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Figure 4: (Color online) Associated yield per trigger, pro-
jected onto ∆φ, for |∆η| > 0.8. We show ALICE results
(black squares) and EPOS3 simulations (red dots).

peak structure in ∆φ. The translational invariance of the
structure finally leads to a double ridge. The simulation
result is an absolute prediction, it is the yield of associ-
ated particles per trigger (and per ∆η∆φ. So indeed, the
magnitude of the effect is of the right order.

For a more quantitative analysis, one considers the pro-
jections onto ∆φ, for |∆η| > 0.8, as shown in fig. 4 for
ALICE measurement and the corresponding EPOS3 sim-
ulations (the latter ones have been multiplied by 1.07).
The solid red line represents a Fourier decomposition,

1

Ntrig

dN

d∆φ
{per∆η} =

5
∑

n=0

2an cos(n∆φ). (1)

The same procedure can be done for identified parti-
cles. We consider four types of pairs: h−h, h−π, h−K,
and h − p, where h stands for charged hadrons, π for
charged pions, K for charged kaons, and p for protons
and antiprotons. For each of the four cases one computes
the Fourier coefficients an. To normalize the coefficients,
we have to divide by the so-called “baseline” b. We follow
precisely the ALICE prescription: the baseline is the av-
erage yield of the high multiplicity correlation function,
extracted from the latter one at π/2, taking into account
the modulation of the functions following eq. (1). In this
way we obtain the normalized Fourier coefficients vn∆, for
the four types of pairs considered, i.e. vh−h

n∆ , vh−π
n∆ , vh−K

n∆ ,

vh−p
n∆ . The flow harmonics, characterizing inclusive iden-

tified particle production from a “flowing” medium, are
then given as

vπn =
vh−π
n∆

√

vh−h
n∆

, vKn =
vh−K
n∆

√
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, vpn =
vh−p
n∆
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. (2)
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Figure 5: (Color online) Elliptical flow coefficients v2 for pi-
ons, kaons, and protons. We show ALICE results (squares)
and EPOS3 simulations (lines). Pions appear red, kaons
green, protons blue.

The results for the second harmonics (elliptical flow) are
shown in fig. 5. Clearly visible in data and in the sim-
ulations: a separation of the results for the three hadron
species: in the pt range of 1-1.5 GeV/c, the kaon v2 is
somewhat below the pion one, whereas the proton result
is clearly below the two others. To discuss higher values
of pt (and due to limited statistics), we use a different bin-
ning in pt (0.5-1, 1-2, 2-4 GeV/c), see fig. 6. We compare
pion and proton results, and we clearly see (in data and
simulations) a “crossing”: the v2 of protons is below the
one of pions, below 2GeV/c, and above beyond 2GeV/c.
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Figure 6: (Color online) Elliptical flow coefficients v2 for pions
and protons. We show ALICE results (squares) and EPOS3
simulations (horizontal lines). Pions appear red, protons blue.
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Figure 1. The number of all K∗ mesons as a function of the time t for a central (impact parameter b = 2 fm)

collision integrated over all y in a Au + Au system at E = 200 GeV energy in the centre of mass system. The

light blue solid line is the number of all mesons while the other lines show the channel decomposition of the K∗s.

The red solid and the black solid lines show the number of K∗s coming from meson-baryon and baryon-baryon

strings, respectively, the green solid line corresponds to the number of K∗s coming from K + π collisions and the

dark blue solid line is showing the number of K∗s coming directly from the QGP.

2 K∗ production in PHSD

The production of the K∗ in PHSD is accomplished through various mechanisms. Figure 1 shows the
channel decomposition for the K∗+, K∗0, K∗− and K̄∗0 production as a function of time for a central
(impact parameter b = 2 fm) Au + Au collision for all rapidities y at a centre of mass energy of
E = 200 GeV.

There is a small fraction of K∗ which come from primary baryon-baryon string excitations which
occur in the peripheral region of the central reaction or from secondary energetic meson-baryon col-
lisions. Most of the K∗s come directly from the QGP phase via quark fusion (i.e. u + s̄ → K∗+,
d + s̄ → K∗0, ū + s → K∗−, d̄ + s → K̄∗0) and from the scattering of kaons and pions through the
K̄(K)π → K̄∗(K∗) channel until the K̄(K)π channel becomes dominant. A major part of all produced
K∗s thus comes from π + K(K̄) that suffer from absorption and elastic/inelastic rescattering effects.

The dynamics of strange mesons is strongly dependent on the in-medium effects in a dense or hot
nuclear medium and to model properly the behaviour of K,K∗ mesons in nuclear matter these effects
need to be accounted for.

EPJ Web of Conferences

00016-p.2
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Figure 4: The same as in Fig. 3 but for calculations within the
HSD plus CB model.

and HSD. However, the yields of light hyper-fragments
are slightly larger in the HSD case. It is instructive that
in the carbon collisions the hyper-residues are responsible
for producing nearly all hyper-fragments in their kinematic
regions. In the gold case, many new particles are produced
in this region, therefore, besides big hyper-residues addi-
tional light hypernuclei can be formed too.

The light hypernuclei 3
ΛH and 4

ΛH are specially inter-
esting: They can be easily identified by their decay into
π− and 3He, and into π− and 4He, respectively. These
correlations have been observed already in many heavy-
ion experiments at high energies [12, 13, 23, 33, 34]. Such
hypernuclei can serve as indicators for the production of
hyper-matter.

In Figs. 5 and 6 we show the rapidity distributions
of these light hypernuclei produced in the same reactions.
The simulations are performed within the UrQMD and CB
models. As before, the coalescence parameter vc = 0.22c
has been used for the calculations shown in Fig. 5. For
comparison, the results obtained with a smaller parameter
vc = 0.1c are presented in Fig. 6. The latter may be
more adequate for these small nuclei, since previously the
yields of normal small clusters have been well described
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Figure 5: Rapidity distributions of produced 3
ΛH (dotted lines)

and 4
ΛH (dashed lines) hyper-fragments in reactions as in Fig. 3.

The UrQMD and CB calculations are with the coalescent pa-
rameter vc = 0.22c

with a such low coalescence parameter [25, 36]. In this
case the fragments can be treated already as nuclei in final
state without secondary de-excitation, since the later one
is mainly relevant for big residues.

One can see an interesting behaviour: The 3
ΛH nuclei

are essentially formed over all rapidities. It is obvious, that
the production of the clusters is smaller at low coalescent
parameters (compare Figs. 5 and 6). At low vc, however,
the fragments are more grouped at the target and pro-
jectile rapidities. This concentration is more evident for
lager nuclei – 4

ΛH. This is the consequence of the applied
coalescent mechanism: If the velocity space is reduced the
large clusters are more efficient in the capture of hyperons
because of the larger coordinate space.

With increasing energy the fraction of nuclei around
residues increases, since more particles are produced in
this region as a result of secondary interactions. Whereas
particles originating from midrapidity have higher energy
and they are more separated in the phase space. There-
fore, despite of the general increase the number of such
particles, the total number of clusters may not increase.

6



Recent developments 

• EPOS: Elliptic flow in  
p+Pb at LHC 

•  pHSD: Resonances from 
the QGP at RHIC 

• UrQMD: Hypermatter 
• Hydro+JAM: Strangeness 

production at RHIC 
• ! Hybrid models 

Multi-strange particles at RHIC 

SQM Dubna, July 2015 5 

Takeuchi, Murase, Hirano, Huovinen, Nara,  
arXiv:1505.05961 

7

10-10

10-8

10-6

10-4

10-2

100

 0  1  2  3  4  5

dN
/2
πp

Td
p T

dy
(c

2 /G
eV

2 ) 

pT(GeV/c) 

(a) Λ+ Λ-

hydro+JAM
STAR

10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100

 0  1  2  3  4  5

dN
/2
πp

Td
p T

dy
(c

2 /G
eV

2 ) 

pT(GeV/c) 

(b) Ξ-+Ξ+

hydro+JAM
STAR

10-8

10-7

10-6

10-5

10-4

10-3

10-2

10-1

 0  1  2  3  4  5

dN
/2
πp

Td
p T

dy
(c

2 /G
eV

2 ) 

pT(GeV/c) 

(c) Ω-+Ω+

hydro+JAM
STAR

FIG. 3: (Color Online) Transverse momentum distributions of (a) Λ (|η| < 1.0), (b) Ξ (|η| < 0.75), and (c) Ω (|η| < 0.75)
obtained from the integrated dynamical approach (open square) compared with data from the STAR Collaboration [47] (filled
square) for

√
sNN = 200 GeV Au+Au collisions. From top to bottom, each spectrum shows data of 0-5, 10-20, 20-40, 40-60,

and 60-80% centrality multiplied by 10n with n = 0 to −4 for Λ and Ξ and 0-5, 20-40, and 40-60% centrality multiplied by 10n

with n = 0 to −2 for Ω. Note that the pT distributions of Λ include the contribution from Σ0 decay, see the text for details.



