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Figure 4.29: Combined efÞciency and acceptance correction factor for protons (top) and! ! (bottom) in
the analyzed phase space cells as a function ofmt-y.
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Figure 4.29: Combined efÞciency and acceptance correction factor for protons (top) and! ! (bottom) in
the analyzed phase space cells as a function ofmt -y.
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FIG. 5: Multiplicities per mean number of participants Mult/
!Apart ", as a function of !Apart " for K 0

s (left) and ! (right)
in comparison to various transport model calculations (see
legends). The data are Þtted with a function of the form
Mult # ! Apart "! .

↵

data (K + ,! ,0 , ! , �) 1.35±0.07

UrQMD ( K 0
s , ! ) 1.70±0.04

HSD no pot. ( K 0
s , ! ) 1.35±0.02

IQMD no pot. ( K 0
s , ! ) 1.51±0.03

HSD pot. ( K 0
s , ! ) 1.30±0.02

IQMD pot.( K 0
s , ! ) 1.42±0.03

TABLE II: Values of the parameter ↵ extracted for K 0
s and

! data and various models, displayed in Fig. 5.

energy provided by the system, on top of that of the
Þrst chance NN collision. If one further considers a naive
picture of accumulating energy in multi-step processes
in combination with the steep energy excitation function
for strange hadrons one expects to observe di! erent rises,
due to the clear hierarchy in production thresholds, ! -
150 MeV for K+ , K0, " and ! -450 MeV, ! -490 MeV
for the K� and the ! meson. However, Þtting all hadron
yields simultaneously with a function of the form Mult
" # Apart$! we Þnd a common value of" = 1 .35± 0.07,
which reproduces all data points with good accuracy. In
a pure Glauber model the average number of collisions
per participant Ncoll is proportional to the radius of the
collision zone, therefore the obtained value for" corre-
sponds to a scaling with the number of collisionsNcoll

" A4/3
part. This points to a very di ! erent picture, where

the total amount of produced strangeness increases with
the number of collisions, before it is redistributed statis-
tically to the di ! erent hadron species at freeze-out [56].
This implies that the created system is more cooperative
than naively assumed.

In the following, we will compare our data to
predictions from three state-of-the-art hadronic trans-
port models, the Isospin Quantum Molecular Dynam-
ics model (IQMDv.c8) [55], the Hadron String Dynam-
ics (HSDv.711n) [57] and the Ultrarelativistic Quantum
Molecular Dynamics model (UrQMDv 3.4) [42]. Note
that none of the standard code versions can reproduce
the observed! / K � multiplicity ratio [58], hence we re-
strict our comparison to the K0

s and " [59]. All three are
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The model curves are normalized to the integral of the data,
see text for details.

semi-classical models simulating a HIC on an event-by-
event basis. While UrQMD produces particles in two-
step processes via intermediate resonance excitations, in
HSD and IQMD also direct production via two-to-three
particle processes are included. In the presented version
of UrQMD, neither meanÞeld N-N potentials nor explicit
K-N potentials are included. In IQMD and HSD only
# resonances are implemented. IQMD is, due to miss-
ing high-energy processes, not applicable at energies>
2 A GeV, but it is very well tested in the SIS18 energy
regime. HSD allows for propagation of o! -shell particles
in addition, however, this is more relevant for antikaon
production.
We try to extract particle speciÞc properties of K0

s
mesons and" hyperons like the K-N and " -N poten-
tial, which a! ect both their production and propagation
in the medium. We start with the comparison of cen-
trality dependence of the integrated yield, see Fig. 5 and
Tab. II. We Þnd that all models without an implemen-
tation of the K-N potential overshoot the data by a large
factor. Also the rise with #Apart$ is over-predicted, espe-
cially in case of UrQMD. The over-prediction of the rise
in case of UrQMD might be due to wrongly estimated
cross sections for the not well known intermediate high-
mass resonances and their branching ratios to Þnal states
involving strangeness. These resonances are an e! ective
way to redistribute energy in the system. The di! er-
ences among the models amount to roughly 30%, which
we consider as the minimal systematic uncertainty when
comparing experimental yields and model predictions.
In HSD and IQMD, a repulsive K-N potential of 40 MeV
at nuclear ground state density#0 is included, which in-
creases linearly with density. If turned on, the K0

