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ζ(2) =
�V 5/3��V �
�V 4/3�2

RK−/K+ =
ηpK̄

pK̄ + pΛ + pΣ

�
1− (1− η)MK+ pΞ ζ(2)

�V �(pK̄ + pΛ + pΣ)2

�
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Results: K-

12



RΣ/K+ =
(η2 + 1)(η + 1)

2(η2 + η + 1)

ηpΣ
pK̄ + pΛ + pΣ

�
1− (1− η)MK+ pΞ ζ(2)

�V �(pK̄ + pΛ + pΣ)2

�
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Results: Σ
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ζ(2) =
�V 5/3��V �
�V 4/3�2



RΞ/Σ/K+ = η

pΞ

pK̄+pΛ+pΣ

�V �(pΛ + ηpΣ

η2+η+1 )

1

2
ζ(2)
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Results: Ξ

14

ζ(2) =
�V 5/3��V �
�V 4/3�2

factor 1/2, because Ξ comes from 
2-kaon events!
Difference to “normal” statistical model
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In-medium potentials
scalar and vector

potentials

nucleons:

hyperons:

kaons:

deltas:

RMF model [Kolomeitsev,Voskresensky, NPA 759,373 (2005)]

potential in atomic nucleus

quark counting for vector p.

constraint

[Hashimoto, Tamura, Prog.Part.Nucl.Phys. 57, 564 (2006)]

[Dabrowski, Phys.Rev.C 60, 025205 (1999)]

[Khaustov et al., Phys.Rev.C 61, 054603 (2000)]

15

optical potential from kaonic atoms

used in [Schade,Wolf,Kämpfer, PRC81, 034902 (2010)]
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Results with in-medium potentials

16

8

FIG. 1: (Color online) The ratios (51), (53), ( 54), (56) as functions of the freeze-out temperature for the freeze-out density
0.6ρ0 in comparison with the empirical ratios (7) shown by dotted lines. The shaded regions are the experimental error intervals.
Dashed curves are calculated in the absence of in-medium potentials, whereas solid lines, with the scalar and vector potentials.
For the K−/K+ ratio solid lines labeled as 75 and 150 are computed with UK̄ = −75 and −150 MeV, respectively. For the
ratios involving hyperons solid lines are calculated for UK̄ = −75 MeV. Dash-doubly-dotted lines depict ratios with only nucleon
potentials included. On the Σ/K+ plot, two dotted lines show the central values given in (7c) and (8) labeled as “(Hades)”
and “(iso)” respectively.

2VΞ =
2
3 VN , according to the number of non-strange

quarks in the hyperon. The scalar potentials follow

then as Sa = [Ua − Va(ρ0)] ρB/ρ0, where the optical

potential U acting on a hyperon in an atomic nucleus,

S(ρ0) + V (ρ0) = U , can be constrained from analy-

sis of hypernuclei: we take UΛ = −27 MeV from [25],

UΣ = +24 MeV from [26], UΞ = −14 MeV from [27].

For K̄ mesons we can use the effective scalar poten-

tial as in Ref. [7]: VK̄ = 0, SK̄ = UK̄ρB/ρ0. The K−

optical potential extracted from kaonic atoms is esti-

mated as UK̄ = −(70–150) MeV. The transport code

calculation [7] shows that the K−
production spectra

can be described with the potential UK̄ = −75 MeV,

whereas analysis [28] argues for a stronger attraction, up

to −150 MeV.

The ratios (51), (53), (54) and (56) calculated with in-

clusion of the in-medium potentials are shown in Fig. 1

by solid lines. We use two values of the optical potential

UK̄ = −75 and −150 MeV. Naturally, the K−/K+
ra-

tio is the most sensitive to this value. For hyperons the

variation of UK̄ is a small effect and does not change the

overall picture. Therefore, we show only the results for

UK̄ = −75 MeV advocated in [7]. The inclusion of the

attractive potentials leads to an increase of K−/K+
and

Λ/K+
ratios, so that one can more easily find a tempera-

ture window when both experimental results are accom-

modated. The repulsive potential for Σ suppresses the

ratio Σ/K+
bringing it closer to experimental data. With

the inclusion of in-medium potentials the ratio Ξ/Λ/K+

increases. To understand the source of this increase we

also plot the ratio Ξ/Λ/K+
with only nucleon potentials

included (see the dash-doubly-dotted line). Comparing

solid and dash-doubly-dotted lines we see that increase

of the ratio compared to that calculated in absence of in-

medium potentials (dash line) is induced mainly by the

nucleon potentials. The latter ones affect the value of

the baryon chemical potential: the factor ρBe−µB/T
de-

pends now on the baryon density through the in-medium

baryon masses. The K−/K+
increases also, if nucleon

potentials are included (compare dash-doubly-dotted and

dash lines), since the value of µB decreases and the nu-

merator in Eq. (51) becomes smaller. However, the main

effect is due to the presence of UK̄ (compare solid and

dash-doubly-dotted lines). The Λ/K+
and Σ/K+

ratios

are insensitive to the nucleon potentials.