Multi-strange hadrons 

Pro’s 

•  Infer matter properties/
potentials/equilibration times 

• Provides hints for novel 
processes (ropes?) 

• Explore subthreshold  
multi-step processes 

• Explore canonical effects 

Con’s 

• Experimentally not well 
explored 

• Difficult to measure (di-
leptons, multi-particle 
correlation) 

•  Theoretically not well 
understood 
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configurations may ‘melt’ and give way to a QGP. Whether this happens at presently
explored beam energies is still an open question.

Figure 1: Rope decay:
strangeness suppression

Beyond some ‘critical’ string density indepen-
dent fragmentation is expected to break down.
In RQMD [10] (and also in the Spanish ver-
sion of the DPM [11]) strings will fuse into color
‘ropes’ if they are overlapping. One consequence
of the strong coherent gluon fields in the rope
is their fast screening by quark pair production.
The strong ss̄ enhancement in the coherent rope
fields is displayed in Fig. 1. (p, q) characterize
the SU3 color charge creating the rope gluon
field. p, respectively q can be thought of as
the unscreened quark (anti-quark) sources of the
field. Unlike in a string, the end of ropes contain
usually many diquarks and anti-diquarks with
the same color charge as (anti-)quarks. This is
the consequence of the SU3 group combinatorics, e.g. 3 + 3 = 6 + 3̄. The most drastic
change of rope compared to independent string fragmentation is therefore in the strange
anti-baryon sector, because strangeness and (anti-)diquark enhancement both contribute
here. While independent string fragmentation fails completely in comparison to the data
for S induced reactions at 200 AGeV the results with color rope (or string fusion) included
agree rather well with measurements [9]. First preliminary results from NA49 [12] and
WA97 (see K. Safarik’s contribution to the Proceedings) for central Pb(158AGeV) on Pb
reactions are consistent with the RQMD predictions of anti-baryon densities published in
[13]. Anti-baryon rapidity distributions (p, Λ, Ξ

0,+
) in central Pb(160AGeV)+Pb colli-

sions which have been calculated using RQMD in three different modes are displayed in
Fig. 2. The three different operation modes of RQMD have been ropes and rescattering
switched off (‘NN mode’, dashed line), rope fragmentation included (dotted line) and
ropes and hadronic rescattering both included which is the default mode (straight line).
The Ξ yield as calculated with the default version 2.1 of RQMD increases by a factor of
7.7 compared to the result in the ‘NN mode’. The increase would be even a factor of 13.3
if anti-baryons would not be absorbed in the later hadronic stage.

Capella has taken a somewhat different path to explain strangeness and diquark en-
hancement from string fragmentation in AA collisions [14]. Elementary hh collisions
produce mostly strings with the in-going valence quarks at their ends. However, in AA
collisions additional strings are formed with sea quarks at the ends. With an assumption
about a rather large strangeness fraction s/u=0.5 and some B-B̄ content in the nucleon
sea he can explain measurements for S+S and S+W collisions at 200 AGeV. It is an inter-
esting question whether the large diquark and strangeness content in this model mimicks
the effect of rope formation or the other way around.

A completely statistical (microcanonical) approach to the fragmentation of large
density spots which emerge in a percolation of strings has been developed in VENUS [15].
The chemical composition depends on the choice for the energy at which the ‘droplet’ is
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Figure 1. Diagrammatic representation of processes contributing to the reactions (a)
ρ (N,∆) → φ N, (b) π N∗ → φ N and (c) πρ → φ.

2. Cross sections of elementary reactions

Since the cross sections of the elementary reactions are not well known experimentally

we employ a one-boson exchange model to estimate them. For the BB → BBφ and the

πB → φB channels we use the same cross sections as in [2]. The calculations of the

ρN → φN and ρ∆ → φN cross sections (Fig. 1a) are based on the effective interaction
Lagrangians

LπNN =
fπNN

mπ

ψ̄γ5γ
µτ⃗ψ · ∂µπ⃗, LπN∆ = −

fπN∆

mπ

ψ̄T⃗ψµ · ∂µπ⃗ + h.c.,

Lπρφ =
fπρφ

mφ

ϵµναβ∂
µφν∂αρ⃗ β · π⃗.

Here ψ and ψµ are the nucleon field and the Rarita-Schwinger field for the ∆ resonance,

respectively, and π, ρ⃗µ, φµ stand for the meson fields. We include multipole form factors

for off-shell pions and ρ mesons. Coupling constants and cutoff parameters are taken

from [2, 3]. The resulting isospin averaged cross sections are shown in Fig. 2. It should
be noted that the cross section of the ρB channels also depends strongly on the actual

mass of the incoming ρ meson (and ∆ particle).

To calculate the cross section of the πN(1520) channel (Fig. 1b) we tested several

possibilities for the interaction Lagrangian for the ρNN(1520) vertex such as

LρNN(1520) =
f1

mρ

ψ̄N τ⃗ γ
νψµ

1520 (∂ν ρ⃗µ − ∂µρ⃗ν) + h.c., (1)

LρNN(1520) =
f2

m2
ρ

ψ̄N τ⃗ σ
αβψµ

1520 ∂α∂µρ⃗β + h.c. . (2)

We fitted the coupling constants to the ρ(two-pion) decay channel of the N(1520) and

obtained the values f1 = 10.5 and f2 = 68. We observe that Lagrangian (2) gives a much

larger cross section for φ meson production than Lagrangian (1) (see Fig. 2). However,
the value of the coupling f2 extracted from the N(1520) decay differs significantly from

the value estimated within the quark model. As the relevant energies in the decay and

the production process are very different the assumption of a constant coupling might

fail. In our BUU calculations reported below we use the cross sections obtained using
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Figure 2. Production cross sections for φ mesons for several binary reactions as a
function of the relative kinetic centre-of-mass energy in the entrance channel. The
cross sections are calculated for the nominal masses of the resonances. Especially cross
sections for ρ∆ collisions having different masses can considerably deviate from the
curve shown.

Lagrangian (1) as standard. We also carried out some calculations using Lagrangian (2)

to test the uncertainties of the φ meson yield from the πN(1520) channel.

3. BUU calculations of the φ meson yield

We used the above elementary cross sections to calculate the φ meson production within

a BUU model. In our model nucleonic and ∆ resonances are included up to 2.2 GeV. The

resonance properties are fitted to one- and two-pion production data in πN scattering

while the production cross sections of resonances are derived from meson production data

in NN collisions. We employed a soft momentum dependent potential for nucleons and

∆(1232). The in-medium mass of the φ meson is treated according to [4]. We included
also the absorption of φ mesons via the φN→KΛ [5] and the φN elastic scattering with

a cross section of 0.56 mb.

The resulting φ meson yields are shown in Table 1 together with the data obtained

by extrapolating the experimental yields to the entire phase space. The inclusion of

the new ρ channels results in a substantial increase of the φ meson yields by a factor

of 2.5. The dominant contribution comes from the ρB channel. The πN(1520) channel
calculated with the Lagrangian (1) does not contribute essentially to the φ meson yield.

However, using the Lagrangian (2) the yields of this channel rise by a factor of about 10

H. Barz, M. Zetenyi, G. Wolf, B. Kämpfer, Nucl.Phys. A705 (2002) 223 
Data: FOPI 
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yields from Ni + Ni (1.93 GeV) Ru + Ru (1.69 GeV)

B + B 3.5 · 10−4 3.1 · 10−4

π + B 2.9 · 10−4 3.2 · 10−4

ρ + B 8.9 · 10−4 11.8 · 10−4

π + ρ 1.6 · 10−4 1.5 · 10−4

π + N(1520) 0.5 · 10−4 0.6 · 10−4

total yield 1.7 · 10−3 2.0 · 10−3

experiment [1] (8.7 ± 3.6) · 10−3 (6.4 ± 2.5) · 10−3

Table 1. Multiplicities of φ mesons per central event in Ni + Ni and Ru + Ru
reactions. The first 5 lines give the results from the special channels indicated. The
symbol B comprises the nucleon and the ∆ particle. The cited experimental yields are
to be considered very preliminary.

pointing to the importance of this channel for φ meson production. The experimental

yields are still underestimated by our calculations, this statement holds independently

of the uncertainties of the πN(1520) channel.

