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Midrapidity emissions, can they be thermal?
First results of the INDRA@GSI Campaign

J. �Lukasik and A.S. Botvina for the INDRA-ALADIN Collaboration

High quality experimental data obtained with the 4π
multi-detector system INDRA set up on the beam deliv-
ered by SIS offer now an unique opportunity to perform a
detailed study, including the isospin degree of freedom, of
the collisions of both symmetric (Au+Au, Xe+Sn) and
asymmetric (C+Au, C+Sn) systems in a broad energy
range. It covers the interesting transition region from
around the Fermi energy up to relativistic energies, ap-
proaching the participant-spectator domain.
Non-central collisions of symmetric heavy systems turn

out to be essentially of binary character with pronounced
projectile and target like sources. Nevertheless, a sizable
amount of detected particles and fragments have parallel
velocities intermediate between those of the projectile and
of the target [1]-[3] and their importance increases with
the increasing centrality of the collision. They are often
referred to as midrapidity (-velocity) emissions.

20

40

60

Ty CMy Py

Z

Figure 1: Z vs rapidity distribution of fragments from pe-
ripheral collisions Au+Au at 80 MeV/n. The dashed line
marks the target-side region which is affected by detec-
tion thresholds. The arrows denote the target, CM and
projectile rapidities, respectively.

These emissions seem to be strongly influenced by dy-
namical effects and are thought to proceed on a relatively
short time scale. One can imagine various scenarios of for-
mation of those midrapidity fragments following the pre-
dictions of various dynamical or hydrodynamical models.
These scenarios include fast pre-equilibrium particles, neck
emitted particles and fragments, as well as light fission
fragments preferentially aligned in between the two main
reaction partners. The importance of these midrapidity
emissions can be viewed from Fig. 1, which presents the
rapidity distribution of fragments emitted from the reac-
tion Au+Au at 80 MeV/n at large impact parameters. The
vertical line corresponding to the projectile-like source ra-
pidity is drawn to emphasize a strong forward-backward
asymmetry with respect to it.
Numerous analyses assume the existence of a well de-

fined statistically equilibrated source. Can midrapidity
emissions be regarded as those originating from such a

source? Certainly not all of them, however at least a frac-
tion of these emissions, in the vicinity of the Coulomb ring,
can be interpreted in the framework of the statistical mul-
tifragmentation model (SMM) [4] provided, the Coulomb
influence of the heavy partner on the (multi)fragmenting
excited nucleus is taken into account. Inclusion of, prefer-
entially elliptical, flow and angular momentum effects also
seems to be important.
Fig. 2 presents the predictions of the SMM (left panels)

and of a hybrid, the molecular dynamics model CHIMERA
[5] plus the statistical sequential decay model GEMINI [6]
used as an afterburner (right panels). These predictions
are compared with the experimentally measured (middle
panels) invariant cross sections of lithium ions emitted in
peripheral Au+Au reaction at 80 MeV/n.
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Figure 2: Invariant cross sections of lithium fragments
emitted in peripheral reaction of Au+Au @ 80 MeV/n
(upper row) and their projections (lower row). The cen-
tral column gives the experimental results.

The above figure shows that, at least qualitatively, both
models: statistical and dynamical, can account for midra-
pidity emissions. For a clear separation of the equilibrated
and the dynamical components further studies are re-
quired, including consistent statistical treatment and care-
ful adjustment of flow, and possibly inclusion of angular
momentum and deformation effects in SMM, for a range
of impact parameters and energies. Dynamical models
should be traced more carefully in terms of emission and
equilibration times.
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SPECTATOR FRAGMENTATION INDUCED
BY RELATIVISTIC 12C PROJECTILES

Ketel TURZÓ for the INDRA-ALADIN Collaboration

In 1998 and 1999, a series of experiments[1] was con-
ducted at the GSI with the INDRA multidetector [2],
using high-energy beams from the heavy-ion synchrotron
SIS. A part of them was devoted to asymmetric systems
like 12C+197Au and 12C+112,124Sn at bombarding ener-
gies ranging from 95 to 1800 AMeV. High resolution at
backward angles, dominated by emissions from the target
spectator, was achieved with the Si-Si-CsI(Tl) calibration
telescopes of INDRA. The physics goals in this study of
spectator fragmentation are the principal question of ther-
mal and/or dynamical breakup of the source, and, with the
isotopically pure tin targets, the role of the isospin degree
of freedom in the fragmentation process.

Figure 1: Slope temperatures Tslope of protons (top) and 7Li
(bottom) as a function of the ring number for 12C+197Au at
the indicated bombarding energies. For the protons, the high-
temperature values are given and compared with the results of
the Gudima-Toneev cascade model (lines).