s curves
come much closer to data and also the" parameter is
reduced. The IQMD predictions are, with a deviation of
the yields of the order 30-45% and an agreement almost
within errors of the extracted values of " , the closest to
the data. The reduction of the yield and " values can
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FIG. 5: Multiplicities per mean number of participants Mult/
!Apart ", as a function of !Apart " for K 0

s (left) and ! (right)
in comparison to various transport model calculations (see
legends). The data are Þtted with a function of the form
Mult # ! Apart "! .

↵

data (K + ,! ,0 , ! , �) 1.35±0.07

UrQMD ( K 0
s , ! ) 1.70±0.04

HSD no pot. ( K 0
s , ! ) 1.35±0.02

IQMD no pot. ( K 0
s , ! ) 1.51±0.03

HSD pot. ( K 0
s , ! ) 1.30±0.02

IQMD pot.( K 0
s , ! ) 1.42±0.03

TABLE II: Values of the parameter ↵ extracted for K 0
s and

! data and various models, displayed in Fig. 5.
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due to the clear hierarchy in production thresholds, ! -
150 MeV for K+ , K0, " and ! -450 MeV, ! -490 MeV
for the K� and the ! meson. However, Þtting all hadron
yields simultaneously with a function of the form Mult
" # Apart$! we Þnd a common value of" = 1 .35± 0.07,
which reproduces all data points with good accuracy. In
a pure Glauber model the average number of collisions
per participant Ncoll is proportional to the radius of the
collision zone, therefore the obtained value for" corre-
sponds to a scaling with the number of collisionsNcoll

" A4/3
part. This points to a very di ! erent picture, where

the total amount of produced strangeness increases with
the number of collisions, before it is redistributed statis-
tically to the di ! erent hadron species at freeze-out [56].
This implies that the created system is more cooperative
than naively assumed.

In the following, we will compare our data to
predictions from three state-of-the-art hadronic trans-
port models, the Isospin Quantum Molecular Dynam-
ics model (IQMDv.c8) [55], the Hadron String Dynam-
ics (HSDv.711n) [57] and the Ultrarelativistic Quantum
Molecular Dynamics model (UrQMDv 3.4) [42]. Note
that none of the standard code versions can reproduce
the observed! / K � multiplicity ratio [58], hence we re-
strict our comparison to the K0

s and " [59]. All three are

cm
y0.6! 0.4! 0.2! 0 0.2 0.4 0.6

dN
/d

y 
[1

/e
vt

]

0.01

0.015

0.02
 Data (0-10%)s

0K

UrQMD 
HSD no pot
IQMD no pot
HSD full pot
IQMD full pot

cm
y0.5! 0 0.5

M
od

el
 / 

D
at

a

0.6

0.8

1

1.2

FIG. 6: Comparison of the shape of the rapidity distribution
of K 0

s (left) and ! (right) to various transport model versions.
The model curves are normalized to the integral of the data,
see text for details.

semi-classical models simulating a HIC on an event-by-
event basis. While UrQMD produces particles in two-
step processes via intermediate resonance excitations, in
HSD and IQMD also direct production via two-to-three
particle processes are included. In the presented version
of UrQMD, neither meanÞeld N-N potentials nor explicit
K-N potentials are included. In IQMD and HSD only
# resonances are implemented. IQMD is, due to miss-
ing high-energy processes, not applicable at energies>
2 A GeV, but it is very well tested in the SIS18 energy
regime. HSD allows for propagation of o! -shell particles
in addition, however, this is more relevant for antikaon
production.
We try to extract particle speciÞc properties of K0

s
mesons and" hyperons like the K-N and " -N poten-
tial, which a! ect both their production and propagation
in the medium. We start with the comparison of cen-
trality dependence of the integrated yield, see Fig. 5 and
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Excitation function of ! #$ %
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160 CHAPTER 6. DISCUSSION
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Figure 6.10: Excitation function of the measured! /K ! ratio for various systems and energies (see
legend). While the ratio stays ßat for energies above a few AGeV, it substantially increases towards lower
energies around the elementary! production threshold. Lines correspond to calculations from a statistical
hadronization model for different values of the canonical suppression radiusRC (see legend).

theK ! the! meson is not affected by this suppression, because it conserves strangeness by deÞnition
(|søs! ). The lines in the Þgure correspond to calculations from the SHM with different values forRC .
Our new data point is in agreement with a radiusRC " [2.0, 3.2] fm.