4. Conclusions

We have presented a calculation of the φ meson production in heavy-ion collisions

including in our BUU model the elementary channels ρB→ φN, πN(1520)→ φN and

πρ→ φ for the first time. As a result the φ meson yields are substantially increased but

the preliminary experimental data are still underestimated. A dedicated measurement
with enlarged statistics would be highly welcome to resolve the φ puzzle. For a more

detailed discussion of our results see [6].
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analysis, has the advantage that systematic errors cancel to a
large extent. The ratio is calculated as

P⌅�

P⇤+⌃0
=

N⌅�

N⇤

✏acc,⇤
✏acc,⌅�

✏e↵,⇤

✏e↵,⌅�
= (5.6±1.2 +1.8

�1.7)10�3, (1)

where statistical and systematic errors are given, resulting
from adding the individual ones quadratically. The statistical
error in (1) is dominated by the 20 % error of the ⌅� signal
while the systematic error is governed by the stability of the
signal against cut and background variation and by the range
of the parameters T⌅� and �y, ⌅� entering the simulation.

FIG. 4: The yield ratio ⌅�/(⇤ + ⌃0) as a function of
p

sNN orp
sNN �

p
sthr (inset). The arrow gives the threshold in free NN

collisions. The open star, triangles and square represent data for cen-
tral Au+Au and Pb+Pb collisions measured at RHIC [2], SPS [3, 4]
and AGS [5], respectively. The filled circle shows the present ratio
(1) for Ar+KCl reactions at 1.76A GeV (statistical error within ticks,
systematic error as bar). Full line: Statistical model for Au+Au [17].

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 of

p
sNN . The

displayed data represent the most central 5-10 % of collisions
of Au+Au or Pb+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 isp

sNN = 3.84 GeV, i.e. an excess energy of +600 MeV above
the NN threshold [5]. The corresponding ratio, measured at
the AGS at a beam energy of 6A GeV, is found to increase
slightly with centrality. For central (semi-central) collisions
it is about three (two) 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 within a statistical ap-
proach [17]. While RHIC [2], SPS [3, 4] and AGS [5] data are
well described, the present experimental ⌅�/⇤ ratio is under-
estimated (cf. Fig. 4). A similar small ratio is derived [18]

when taking - instead of the calculations along the schematic
freeze-out curve for Au+Au [17] - the optimum input pa-
rameters (i.e. temperature, charge and baryon chemical po-
tentials, strangeness correlation volume) following from the
best fit to all HADES particle yields in Ar+KCl at 1.76A GeV
[11, 13]. Finally, recent predictions within a transport ap-
proach [6] (soft EoS with incompressibility K0 = 194 MeV
at normal nuclear matter density) 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 Ar+KCl at
1.76A GeV with a significance of about five. For the first
time, using the HADES detector at SIS18/GSI, this hyperon
was measured below the threshold in free nucleon-nucleon
collisions, i.e. at

p
sNN �

p
sthr = �640 MeV. Comparing

the experimental ⌅�/(⇤ + ⌃0) ratio to the predictions of a
statistical model and a transport approach, both ones underes-
timate the experimental ratio. We conclude that I) the condi-
tions for the applicability of present statistical models might
be not fulfilled for such rare-particle production in small sys-
tems far below threshold, and that II) in transport approaches a
better understanding is necessary of the strangeness-exchange
reactions conjectured as the dominant process for cascade pro-
duction below and close to threshold. Other explanations for
the unexpectedly high ⌅� yield, like modifications of strange
hadrons in the nuclear medium, should be investigated.
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• HADES reported 
unusually high yield of 
Ξ-baryons (Ξ/Λ=5.6 10-3) 

HADES 

H
A

D
E

S
, P

hys.R
ev.Lett. 103 (2009) 132301 10

first time at SIS energies a consistent measurement
of K+, K− and φ in the same data sample. The
φ/K− ratio measured with the HADES spectrometer
for Ar+KCl at 1.756 AGeV is found to be 0.37± 0.13,
see Tab. I. This value translates into a fraction of
18 ± 7% of K− coming from φ decay. This implies
that also below threshold the φ production contributes
significantly to theK− rate, as already argued in [39].
Taking for the φ meson the decay path cτ ≈ 46 fm
as follows from the vacuum width, one can estimate
a fraction of about 80% decaying outside the collision
zone, for which we employ a radius of about 10 fm.
The question of the in-medium width of the φ me-
son is certainly far from being settled, since the few
available data do not yet deliver a consistent picture
[54]. On the other hand, if we assume that a large
amount of φ → K−K+ decays would take place in
the fireball volume, due to the strong interaction expe-
rienced by kaons in medium the resulting signal of in
theK−K+ invariant-mass spectrum would be washed
out. Hence, the K− stemming from φ decays recon-
structed in this analysis are produced mostly outside
the medium. This effect will also dilute any observed
medium effects of the K−. In order to extract precise
information on the equation of state [8–10] and on the
K−-nucleon potential, one should improve the statis-
tics of such independent measurements forK− and φ,
i.e. tag the K− according to their production mecha-
nism. This kind of systematic measurements should be
done for different systems and different beam energies.
Also the non-resonant K+ − K− production (say

by the reaction Eq. (8)) plays in p+p reactions an im-
portant role, contributing to about 50% of the overall
K+ − K− yield [28]. This contribution is not yet
known in heavy-ion collisions, since theK+−K− in-
variant mass spectrum measured by HADES still con-
tains a non-negligible contribution of fake candidates
(see discussion of Fig. (8)). If one assumes that the
contribution of the non resonant K+ − K− produc-
tion in Ar+KCl at 1.756 GeV is comparable with the
value measured for p+p at 2.7 GeV [28], taking the ra-
tio φ/K− measured by HADES, it can be estimated
that about 38% of all produced K− do not stem from
strangeness exchange reactions but from the sum of
resonant and non-resonantK+−K− production (Eqs.
7, 8).
This consideration further deprives the strangeness

exchangemechanism of its leading role in theK− pro-
duction in sub-threshold heavy-ion reactions.
In Fig. 13, the φ/K− ratio measured by HADES is

compared to the ratios measured at higher energies in
Pb+Pb [56] and Au+Au collisions [55, 57] and in p+p
reactions at 2.7 GeV [28]. For heavy ion collisions
one can see that, while the ratio is rather constant at
high energies, it is substantially larger in case of the
HADES measurement.
The various curves in Fig. 13 show the prediction

by a statistical model for three different values of the

(GeV)

φ/
K-

FIG. 13: φ/K− ratio as a function of center-of-mass energy√
s. The full triangle on the left shows the HADES point

while the other data points represented by full triangles refer
to results from heavy-ion measurements at higher incident
energies [55–57]. The empty circle presents the value mea-
sured in p+p at 2.7 GeV [28]. The lines are predictions of a
statistical model [53] for three parameters of the correlation
radius RC .

correlation length RC [53]. This parameter is the ra-
dius of the volume inside which strangeness is locally
conserved in the calculation. One can see that a value
of RC ≤ 3.2 fm is needed to fit the prediction by
the statistical model to the HADES point. A smaller
value of RC translates into a reduced volume for lo-
cal strangeness production and conservation. The fact
that the HADES result is consistent with a smaller vol-
ume could be interpreted as a hint that the contribution
to K− production by strangeness exchange, which is
more probable for larger volumes, is diminished in the
SIS energy regime.
The φ/K− ratio measured in elementary reactions is
thought to be consistent with RC ≈ 1 fm. The fact
that the ratio measured by HADES is smaller than the
one extracted for p+p reactions tight above threshold
shows the role played by secondary processes in the
K− production in sub-threshold heavy-ion collisions.
On the other hand, if the strangeness exchange process
would be the dominantmechanism forK− production,
the φ/K− ratio would be much smaller than the mea-
sured value.

VI. SUMMARY

In summary, we report on a first measurement of
charged kaons and the φmeson production in the same
experiment at SIS energies. The HADES data on K±

fit well into the systematics of the results published
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Recent HADES measurements  
near and below threshold 

φ production  

•  Threshold for  
p+p!p+p+φ ≈ 2.895 GeV 

• Measured in Ar+KCl  
and Au+Au 

HADES data on φ production 
M. Lorenz / Nuclear Physics A 931 (2014) 785–789 787

Fig. 1. Left: Kinetic beam energy excitation function of the K−/K+ ratio for various colliding systems. Data taken from 
[8,21]. The preliminary ratio at midrapidity extracted in this work, fits nicely to the trend. Right: The φ/K− ratio shows 
a flat trend at high energies and a sharp rise towards lower energies, which can be explained within the statistical model 
framework using a proper strangeness correlation radius Rc . The data are taken from [21].