To find the optimal freeze-out temperature we perform

a χ2
fit for ratios K−/K+

, Λ/K+
and Σ/K+

. Without

the in-medium potentials we find Tfo = 78.7 MeV and

χ2 � 4.6, if we use the HADES estimate for Σ±
yield

(7c), and we find Tfo = 80.0 MeV and χ2 � 0.35 using

the estimate (8) based on the isospin conservation. With

the potentials (for UK̄ = −75 MeV) the fit is improved

considerably yielding χ2 � 1.7 and Tfo = 67.1 MeV

for the HADES ratio (7c) and χ2 � 1.3 × 10
−2

and

Tfo = 68.8 MeV for the isospin ratio (8). The result-

ing ratios for the last best fit are collected in Table I

in the column labeled “inclusive”. They should be com-

pared with the experimental values presented in the col-

umn labeled ”exp. values”. We see that the inclusion

of in-medium potentials allows us to reach a reasonable

overall agreement with the experiment for the ratios of

singly-strange particles. However, despite the inclusion

of the in-medium potentials increases the Ξ/Λ/K+
ratio,

this increase is not sufficiently strong to reach even the

lower border of the error bars and the ratio is by the fac-

tor 4.2 smaller then the experimental median. As we will

see below this discrepancy increases further by a central-

ity bias in the HADES experiment, which ought to be

taken into account.
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Trigger effect

17

LVL1 trigger HADES counts only the events with MUL>16

trigger function

bmax TLVL1(b) =

�
b , b < 3.9 fm

3.6e−0.27( b
1fm−3.75)2 , b ≥ 3.9 fm

�Vfo�LVL1 =
2π

� bmax

0 db b TLVL1 Vfo(b)

2π
� bmax

0 db b TLVL1

= 1.77�Vfo�1.77

9

ratio exp. values inclusive triggered

(K−/K+
)× 10

2
2.54+1.21

−0.91 2.55 2.55

Λ/K+
1.46+0.49

−0.37 1.50 1.50

Σ/K+
(Hades) 0.13+0.16

−0.12
0.290 0.290

Σ/K+
(iso) 0.30+0.23

−0.17

Ξ/Λ/K+
0.20+0.16

−0.11 0.047 0.026

(Ω/Λ/K−/K+
)× 10

2
— 0.85 0.26

(Ω/Ξ/K+
)× 10

2
— 0.42 0.23

TABLE I: The strange particle ratios (51), (53), (54), (56),

(60), and (61) calculated with the inclusion of in-medium

potentials (for UK̄ = −75 MeV), at the freeze-out baryon

density ρB,fo = 0.6 ρ0 and freeze-out temperature Tfo =

68.8 MeV in comparison with the available experimental val-

ues. The columns “inclusive/triggered” are results of calcula-

tions with/without inclusion of the LVL1 trigger effects dis-

cussed in Section V.

V. TRIGGER EFFECTS

In the HADES experiments one uses the LVL1 trigger
to select more central collisions [1–4]. The trigger affects
averaging over the impact parameter, therefore the aver-
aged fireball volume in Eq. (56) and the numerical factors
ζ(n) and ζ̃(n) change. The trigger effect can be incor-
porated with the help of an additional weight function
TLVL1(b) embedded in any integration over the impact
parameter. There are no direct experimental tools to
constrain this weight function, and we have to rely on a
modeling with the help of some transport code. Obtained
from the BUU transport code in [7, 8], this function for
the Ar+KCl collisions can be parameterized as

TLVL1(b) =

�
b , b < 3.9 fm

3.6 e−0.27 (b/1fm−3.75)2 , b ≥ 3.9 fm
,(67)

(see also Fig. 1 in [3]). Applying the trigger function
we should replace the impact parameter averaging in
Eq. (16) as �. . . � → �. . . �LVL1 with

�. . . �LVL1 =

� bmax

0
db TLVL1(b) (. . . )

�� bmax

0
db TLVL1(b).(68)

The most prominent effect of the multiplicity trigger is
an increase of the fireball volume,

�Vfo�LVL1 ≈ 1.77�Vfo� . (69)

This results in a strong decrease of the ratios RΞ/Λ/K+

and RΩ/Ξ/K+ , cf. Eqs. (56) and (61); the ratio
RΩ/ΛK−/K+ decreases still stronger. The numerical val-
ues of the coefficients (21) and (29) also change as

ζ(2)LVL1 = 1.41 , ζ(3)LVL1 = 2.39 , (70)

ζ̃(1)LVL1 = 0.909 , ζ̃(2)LVL1 = 1.02 , ζ̃(3)LVL1 = 1.52 . (71)

The coefficients Y1,2,3 in Eqs. (52), (57), (62) and (63)
change slightly and become equal to Y2,LVL1 � 0.51
Y3,LVL1 � 0.18, and Y �

3,LVL1 � 0.35.
The resulting strange particle ratios are collected in

Table I in column “triggered”. We see that with the
inclusion of the LVL1 trigger effect the statistical model
predicts the Ξ/Λ/K+ ratio which is by factor 7.7 smaller
than the central value of the HADES measurement and
by factor 3.5 smaller than the empirical lower error bar.
Thus, the trigger effect pushes the solid, dash-doubly-
dotted and dotted lines shown in Fig. 1 for the Ξ/Λ/K+

ratio further downwards.