The measured excitation function of the! /K ! ratio can be compared to the one obtained with a
tuned version of the UrQMD transport model [5], including mass dependent branching ratios of high
lying baryon resonances namely theN " (1990),N " (2080),N " (2190),N " (2250) andN " (2250) into
! , in order to match elementary data on! production (compare section 1.5), which is shown in Þgure
6.11. The model predicts a maximum of the ratio at the measured center-of-mass energy of

#
s = 2.4

GeV and agrees with the obtained value from this analysis. Also previous experimental results from
HADES and FOPI are well reproduced, while the model undershoots the data at higher energies. It
would be interesting to compare also the shapes of the kinematic distributions from the model, like
transverse mass spectra, besides only the yield in full phase space, as the spectral shape should de-
pend on the resonance contribution as observed for" ! production (see section 5.2) and investigated
in [158] for kaons with respect to the effect of kaon-nucleon potential. Furthermore, in the future a
measurement of the! /K ! ratio at even lower energies could reveal if the ratio is decreasing again as
predicted from the transport model.

In order to evaluate the inßuence of the high amount of! mesons feeding theK ! yield on the kine-
matic properties of the measuredK ! , a two component cocktail is generated with PLUTO [140]. The
emission of negative kaons is assumed to arise from two components:

1. Direct thermal production from the reaction zone

CDEFGH&$*I2JK;L<MN<AB;AJ4

O9"%7$0'P&Q"!92#8P&R)*@(K&$*I2JK<B;4N454
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FIG. 4: (a) In-medium width of the ! meson in the nuclear
rest frame at saturation density " 0 as a function of the ! mo-
mentum. The points have been evaluated by comparing the
data of Fig. 2 with the results of the three model calculations
shown in Fig. 3 (model 1 – full squares, model 2 – full circles
and model 3 – open triangles). Also shown are the results
from the other experiments noted [13, 15, 16]. The solid line
represents the ! ! calculated on the basis of the predicted !
self-energy in nuclear matter [12]. (b) The ! N absorption
cross section. In the case of model 3, this is the parameter
that is directly determined from the comparison with exper-
iment, whereas for models 1 and 2 it is deduced from the
in-medium ! widths within the low-density approximation.
The SPring-8 [15] and JLab [16] values of the cross section
are also shown.

This is experimentally uncertain and a theoretical esti-
mate of the ratio [34] was used within the models. This
corresponds to the cross section for ! production in pn
collisions being about four times larger than in pp colli-
sions at 2.83 GeV. This point is particularly significant
for the high momentum components.
An alternative way to estimate the in-medium ! width

or " φN would be through a direct fit of the absolute cross
sections within the framework of either model 2 or 3. It is

clear that the uncertainties in the resulting parameters
would be larger than those that use the transparency
ratio because there are then no cancelations, either the-
oretical or experimental. However, calculations within
these models show that, for pφ > 1 GeV/c, the produc-
tion cross sections can be described with a ! width of
about 40 MeV/c2 at density #0, i.e., with a ! N absorp-
tion cross section of 15 - 20 mb. These values are consis-
tent with those shown in Fig. 4. At lower momenta, the
calculations in both models underestimate the data even
if one takes the free value of the ! width or a vanishing
value for the ! N absorption cross section.
The above inconsistencies suggest that some processes,

whose contributions to the ! production cross sections
increase for lower ! momenta and with the size of the
nucleus, are not present in the models. The inclusion
of additional secondary production reactions, involving
for example $N ! ! N [18], as well as processes where
the ! slows down during its propagation through the nu-
cleus through elastic and inelastic collisions [35], would
enhance the low-momentum part of the ! spectrum. Un-
fortunately, the cross sections for such processes are not
known experimentally and so cannot be introduced reli-
ably.
It can be argued that the transparency ratio is less