3. Ratios of hadron yields and comparison to a statistical model

In order to minimize systematic errors due to efficiency corrections and extrapolations in ra-
pidity, we build ratios of the corrected yields at mid-rapidity for various hadron species which 
feature a comparable width in rapidity. The resulting K−/K+ ratio can be directly compared to 
the previously obtained systematics at similar energy, without correcting for the different central-
ity selections of the various experiments, as both kaons experience a similar Apart dependence 
[8]. The measured ratio K−/K+ fits into the trend observed at slightly higher energies and ex-
trapolated down to the beam energy of 1.23 A GeV, see left side of Fig. 1.

A particular interesting observable is the φ/K− ratio: It shows a flat trend at high energies, and 
is experimentally observed to rise towards lower energies [20,21]. This rise can be reproduced 
in the framework of the model, if the suppression of strangeness is handled by introducing a 
strangeness correlation radius Rc within which strangeness has to be exactly conserved [30], see 
right side of Fig. 1. In this context it is important to realize that, as the φ conserves strangeness 
by definition, it is not suppressed by the strangeness correlation parameter in contrast to the other 
particles containing strange quarks.

In general, statistical models are able to reproduce the measured particle yields produced in 
heavy ion collisions with accuracy [31–33] and common freeze-out criteria [34].

We simultaneously fit the π−/p, K0
s /Λ, K−/K+ and the φ/K− ratio using the freely avail-

able statistical model THERMUS [28]. Similar as for our fit to the Ar + KCl data sample we 
constrain the charge chemical potential µQ using the ratio of the baryon and charge numbers of 
the collision system, conserve the baryon number on average via the chemical potential µb and 
calculate strangeness canonically by introducing the additional sub volume defined by Rc. As we 
are restricted to ratios we fix the radius of the fireball R arbitrary to 3 fm. In this way we find the 
chemical freeze-out at a temperature of Tchem = (47 ± 5) MeV and at a baryochemical potential 
of µb = (799 ± 22) MeV. The ratio Rc/R is determined to 0.3 ± 0.2 while the χ2/d.o.f. of the 
fit corresponds to 1.2. The left side of Fig. 2 shows the resulting freeze-out point together with a 
compilation of similar points [12,31,35]. We note that our point fits remarkably well, especially 
to the point from [35] of a similar system but restricted to fewer identified particles. Also Rc/R

SQM Dubna, July 2015 9 

M. Lorenz [HADES Collaboration],  
Nucl. Phys. A 931, 785 (2014). 



Motivation

Recent HADES measurements on near and below threshold production.

� production

Threshold for p+p ! p+p+� ⇡ 2.895 GeV

⌅ production

Threshold for p+p ! N+⌅+K+K ⇡ 3.24
GeV
Measured in p+Nb and Ar+KCl.

Both particles are not well described in
microscopic transport models and thermal
fits are also not convincing.

G. Agakishiev et al. [HADES Collaboration], Phys. Rev. Lett. 103, 132301 (2009)

Jan Steinheimer (FIAS) 26.03.2015 3 / 12

Recent HADES measurements  
near and below threshold 

 Ξ production  

•  Threshold for  
p+p!p+p+φ ≈ 2.895 GeV 

• Measured in Ar+KCl  
and Au+Au 

•  Threshold for 
p+p!N+Ξ+K+K≈3.24GeV 

• Measured in p+Nb 
and Au+Au 

HADES data on Ξ production 
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 G.Agakishiev et al. [HADES Collaboration],  
Phys. Rev. Lett. 103, 132301 (2009) 

Au+Au 



Recent HADES measurements  
near and below threshold 

 Ξ, φ production  

•  Threshold for  
p+p!p+p+φ ≈ 2.895 GeV 

• Measured in Ar+KCl  
and Au+Au 

•  Threshold for 
p+p!N+Ξ+K+K≈3.24GeV 

• Measured in p+Nb 
and Au+Au 

• Both particles are not well 
described by models 

HADES data on Ξ production 
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 G.Agakishiev et al. [HADES Collaboration], arXiv:1501.03894 
 

5

FIG. 2: Relative ⌅

� yield as a function of the cut value of various ⇤
and ⌅

� geometrical distances (see text, abscissa units are mm). The
full (open) circles display the experimental (simulation) data. The
vertical and horizontal arrows indicate the chosen cut values and the
region of accepted distances, respectively.

of -70 MeV. This allows for comparisons to model calcula-
tions (see below). To visualize the energy dependence of the
proton-induced data (full curve in Fig. 3), we fitted the corre-
sponding ratios with a function f(x) = C(1�(D/x)

µ
)

⌫ (with
x =

p
sNN , C = 0.44, D = 2.2GeV, µ = 0.027, ⌫ = 0.78),

a simple parameterization which may be used to estimate the
expected ⌅

�
/⇤ ratio in energy regions, where data are not yet

available.

The ⌅

�
/(⇤+ ⌃

0
) ratio has been investigated within a sta-

tistical approach. We performed a calculation with the pack-
age THERMUS [37], using the mixed-canonical ensemble,
where strangeness is exactly conserved, while all other quan-
tum numbers are conserved only on average by chemical po-
tentials. The optimum input parameters for this calculation
(i.e. temperature, T = (121 ± 3) MeV, baryon chemical po-
tential, µB = (722 ± 85)MeV, charge chemical potential,
µQ = (24± 20)MeV, fireball radius, R = (1.05± 0.15) fm,
and radius of strangeness-conserving canonical volume, Rc =

(0.8±2.1) fm) follow from the best fit to the available HADES
particle yields (⇡�, ⇡0, ⌘, !, K0, ⇤) in p + Nb collisions at
3.5 GeV [29–31]. We obtained a ⌅

� yield of 1.0⇥ 10

�5 and
a ⌅

�
/(⇤+ ⌃

0
) ratio of 8.1 ⇥ 10

�4 (asterisk in Fig. 3). Both
values are significantly lower than the corresponding experi-
mental data.

We also estimated the ⌅ production probability within two
different transport approaches, both having implemented the
aforementioned strangeness-exchange channels. The first ap-

FIG. 3: The yield ratio ⌅

�/(⇤+ ⌃

0
) as a function of

p
sNN orp

sNN �p
sthr (inset). The arrows indicate the threshold in free NN

collisions. The open symbols represent data for symmetric heavy-ion
collisions measured at LHC [1, 34] (cross), RHIC [2, 3] (stars), SPS
[4, 5] (triangles), AGS [6] (square), and SIS18 [12] (circle). The
filled cross depicts p + p collisions at LHC [35], while the downward
and upward pointing filled triangles are for p +A reactions at DESY
[36] and SPS [18], respectively. The filled circle shows the present
ratio (2) for p (3.5 GeV) + Nb reactions (statistical error within ticks,
systematic error as bar). The full curve is a parameterization (see
text) of the proton-induced reaction data. The asterisk, diamond
and filled star display the predictions of the statistical-model pack-
age THERMUS [37], the GiBUU [38, 39], and the UrQMD [16, 17]
transport approaches, respectively.

proach is the UrQMD model [16, 17] (version2 3.4). For ⌅�

hyperons, we derived a yield of (6.9± 2.8)⇥ 10

�7 per event
which is more than two orders of magnitude lower than the
experimental yield (1) and decreases only by a factor of two,
if the channels YY ! ⌅N (with cross sections from [13])
are deactivated; i.e. in the model hyperon-hyperon fusion
is of minor importance for ⌅ production in proton-nucleus
reactions at 3.5 GeV. The ⇤ rapidity distribution, however,
was fairly well reproduced by UrQMD [31]. The resulting
⌅

�
/(⇤+ ⌃

0
) ratio amounts to (3.1 ± 1.2) ⇥ 10

�5 (filled
star in Fig. 3). The second transport approach we used is the
GiBUU model [38, 39] (release3 1.6). We estimated a ⌅

�

yield of (6.2±0.9)⇥10

�6, a value being considerably higher
than the prediction by the UrQMD model, but still signifi-
cantly lower than the experimental yield (1). Also here, the

2 http://urqmd.org
3 https://gibuu.hepforge.org

p+Nb 

Au+Au 
THERMUS 
GiBUU 

UrQMD (old) 



Subthreshold production:Two paradigms 

Multi-step processes 

•  Increase the available 
energy above threshold 
by creation of heavy 
resonances 

• NN!NN*,  
N*N*!NN**, 
a) N**N**! string!X 
b) N**!Nφ 
c) N**!ΞKK 

In-medium modifications 

• Decrease the needed 
energy by in-medium 
modifications 
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FIG. 7: The K̄∗ spectral function as function of the meson energy q0 for different densities and zero

momentum.