VI. DISCUSSION

As we found above the experimental ratio Ξ/Λ mea-
sured by HADES cannot be explained within the minimal
statistical model, which is based on strangeness conser-
vation and on the assumption that the negatively strange
particles K̄, Λ, Σ, and Ξ sustain in thermal equilibrium.
The inclusion of in-medium potentials enlarges the Ξ ra-
tio but not enough to accommodate the experimental
data. Let us discuss now other possible sources of the Ξ
enhancement.
(i)More attractive Ξ in-medium potential. One could

try to explain the Ξ enhancement by introduction of
a more attractive Ξ in-medium potential than that we
used. Within our model we find that the value of the
potential UΞ at the saturation nuclear density should
be UΞ

<∼ −120 MeV to increase the ratio Ξ−/Λ/K+

up to the lowest end of the empirical error bar. Such
a strong attraction comparable with the nucleon op-
tical potential is unrealistic. It would imply that Ξ
baryon is bound in nucleus stronger than two Λ’s, since
2 (mΛ+UΛ)−(mΞ+mN+UΞ+UN ) ∼ 100 MeV> 0. This
would influence the description of doubly strange hyper-
nuclei [27]. The leading-order analysis of the hyperon
and nucleon mass shifts in nuclear matter performed us-
ing the chiral perturbation theory [29] shows that the
Ξ shift is much smaller than nucleon and Λ shifts. Re-
cent analysis [30, 31] confirm the relative smallness of
ΞN scattering lengths. Nevertheless, for completeness,
we should note that there exist some potential models,
which predict rather strong ΞN interaction, see [32, 33]
and critical discussion in [31].
(ii)Variations of the freeze-out density. We could take

somewhat larger value of the freeze-out baryon density.
For instance, had we taken ρB,fo = ρ0, the calculated ra-
tio RΞ/Λ/K+ would increase but only moderately, from
0.026 to 0.034. The latter value is by factor of 3-10
smaller than the experimental values.

(iii)Variations of the K+ multiplicity. If we vary the
K+ multiplicity within the experimental error bars and
take the maximal possible value MK+ = 3.2× 10−2, the
ratio RΞ/Λ/K+ becomes equal to 0.175+0.16

−0.11 instead of

the value 0.20+0.16
−0.11 presented in Table. I. The calculated

value is still significantly below the experimental range.

another factor of 2 decrease!!!
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Conclusions
 Statistical model underestimates Ξ production 

even more than thought previously

 There must be some non-equilibrium process of 
Ξ production - once they are produced, they 
leave the system
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RK−/K+ =
NK−
NK+

= 2.5+1.2
−0.9 × 10−2

RΛ/K+ =
NΛ+Σ0

NK+
= 1.46+0.49

−0.37

RΣ/K+ = 1
2

NΣ−+Σ+

NK+
= 0.13+0.16

−0.11

RΞ/Λ/K+ =
NΞ−

NΛ+Σ0NK+
= 0.20+0.16

−0.11
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Ξ production, distribution of strangeness

The following ratios do not depend on strangeness suppression 
factors (the γs) and the fugacity

19

At SIS energies K+ and K0 have long mean free paths and escape the 
fireball right after their creation in direct reactions.

The fireball has some negative strangeness which is statistically 
distributed among  K-, anti-K0, Λ, Σ, Ξ (Ω can be neglected).



nS,fo = nS(tfo) ≈
2�NK+�
�Vfo�

�Vfo� =
2π

� bmax

0 db b Vfo(b)

2π
� bmax

0 db b
bmax = 2 r0 A

1/3

r0 = 1.124 fm

Vfo(b) ≈
2A

ρB,fo
F (b/bmax)

�Vfo� ≈
A

2 ρB,fo
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Strangeness concentration
can be extracted from K+ multiplicity and the freeze-out volume

20

(mean) freeze-out volume:

overlap function

freeze-out density [Gosset et al, PRC 16, 629 (1977)]



N iso
(Σ++Σ−) = (1 + η)NK+ −NΛ+Σ0 − 2NΞ− − (1 + 1/η)NK−

η =
A− Z

Z
� 1.11

2NK0
S

NK+

= 0.82

Boris Tomášik: Production of Ξ hyperons in nuclear collisions at subthreshold energies /18

Ratios as functions of FO temperature

21

too low!?too high!? 

Maybe we estimate the number of Σ incorrectly?

but

Isospin asymmetry coefficient for ArK and 
ArCl collisions is 
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Backup: where do Ξ baryons come from?

22

strangeness creation reactions:
very endothermic, 
very inefficient

strangeness recombination reactions:

anti-kaon induced reactions

double-hyperon processes

ss quarks are strongly bound in Ξ!

[Li,Ko NPA712, 110 (2002)]

can be more efficient since