sensitive to nuclear effects and secondary production pro-
cesses than the production cross section. This may pro-
vide some justification for using the models to extract
the ! width from the experimental transparency ratio
over the full momentum range studied. In fact, model 1
allows one to deduce values of Γφ from the A-dependence
of R, while not making any predictions for the ! produc-
tion cross sections.
As can be seen from Fig. 4, the application of the three

models yields broadly consistent results. The differences
come mainly from the divergent descriptions of the sec-
ondary ! production processes. Our findings are not in-
consistent with the KEK result, taking into account the
uncertainties in both the experiment and in the model-
dependent analysis. The observed growth of Γφ with pφ
is supported by the SPring-8 and JLab data. Note that
the values of Γφ extracted within the three models agree
quite well with those predicted by the Valencia group [12]
at ! momenta between 0.6 and 0.825 GeV/c but deviate
strongly from them at higher pφ, reaching a magnitude
of about 50 - 70 MeV/c2 at pφ " 1.5 - 1.6 GeV/c. It is
worth noting that, taken together, the latest results by
the CBELSA/TAPS [36] and CLAS/JLab [16] collabora-
tions suggest an increase also of the in-medium $ meson
width with pω.
Our data shows evidence for a momentum dependence

of " φN and, as a consequence, our findings are not in-
consistent with the results from SPring-8 and JLab. The
absorption cross section is between 14 and 21 mb in the
pφ range of 0.6 - 1.6 GeV/c. This is also in line with the
value " φN > 20 mb deduced by the CLAS Collaboration
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Figure 2. !px" versus normalized CM rapidity for! s (stars) and protons (circles) in 2, 4 and
6 A GeV collisions. The full and broken lines represent linear Þts to the data.

proton ßow with beam energy, this trend of the! ßow could also result from a weaker attractive
! Ðnucleon potential as predicted by Li and Brown [1].

Figure 3(b) indicates a! /p ßow ratio of# 2
3 at 2A GeV, which is consistent with the

quark counting rule. However, there is a marked deviation from the2
3 value at higher energies.

Such a deviation could be related to the detailed features of the! Ðnucleon potential for the
densities produced at 4 and 6A GeV.

4. ! p correlations and radial ßow

The spacetime extent of the emitting source at 6A GeV, was evaluated from a sample of
about 120 000! s (80% purity) via a! p correlation function. The correlation function was
obtained from the ratio of a foreground and a background! p K distribution, whereK is half
of the relative momentum between the! and the proton in the CM frame. The foreground

EOS Collaboration, JPhysG-27-2001

However, theyarein stark contrastto theantiflow pattern[8, 16] recently
observedfor K0s mesonsat 6A GeV. It is suggestedthatthiscontrastresults
from differencesin thekaonÐnucleonandLambdaÐnucleonpotential; namely, 
for thedensitiesof interest, thekaonÐnucleonpotential is repulsive, whereas
thatfor K0s is attractive.
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FIG. 10. [Color online] Excitation function of the triangular
ßow of protons in Au+Au reactions (20%-30% centrality) for
the cascade calculation and a soft and hard equation of state.
The arrow marks the HADES energy.

Here, the soft and the hard EoS are compared. A clear
dependence of the EoS is observed. Sincev3 appears
due to a combination of the geometry and space-time-
dynamics, we expect it to be even more sensitive to the
strength of the potential than v1 and v2. v3 provides
a crucial test for the modelling of the dynamics of the
system.

As for the v1, the triangular ßow vanishes at midra-
pidity due to momentum conservation, so we extract the
slope with respect to the rapidity:

dv3

dy

!
!
!
!
y=0

(7)

Again, we calculate the slope ofv3 from the bins at
y = ! 0.1 ± 0.05 and y = 0 .1 ± 0.05.

Figure 10 shows the excitation function of the slope
of the triangular ßow in Au+Au reactions (b=5-9 fm)

for the cascade calculation and a soft and hard equation
of state. For all cases a non-zerov3 with respect to the
reaction plane is observed up to beam energies ofElab <
5 A GeV. Its magnitude depends strongly on the EoS.