These results are better visualized in the K̄∗ meson spectral function, which is displayed in

Fig. 7 as a function of the meson energy q0, for zero momentum and different densities up to

1.5ρ0. The dashed line refers to the calculation in free space, where only the K̄π decay channel

contributes, while the other three lines correspond to fully self-consistent calculations, which also

incorporate the process K̄∗ → K̄π in the medium.

We observe a rather pronounced peak at the quasiparticle energy

ωqp(q⃗ = 0 )2 = m2 +ReΠ(ωqp(q⃗ = 0 ), q⃗ = 0 ) , (26)

which moves to lower energies with respect to the free K̄∗ mass position as density increases. The

Λ(1783)N−1 and Σ(1830)N−1 excitations are also clearly visible on the right-hand side of the

quasiparticle peak. In spite of the fact that the real part of the optical potential, ReΠ(mK̄∗ , q⃗ =

0 )/(2mK̄∗), acquires a moderate value of −50 MeV at ρ0 (see Fig. 5), interferences with the

resonant-hole modes, which appear at energies close to the K̄∗ mass, push the quasiparticle peak

to a substantially lower energy. Note, however, that the properties of the quasiparticle peak will

15

L. Tolos et al., P
hys.R

ev.C
82:045210,2010 

Anti-K* 



Strangeness production in UrQMD 

Particle production goes via 

• Resonance excitation: 
N+N  ! X 
N+M ! X 
M+M ! X 

Relevant channels at HADES 

NN ! ΝΔ1232	


NN ! ΝΝ*	


NN ! ΝΔ*	


NN ! Δ1232Δ1232	


NN ! Ν*Δ1232	


NN ! Δ*Δ1232	


NN ! R*R* 
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Strangeness production in UrQMD 

Particle production goes via 

• Resonance excitation: 
N+N  ! X 
N+M ! X 
M+M ! X 

• Annihilation:  
B+anti-B ! X 

Relevant channels at HADES 

	


	


	


	


	


Not relevant at this energy 
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Strangeness production in UrQMD 

Particle production goes via 

• Resonance excitation: 
N+N  ! X 
N+M ! X 
M+M ! X 

• Annihilation:  
B+anti-B ! X 

• String excitation 
N+N ! X (s1/2>3.5 GeV) 
N+M ! X (s1/2>2.2 GeV) 
M+M ! X (s1/2>2.2 GeV) 
 

Relevant channels at HADES 

	


	


	


	


	


	


	


	


	


Could be relevant 
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Subthreshold particle production 

How does it work? 

•  Fermi momenta can lift 
the collision energy above 
threshold 

• Secondary interactions 
accumulate energy 

• Ar+KCl at Elab=1.76 AGeV 
Is there enough energy 
for φ and Ξ production? 

Resonance mass distribution 

Yes! But for Ξ, only in the tails. 
 
! Introduce branching ratio 
for decay into Nφ	

 
 
 
 
 
 
 
cdf 
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On the probability of sub threshold production

How does sub-threshold production work?

Fermi momenta lift the collision energy above the threshold.

Secondary interactions accumulate energy.

For Ar+KCl at E1.76 A GeV:

Is there enough energy available
for � and ⌅?

Yes but for ⌅ in the ”tails”

Why not introduce these decays for
the less known resonances?

For our model that would be the N⇤(1990), N⇤(2080), N⇤(2190),
N⇤(2220) and N⇤(2250).

Jan Steinheimer (FIAS) 26.03.2015 5 / 12



Introduce a branching ratio to φ  
for heavy N* states 

SQM Dubna, July 2015 17 

Fixing the N ⇤ ! �+N decay with p+p data

We use ANKE data on the � production cross section to fix the
N⇤ ! N + � branching fraction.

Only 1 parameter

�
N

⇤!N�

/�
tot

= 0.2%
Fits all 3 points!

Branching fraction consistent with extracted OZI suppression (from !/�)

A. Sibirtsev, J. Haidenbauer and U. G. Meissner, Eur. Phys. J. A 27, 263 (2006)
[arXiv:nucl-th/0512055].

Y. Maeda et al. [ANKE Collaboration], Phys. Rev. C 77, 015204
(2008) [arXiv:0710.1755 [nucl-ex]].

Jan Steinheimer (FIAS) 26.03.2015 6 / 12

Fixing the branching ratio 

A
. S

ibirtsev, J. H
aidenbauer and U

. G
. M

eissner, E
ur. P

hys. J. A 27, 263 (2006)  

•  φ production yields from ANKE 
can be consistently described with  
ΓN*!Nφ/Γtotal = 0.2% 
 

•  Branching ratio is consistent with 
extracted OZI suppression (ω/φ) 

Y. Maeda et al. [ANKE Collaboration],  
Phys. Rev. C 77, 015204 (2008)  

In UrQMD these are the states: 
N* (1990), N*(2080), N*(2190), N*(2220), N*(2250) 
 
Assumption: Branching ratio to φ is equal for all resonances 
(typical branching ratio into ω is 5-20%) 



φ production in nuclear collisions 

Conclusions for φ	


• Qualitative behaviour 
nicely reproduced 

• Peak predicted at 
Elab=1.25 AGeV 

• Underestimation at higher 
energies, due to string 
fragmentation 

• Preliminary HADES data 
is still higher…  

When applied to nuclear collisions 

� production in nuclear collisions below the p+p threshold

When applied to nuclear collisions:

Qualitative behavior nicely
reproduced

Predicted maximum at 1.25
A GeV

High energies: too low due
to string production

HADES preliminary results
(1.23 A GeV) still much
higher

Jan Steinheimer (FIAS) 26.03.2015 7 / 12
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φ production in p+A at COSY 
 

Model performance 

•  The cross section for smaller 
targets is better reproduced. 

•  Very good description of the 
shape of the momentum 
dependent cross section 

•  Slightly too much absorption 
in nuclear matter, without 
any in-medium modification 
of the phi.  

UrQMD vs ANKE data:  
Differential cross section 
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Beam energy is 2.83 GeV,  
results are in ANKE acceptance 
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φ transparency 
ratios 
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FIG. 3: (Color online) The transparency ratio R for the three different nuclear combinations as a function of the φ laboratory
momentum. The experimental data, shown in red, are connected with lines to guide the eye. The predictions of the three
theoretical approaches are shown for model 1 (left), model 2 (center), model 3 (right). For the rest of the notations, see the
text.

Any momentum dependence in the results of model 2
is much more moderate but it is clear that in neither
case can the variation of the Cu/C, Ag/C and Au/C
transparency ratios be described with a single value of the
φ width. The results from model 3 are more promising
in this respect, since the steady fall in the data can be
reproduced with a constant φN absorption cross section
of about 15 - 20 mb.

By comparing the calculated and measured values of
the transparency ratio for the three target combinations,
it is possible to determine the weighted average of the φ
width Γφ in the nuclear rest frame for density ρ0 for each
momentum bin. The results of applying this procedure
are shown in Fig. 4(a) for both model 1 and 2. Model 3, as
well as the SPring-8 [15] and JLab [16] data, are directly
sensitive to the values of the φN absorption cross section
that are noted in Fig. 4(b). The values of Γφ shown in
Fig. 4(a) were, in these cases, deduced in the low-density

approximation, Γφ = pφρ0σφN/Eφ.

Figure 5 shows the measured differential cross sections
for φ production as functions of pφ. The result on the
light C nucleus increases much faster with the φ momen-
tum than for heavier targets, and this is reflected in the
variation of the transparency ratio in Fig. 2. The ex-
perimental results are compared with the predictions of
the models 2 and 3 that use the values of the φ width
and φN absorption cross section shown in Fig. 4. The
agreement of both models with the data generally im-
proves for larger pφ though, in the highest momentum
bin, the results of model 3 lie closer to experiment. One
possible reason for this is the introduction of a greater
number of φ production channels in this model. On the
other hand, both models underestimate strongly the ex-
perimental data at low pφ.

The models are, of course, sensitive to the relative
strength of φ production in pp and pn collisions [25].

Model 1: The eikonal 
approximation of the 
Valencia group.  
 
Model 2: Paryev 
developed the spectral 
function approach for φ 
production in both the 
primary proton- nucleon 
and secondary pion-
nucleon channels. 
 
Model 3: BUU transport 
calculation of the 
Rossendorf group. 
Accounts for baryon- 
baryon and meson-
baryon φ production 
processes. 
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φ production in p+A at COSY: 
Transparency ratios 
 

Model performance 

•  Slightly too much absorption 
in nuclear matter, without 
any in-medium modification 
of the φ.  

•  Not ‘absorption’ of the φ,  
but of the mother resonance 

•  Reactions of the type  
N*+N!N'*+N’* 
N*+N!N'*+N 
where the mass of N'* is 
smaller than of N* so that  
no φ can be produced. 

UrQMD vs ANKE data:  
Transparency ratios 
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Beam energy is 2.83 GeV,  
results are in ANKE acceptance 

λ M
. H

artm
ann et al.,  P

hys. R
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 85, 035206 (2012) 



Subthreshold Ξ production 

• First fix the ‘standard’ channels for X production 
! Hyperon-hyperon reactions 

• Then use p+Nb data to fix branching ratio for 
N*!Ξ+K+K 
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• Can we employ the same idea to describe the Ξ 
data at HADES? 



Hyperon-hyperon interactions 

Cross sections Strong contribution to X yield 
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C.H. Li, C.M. Ko, Nucl.Phys. A712 (2002) 110-130 
F. Li, L.W. Chen,  C.M. Ko, S.H. Lee,  
Phys.Rev. C85 (2012) 064902 
 

2

Previous versions of the model did not include
strangeness exchange processes like the exchange of the
strange quark from a strange meson to a nucleus, i.e.
K+N ↔ π+Y (where Y is a strange Baryon) which have
been found to be important in other transport model
calculations [12, 14, 31, 32]. These reactions are mea-
sured by experiment and we include them in the UrQMD
model, using cross sections parametrized by a fit to avail-
able experimental data [33]:

σK−+p→π−+Σ+ =
0.0788265

(
√
s− 1.38841GeV)2

,

σK−+p→π++Σ− =
0.0196741

(
√
s− 1.42318GeV)2

,

σK−+p→π0+Σ0 =
0.55 · 0.0508208

(
√
s− 1.38837GeV)2

,

σK−+p→π0+Λ =
0.45 · 0.0508208

(
√
s− 1.38837GeV)2

. (2)

The parametrized cross sections together with the data
are shown in figure 1. All other possible iso-spin chan-
nels and the necessary back reaction follow from isospin
symmetry and detailed balance relations which are imple-
mented in the most recent version of the UrQMD trans-
port model (UrQMD v3.4 1).
In nuclear collisions, at low beam energies, Baryon-

Baryon interactions play an important role in the
description of the collision dynamics. We therefore
expect that another important strangeness exchange
reaction, the two hyperon exchange Y + Y → Ξ + N ,
will be important for the production of doubly strange
hyperons [34]. As there exist no direct measurements
of these reaction cross sections, we have to employ an
effective model to estimate the associated cross sections.
In the present study we will use the cross sections
provided by Feng Li et. al. [34] and the back reaction
is calculated according to detailed balance. Feng Li et.
al. employed a gauged flavor SU(3)-invariant hadronic

Lagrangian [35], and calculated the cross sections for the
strangeness-exchange reactions Y + Y → N + Ξ in the
Born approximation.

Since UrQMD is a microscopic transport model with
explicit local conservation of energy, momentum and
charge, we need to implement iso-spin dependent crossec-
tions of the hyperon+hyperon strangeness exchange re-
actions. These can also be inferred from the model used
in [34]. The specific isospin dependent cross sections for
Y + Y → Ξ+N are then given by

σΛY →NΞ(IY , IN , IΞ, s) =
1

64πsp2i

1

(2s1 + 1)(2s2 + 1)

×
∑

s1s2s′1s
′

2

∫

dt
∣

∣Ms1s2s′1s
′

2
(IY , IN , IΞ)

∣

∣

2

σΣΣ→NΞ(I1, I2, IN , IΞ, s) =
1

64πsp2i

1

(2s1 + 1)(2s2 + 1)

×
1

2

∑

s1s2s
′

1s
′

2

∫

dt

[

∣

∣Ms1s2s′1s
′

2
(I1, I2, IN , IΞ)

∣

∣

2

+
∣

∣Ms2s1s′1s
′

2
(I2, I1, IN , IΞ)

∣

∣

2

]

where s = (p1 + p2)2 and t = (p1 − p3)2 are the usual
squared center-of-mass energy of the colliding hyperons
and the squared four momentum transfer in the reaction;
pi are the momenta of the ingoing hyperons in their cen-
ter of mass frame, s1,2,1′,2′ and I1,2,Y,N,Ξ are the spins
and isospins of the incoming hyperons and outgoing nu-
cleon and Ξ. The explicit, iso-spin dependent Matrix ele-
ments and scattering amplitudes are given in appendix A.
Combining the coefficients listed in equations(A3) with
eq. (A1), we then obtain the cross sections of all possi-
ble reaction channels. The resulting crossections for the
iso-spin dependent channels then are parametrized as:

σΛΛ→Ξ−p = σΛΛ→Ξ0n =
1

2
σΛΛ→ΞN =

37.15

2

pN
pΛ

(
√
s−

√
s0)

−0.16mb (3)

σΛΣ+→Ξ0p = σΛΣ−→Ξ−n = 24.3781(
√
s−

√
s0)

−0.479mb (4)

σΛΣ0→Ξ−p = σΛΣ0→Ξ0n =

{

6.475(
√
s−√

s0)−0.4167mb for (
√
s−√

s0) < 0.03336GeV

14.5054(
√
s−√

s0)−0.1795mb for (
√
s−√

s0) > 0.03336GeV
(5)

σΣ0Σ0→Ξ−p = σΛΣ0→Ξ0n =

{

5.625(
√
s−√

s0)−0.318mb for (
√
s−√

s0) < 0.09047GeV

4.174(
√
s−√

s0)−0.4421mb for (
√
s−√

s0) > 0.09047GeV
(6)

σΣ+Σ0→Ξ0p = σΣ0Σ−→Ξ−n = 4σΣ0Σ0→Ξ−p (7)

σΣ+Σ−→Ξ−p = σΣ+Σ−→Ξ0n = 14.194(
√
s−

√
s0)

−0.442mb (8)

1 www.urqmd.org
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FIG. 1. (Color Online) Kaon-nucleon strangeness exchange
cross sections implemented in the UrQMD transport model
(lines) together with experimental data (symbols) from [33].

and they are also presented in figure 2 as function of
the two particle (hyperon) center-of-mass energy. As one
can see, there is a significant isospin dependence in the
exchange reactions and all, except the Λ+Λ reaction, are
exothermal.

III. RESULTS

After implementing the above cross sections, we apply
the UrQMD model in its standard settings, i.e. only bi-
nary elastic and inelastic and 2 → n inelastic reactions
(plus resonance decays) without nuclear potentials (no
nuclear equation of state as e.g. in [36–38]). We investi-
gate nuclear collisions of Ar+KCl at Elab = 1.76 A GeV
with an impact parameter of b < 5 fm and Au+Au colli-
sions at Elab = 1.23 A GeV with an impact parameter of
b < 9.5 fm according to specifications from the HADES
experiment. Comparisons of strange particle production
with presently available HADES data are shown in figure
3. Here we compare results where we only allow for the
K +N ↔ π + Y exchange reaction with those where we
also allow the Y + Y ↔ Ξ + N exchange reaction. It is
clearly visible, that the K +N ↔ π+ Y nicely describes
the ratios of single strange particles, measured by the
HADES collaboration [19–22].
When including the hyperon+hyperon strangeness ex-

change, we find that the exchange reaction is the dom-
inant source of Ξ− at the investigated energies. When
compared to a thermal fit [20, 39] (grey crosses), we also
get a reasonable agreement between the transport sim-
ulation and all the thermal yields, indicating that the

FIG. 2. (Color Online) Parametrized iso-spin dependent cross
sections, for the hyperon+hyperon strangeness exchange,
used in the UrQMD transport model simulation [34].

microscopic simulation yields particle numbers close to
chemical equilibrium. The conclusion, that the Ξ yield is
close to its equilibrium value, is also supported by the fact
that an increase of the Y + Y ↔ Ξ+N crossections by a
factor of 2 only leads to a mild increase of the Ξ−/Λ ratio
of 10%. When we compare our results for the Ar+KCl
reaction (open symbols) with the Au+Au collisions (full
symbols) at the lower beam energy of Elab = 1.23 A
GeV, a particularly interesting result of our study is, that
apparently the Ξ−/Λ ratio does not change with beam
energy, while the K−/π ratio does show a clear beam
energy dependence. Furthermore, we observe a large dis-
crepancy between our result and the Ξ− data (roughly a
factor of 10 in the Ξ−/Λ) as well as to the earlier study
by Li et. al. [34], where the Relativistic Vlasov-Uheling-
Uhlenbeck (RVUU) transport model [32, 40] was used to
calculate the Ξ/Λ ratio.