IV. SUMMARY

We presented a transport model study of the prelimi-
nary HADES data for Au+Au reaction at a beam energy
of 1.23 A GeV. The UrQMD model provides a very good
description of the available data, if a hard equation of
state is employed. For the upcoming Þrst data ofv3 with
respect to the reaction plane at HADES energies we pre-
dict substantial v3 values and a strong sensitivity on the
EoS. In contrast to ultra-high energies,v3(RP ) does not
vanish at low energies. The Þnitev3 value indicates that
the expansion dynamics can not be separated into an ini-
tial state that sets the geometry and a subsequent expan-
sion stage, but indicates that initial and expansion stage
are intertwined. For model builders, this makes things
complicated, because hybrid models and hydrodynamics
models usually assume a separation of these stages.

Investigating the beam energy dependence ofv1 and
v2 we found that the data consistently favors a hard EoS
for Elab < 5 A GeV and a softening of the EoS for higher
beam energies, consistent with Þndings in [8, 12]. This
behavior can be studied in more detail at the upcoming
FAIR facility.
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FIG. 5. [Color online] Elliptic ßow of protons in Au+Au re-
actions (20%-30% centrality) as a function of rapidity and for
various transverse momentum regions. The symbols denote
the preliminary experimental data of the HADES collabora-
tion [34], the lines indicate the UrQMD calculations.

equation of state is observed (which has already been
found in previous publications [8Ð11]). The compari-
son with HADES data points in Þgure 2 suggested a
rather hard equation of state. In contrast, the data above
Elab > 5 A GeV tend to favor a soft EoS. In particular in
the FAIR and RHIC BES region a softened EoS seems to
describe the observed negative slope ofv1 better [36, 38].

In the absence of potentials dv1
dy

!
!
!
y=0

remains positive,

while in the cases with potentials it switches sign and
becomes negative. Such a behavior was predicted as a
signal for a phase transition [39Ð41], which is not present
in our current setup.

B. Elliptic ßow, v2

The study of the elliptic ßow has become a standard
analysis tool to explore the properties of QCD-matter.
At ultra-relativistic energies it allows to investigate e.g.
the shear viscosity of the QGP stage. At lower energies
as discussed here it sheds light on the equation of state of
nuclear matter. The elliptic ßow at low beam energies is
a result of the so called squeeze-out e! ect, where particles
are blocked from being emitted in the reaction plane by
the spectator nucleons and are emitted therefore mainly
in the out-of-plane-direction. This leads to a negative
value of the elliptic ßow v2 with respect to the reaction
plane. As the beam energy is increased, the spectators
rapidly leave the collision zone and the emission of par-
ticles is now dominated by the initial pressure gradients
of the ellipsoidal shape of the overlap region. In this case
the elliptic ßow coe" cient turns positive, as particles in
the reaction plane obtain a larger longitudinal ßow ve-
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FIG. 6. [Color online] Elliptic ßow of protons in Au+Au re-
actions (20%-30% centrality) as a function of transverse mo-
mentum for various rapidity regions. The symbols denote
the preliminary experimental data of the HADES collabora-
tion [34], the lines indicate the UrQMD calculations.

FIG. 7. [Color online] Excitation function of the elliptic ßow
of protons in Au+Au reactions (20%-30% centrality) for the
cascade calculation and a soft and hard equation of state. The
symbols denote the experimental data [36, 42Ð46], the lines
indicate the UrQMD calculations. The vertical line remarks
the HADES energy.

locity. Thus in the low energy regimes the elliptic ßow
is governed by an intricate interplay between the overlap
stage and the subsequent expansion stage.

Figure 5 shows the elliptic ßow in Au+Au reactions
(20%-30% centrality) as a function of rapidity and for
various transverse momentum intervals at a Þxed-target
beam energy of 1.23 A GeV. The symbols denote the
preliminary experimental data [34], the lines indicate the
UrQMD calculations with a hard EoS.

For higher transverse momenta, the elliptic ßow be-
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