IV. DISCUSSION

In the following section we will discuss the discrep-
ancy between our results and the data and/or the earlier
RVUU transport study. One difference in the reaction
dynamics, and specifically in the production of hyperons,
between the two transport models (RVUU and UrQMD)
is that RVUU allows for a direct associated production
of Λ’s and kaons while in UrQMD, at this low energy,
all Λ’s are produced via resonance decays. This leads to
a delayed production of Λ’s and consequently a dilution
of Λ phase space density. To estimate the effect of a di-
rect production mechanism we set the lifetime of baryonic
non-strange resonances in UrQMD to essentially zero and
recalculated all ratios. The results are presented in fig-
ure 4. On can clearly see that the Ξ/Λ ratio is increased
significantly (as are many other ratios).
Another difference in the way the Boltzmann equation

6

hyperon collisions, it is similarly treated but the proba-
bility of the produced Ξ is reduced by the probabilities
of colliding particles. The annihilation of these rare par-
ticles is treated in a similar way and leads to reductions
of their probabilities. The present approach thus takes
into account the small probability associated with the
production of two rare particles in a subthrehold heavy
ion collision that are involved in the production of a Ξ.

V. RESULTS

FIG. 5: (Color online) Time evolutions of (a) central baryon
density (right scale) and the abundances (left scales) of π,
∆; (b) K, Λ, Σ, and K̄; and (c) Ξ produced from different
reactions.

In this Section, we show the results for 40Ar + KCl
collisions at incident energy 1.76 AGeV, taking as an av-
erage of 40Ar + K39 collisions and 40Ar + Cl35 collisions,
and compare them with the data from the HADES Col-
laboration at SIS. The HADES trigger (LVL1) selects
approximately the most central 35% of the total reaction
cross section [11]. According to GEANT simulations [33]
with the UrQMD [34, 35] transport approach as event
generator, the average value and width of the correspond-
ing impact parameter distribution amount to 3.5 and 1.5
fm, respectively. For simplicity, we take b = 3.5 fm in the
present study. Fig. 5(a) shows the time evolution of π and
∆ abundances (left scale) and the central baryon density

(right scale). It is seen that the colliding system reaches
its highest density of about 1.87ρ0 at about 7 fm/c when
most particles are produced. The π abundance saturates
at 10.3. Assuming isospin symmetry, the π− number is
then 3.43 which is very close to the measured number
of 3.9± 0.1± 0.1 by the HADES Collaboration [36, 37].
The time evolution for the abundances ofK, K̄, Λ, and Σ
are shown in Fig. 5(b), and they saturate at the values of
5.32×10−2, 1.15×10−3, 2.60×10−2, and 2.60×10−2, re-
spectively. Assuming isospin symmetry gives 2.61×10−2

for the K+ number, 5.75 × 10−4 for the K− number,
and 3.47 × 10−2 for the Λ + Σ0 number. These num-
bers are again close to corresponding measured numbers
of (2.8±0.2±0.1±0.1)×10−2, (7.1±1.5±0.3±0.1)×10−4,
and (4.09 ± 0.1 ± 0.17) × 10−2 by the HADES Collabo-
ration [38]. For the time evolution of the Ξ abundance,
it is shown by the solid curve in Fig.5(c) and is seen to
saturate at the value 2.34×10−4. Taking Ξ− as half of Ξ
by assuming isospin symmetry, we obtained a Ξ− num-
ber of 1.17 × 10−4 which is about half of the measured
number of (2.3± 0.9)× 10−4 by the HADES Collabora-
tion [39]. Our results thus lead to an abundance ratio
Ξ−/(Λ + Σ0) = 3.38 × 10−3, which is essentially consis-
tent with the measured value of (5.6± 1.2+1.8

−1.7)× 10−3 by
the HADES collaboration.
The contributions to Ξ production from different reac-

tion channels are also shown in Fig.5(c). Dotted, dashed-
dotted, and dash lines denote, respectively, the abun-
dance of the Ξ particles from the reactions Y Y → NΞ,
K̄Y → πΞ, and K̄N → KΞ. Compared to the total Ξ
abundance, shown by the solid line in Fig.5, the contri-
butions are 97.5%, 2.40%, and 0.1% from the reactions
Y Y → NΞ, K̄Y → πΞ, and K̄N → KΞ, respectively. So
the Y Y → NΞ channel dominates Ξ production in heavy
ion collisions at subthreshold energies. This can be ex-
plained by the fact that the cross section for Y Y → NΞ
is almost 3-4 times the cross section for K̄Y → πΞ, and
almost hundred times the cross section for K̄N → KΞ.
Also, the hyperon abundance in the system is almost
20 times the anti-kaon abundance. We note that the
relative contributions to the Ξ yield from the reactions
ΛΛ → NΞ, ΛΣ → NΞ and ΣΣ → NΞ are about 1, 4 and
1.

VI. DISCUSSIONS

Our results are obtained without the consideration of
the isospin asymmetry effect due to different proton and
neutron numbers in the colliding nuclei, which is ex-
pected to increase the final abundance ratio Ξ−/(Λ+Σ0).
If we assume that the abundance of Ξ has reached chem-
ical equilibrium in heavy ion collisions, which is certainly
questionable in view of the failure of the statistical model
in describing the experimental data, this enhancement
can be estimated using Ξ−/Ξ0 = e−µC/T = Σ−/Σ0 =
Σ0/Σ+ = N/Z, where µC is the charge chemical poten-
tial and T is the temperature of the system. With the

Results from Li and Ko 



UrQMD results 

Effect of YY!Ξ+N channel 4

FIG. 3. (Color Online) UrQMD results on strange parti-
cle ratios with (black squares) and without (red circles) the
hyperon+hyperon strangeness exchange reaction. we com-
pare our results with HADES data [19–22], a thermal fit to
the HADES data on Ar+KCl at 1.76 A GeV (grey crosses,
[20, 39]) and a previous study employing the same crossec-
tions as in our study [34].

is solved in the two models is that UrQMD uses a
microscopic geometrical interpretation of the scattering
crossections with physical particles, while RVUU is based
on the propagation and scattering of test particles. To es-
timate the effects of the systematic uncertainty, related
to these different methods, we apply UrQMD in a test
particle mode. This mode essentially multiplies the num-
ber of particles present in the collision by n, while all the
scattering cross sections are consequently divided by n.
The results for the particle ratios with 3 and 10 test par-
ticles are also shown in figure 4 as horizontal bars. Again
the test particle method increases the Ξ/Λ and Ξ/π ra-
tios, but leaves all other ratios constant, indicating that
these ratios, not including the Ξ, are already close to
their equilibrium values. Note that an effect of the test
particle method on Ξ production is, that the rarely pro-
duced hyperons can now rescatter with another hyperon
test particle, even in collisions where only a single real
hyperon is produced (self interaction).
Another difference between our approach and the one em-
ployed by Li et. al. [34] is that we did not use iso-spin av-
eraged cross sections. At the moment we cannot exclude
that the production yields of the different isospin states
of the hyperons can have an influence on the exchange
probabilities (i.e. when only two Σ− are produced, no Ξ
can be formed by a exchange process, while this would be
possible in the case of isospin independent cross sections).

Both effects together (the instant creation and test par-
ticle method) can therefore account for a large portion of
the difference in the model calculations. However, this
does still not explain the deviation from the experimen-

FIG. 4. (Color Online) Comparing effects of different treat-
ments of strangeness production in the transport model.
Black open symbols are the results with standard parameters
including the hyperon-hyperon strangeness exchange. The
red filled symbols denote results when the resonance lifetime
is set to essentially zero. The horizontal bars indicate the
resulting ratios for the calculations with n = 3 and 10 test
particles. Again HADES data on Ar+KCl at 1.76 A GeV are
indicated as magenta diamonds.

tally measured yield.
Nevertheless, the systematic uncertainties in the Λ pro-
duction (instant or delayed) and the scattering processes
appear to be significant. Note that we additionally
checked the effect of the nuclear equation of state, used in
the simulation, on the two hyperon strangeness exchange
process. We find, in accordance with [34], that there is
no significant dependency of the final Ξ/Λ ratio on the
equation of state used.

V. CONCLUSION

We implemented the Y-Y strangeness exchange reac-
tion in UrQMD and compared with HADES data. The
exchange process is the dominant channel for Ξ produc-
tion. The Ξ−/Λ ratio is still significantly smaller than
what is observed with HADES. However, we observed
that the ratio appears to be not energy dependent at
the two sub-threshold energies investgated. Systematic
uncertainties in the Λ production and treatment of scat-
tering processes can account for some but not the whole
difference between the RVUU and UrQMD model pre-
dictions.
In conclusion we can state that the large Ξ yield at
HADES is not fully explained within our model which
gives a similar (but slightly larger) Ξ/Λ ratio as the ther-
mal fit. We also observe that the before mentioned ratio
is almost constant within the beam energy range of the
HADES experiment. We also observed that the explicit

Tests 4

FIG. 3. (Color Online) UrQMD results on strange parti-
cle ratios with (black squares) and without (red circles) the
hyperon+hyperon strangeness exchange reaction. we com-
pare our results with HADES data [19–22], a thermal fit to
the HADES data on Ar+KCl at 1.76 A GeV (grey crosses,
[20, 39]) and a previous study employing the same crossec-
tions as in our study [34].

is solved in the two models is that UrQMD uses a
microscopic geometrical interpretation of the scattering
crossections with physical particles, while RVUU is based
on the propagation and scattering of test particles. To es-
timate the effects of the systematic uncertainty, related
to these different methods, we apply UrQMD in a test
particle mode. This mode essentially multiplies the num-
ber of particles present in the collision by n, while all the
scattering cross sections are consequently divided by n.
The results for the particle ratios with 3 and 10 test par-
ticles are also shown in figure 4 as horizontal bars. Again
the test particle method increases the Ξ/Λ and Ξ/π ra-
tios, but leaves all other ratios constant, indicating that
these ratios, not including the Ξ, are already close to
their equilibrium values. Note that an effect of the test
particle method on Ξ production is, that the rarely pro-
duced hyperons can now rescatter with another hyperon
test particle, even in collisions where only a single real
hyperon is produced (self interaction).
Another difference between our approach and the one em-
ployed by Li et. al. [34] is that we did not use iso-spin av-
eraged cross sections. At the moment we cannot exclude
that the production yields of the different isospin states
of the hyperons can have an influence on the exchange
probabilities (i.e. when only two Σ− are produced, no Ξ
can be formed by a exchange process, while this would be
possible in the case of isospin independent cross sections).

Both effects together (the instant creation and test par-
ticle method) can therefore account for a large portion of
the difference in the model calculations. However, this
does still not explain the deviation from the experimen-

FIG. 4. (Color Online) Comparing effects of different treat-
ments of strangeness production in the transport model.
Black open symbols are the results with standard parameters
including the hyperon-hyperon strangeness exchange. The
red filled symbols denote results when the resonance lifetime
is set to essentially zero. The horizontal bars indicate the
resulting ratios for the calculations with n = 3 and 10 test
particles. Again HADES data on Ar+KCl at 1.76 A GeV are
indicated as magenta diamonds.

tally measured yield.
Nevertheless, the systematic uncertainties in the Λ pro-
duction (instant or delayed) and the scattering processes
appear to be significant. Note that we additionally
checked the effect of the nuclear equation of state, used in
the simulation, on the two hyperon strangeness exchange
process. We find, in accordance with [34], that there is
no significant dependency of the final Ξ/Λ ratio on the
equation of state used.

V. CONCLUSION

We implemented the Y-Y strangeness exchange reac-
tion in UrQMD and compared with HADES data. The
exchange process is the dominant channel for Ξ produc-
tion. The Ξ−/Λ ratio is still significantly smaller than
what is observed with HADES. However, we observed
that the ratio appears to be not energy dependent at
the two sub-threshold energies investgated. Systematic
uncertainties in the Λ production and treatment of scat-
tering processes can account for some but not the whole
difference between the RVUU and UrQMD model pre-
dictions.
In conclusion we can state that the large Ξ yield at
HADES is not fully explained within our model which
gives a similar (but slightly larger) Ξ/Λ ratio as the ther-
mal fit. We also observe that the before mentioned ratio
is almost constant within the beam energy range of the
HADES experiment. We also observed that the explicit
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Nearly a factor 100 improvement 
for Ξ/Λ and Ξ/π,  
but not good enough! 

Results differ from Li and Ko,  
due to test-particles and delayed Λ 
production due to resonance life times 
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Fixing the N*!Ξ+K+K branching ratio 

Use HADES p+Nb data at 3.5 GeV 

• Branching ratio needed in 
the tails of the heavy 
resonances! 

• Ξ production in p+Nb can 
be consistently described 
with an integrated 
branching ratio 
ΓN*!ΞΚΚ/Γtotal < 1% 
 
(i.e 10% where kinematically 
allowed)  

Comparison to the HADES yields 
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How to fix the N ⇤ ! ⌅� +K +K decay?

No elementary measurements near threshold.
We use p+Nb at Elab = 3.5 GeV data ! �

N

⇤!⌅+K+K

/�
tot

= 10.0% (for
masses where this decay is energetically allowed)

HADES data

h⌅�i ⌅�/⇤
(2.0± 0.3± 0.4)⇥ 10�4 (1.2± 0.3± 0.4)⇥ 10�2

UrQMD

h⌅�i ⌅�/⇤
(1.44± 0.05)⇥ 10�4 (0.71± 0.03)⇥ 10�2

Table: ⌅� production yield and ⌅�/⇤ ratio for minimum bias p+Nb collision at
a beam energy of Elab = 3.5 GeV, compared with recent HADES results

Note:
Above pole mass for all included resonances
0.2% of total branching fraction.

G. Agakishiev et al., arXiv:1501.03894 [nucl-ex].

Jan Steinheimer (FIAS) 26.03.2015 8 / 12

On the probability of sub threshold production

How does sub-threshold production work?

Fermi momenta lift the collision energy above the threshold.

Secondary interactions accumulate energy.

For Ar+KCl at E1.76 A GeV:

Is there enough energy available
for � and ⌅?

Yes but for ⌅ in the ”tails”

Why not introduce these decays for
the less known resonances?

For our model that would be the N⇤(1990), N⇤(2080), N⇤(2190),
N⇤(2220) and N⇤(2250).

Jan Steinheimer (FIAS) 26.03.2015 5 / 12



Ξ production below threshold 

Conclusions 

• Ξ yield nicely reproduced 
in Ar+KCl 

• Results consistent with  
p+Nb data 

• Non-thermal mass tails 
allow for a non-thermal  
Ξ production 

• All other strange particles 
are also in line with data 

Data vs. model 

⌅� production in nuclear collisions below the p+p
threshold

⌅� yield in Ar+KCl collisions is
nicely reproduced

Consistent with the p+Pb data.

All other strange particle ratios
are also in line with experiment

Jan Steinheimer (FIAS) 26.03.2015 9 / 12
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 Steinheimer, Bleicher, arXiv:1503.07305  



Predictions for Au+Au 

Au+Au at 1.23 AGeV 

Predictions for Au+Au at Elab = 1.23 A GeV

⌅�/⇤ does not decrease much
Maybe measurable

Jan Steinheimer (FIAS) 26.03.2015 10 / 12

Ar+KCl at 1.76 AGeV 

⌅� production in nuclear collisions below the p+p
threshold

⌅� yield in Ar+KCl collisions is
nicely reproduced

Consistent with the p+Pb data.

All other strange particle ratios
are also in line with experiment

Jan Steinheimer (FIAS) 26.03.2015 9 / 12
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 Steinheimer, Bleicher, arXiv:1503.07305  

Not much change in the Ξ/Λ ratio 
Data suggests even higher φ/K ratio! 



Summary 

• We introduced a new 
mechanism for φ and Ξ 
production (resonance decay) 

• This allows to describe the φ 
and Ξ production in elementary 
and nuclear collisions 

• The used branching ratios are 
small and consistent with OZI 
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