Inclusive energy spectra measured with the calibra-
tion telescopes were fitted, as a first approach, with two-
parameter Maxwell-Boltzmann functions. A superposition
of two such sources was required for the proton spectra
which exhibit a low-energy component, probably contain-
ing the contributions of evaporation, and breakup at dif-
ferent time scales, superimposed on the hard component

that extends to rather high energies. The temperatures
given by the slopes of these Maxwellians show different
behaviors. For the low-temperature component of pro-
tons and for the 7Li ions, they increase very slowly with
the incident energy. The lithium temperatures even seem
to reach some saturation near 600 AMeV, consistent with
the invariance of the fragment kinetic energies, observed
for 3 ≤ Z ≤ 20 in the 12C+197Au reaction for 600 to 1000
AMeV [3]. The evolution of the slope temperatures with
the polar angle is shown in Fig. 1. A forward peaking is
observed for the high-temperature component of protons
and for the 7Li ions. But, while the lithium spectra are
only weakly dependent on the beam energy, pointing to a
source equilibration, the high-temperature component of
the protons is much more sensitive to the beam energy,
in particular at forward angles. This is consistent with
its presumable origin in the initial cascading stages of the
reaction.
A comparison with the results obtained with the

Gudima-Toneev intra-nuclear cascade model [4] is also
shown in the figure. The calculated proton yields were
sorted into spectra according to the ring structure of the
INDRA geometry and fitted with one-source maxwellians.
Between 90◦ and 180◦, the experimental and theoretical
slope temperatures are in good agreement, confirming that
the primary nucleon yields extend into the spectator ra-
pidity regime. However, the model fails to describe quan-
titatively the rise of the slope temperatures at polar angles
smaller than 90◦. Whether this discrepancy is due to the
particular model used or a more general feature of the ap-
proximations made in the intra-nuclear cascade is not clear
at present.
With the calibration part of the data analysis mostly

completed, the physics analysis of the INDRA@GSI exper-
iments has started. First results, so far derived from in-
clusive particle and fragment yields, demonstrate the use-
fulness of this detector for fragmentation studies up to the
relativistic energy regime. The preliminary data for light
particles and fragments from the 12C+197Au reaction show
a gross behavior in agreement with previous ALADIN [3]
and EOS [5] results. From the continuing analysis exclu-
sive data are to be expected, complementing the existing
data on this asymmetric collision system obtained in in-
verse kinematics.
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Source Shape Parameters in Central Ru + Ru Collisions at 400 AMeV

N. Bastid, J.P. Alard, V. Barret, A. Bendarag, P. Crochet, P. Dupieux, FOPI Collaboration
LPC Clermont-Ferrand, France

Collective flow effects in heavy ion collisions are of in-
terest since they are expected to provide insight into the
properties of hot and dense nuclear matter and its Equa-
tion of State (EoS). They are not uniquely sensitive to the
stiffness of the EoS but also to other effects such as the mo-
mentum dependent interaction (MDI) and the in-medium
modification of the nucleon-nucleon cross section (σnn).
In this context a complete study of the nuclear collec-

tive flow has been performed with a method which can be
used in a restricted region of momentum space where the
spectator contribution is believed to be negligible. In this
procedure, applied successfully to DIOGENE data [1], the
two-dimensional momentum distributions (pcmz /m, px/m),
(pcmz /m, py/m) are fitted with anisotropic Gaussian dis-
tributions in and out of the reaction plane, respectively.
The emission pattern is then approximated by an ellipsoid
whose orientation and shape are defined by the flow an-
gle, θF, and the in-plane and out-of-plane aspect ratios,
λ31 = σ3/σ1 and λ21 = σ2/σ1, respectively. σi are the
standard deviations, σ3 is oriented along the flow axis.
Studied were Ru + Ru collisions at 400 AMeV mea-

sured with the FOPI detector. We focus on central events
(< bgeo > = 1.1 fm) selected by means of the energy ra-
tio criterion Erat [2]. The reaction plane is reconstructed
according to the transverse momentum analysis method
[3]. The observables are corrected for autocorrelation and
momentum conservation effects [4] and for reaction plane
fluctuations as described in [5, 1]. The shape parameters
are determined with the data measured in the central part
of FOPI and they are shown for proton-like fragments. We
emphasise on the possibility to constrain σnn on the basis
of the present data. In this purpose the shape parame-
ters are compared in fig.1 to the predictions of the Isospin
Quantum Molecular (IQMD) model [7] for a hard EoS in-
cluding MDI (HM parametrisation) and different values of
σnn. The shape parameters exhibit important sensitivities
to this quantity. Both the flow angle and the aspect ratios
rise strongly as σnn increases from 0.5σfreenn to 2σfreenn and a
saturation of the shape parameters seems to be reached for
σnn > 2σfreenn . It is obvious that the data cannot be repro-
duced by the IQMD model for σnn ≥ 2σfreenn . A significant
reduction of σnn seems to be excluded as well. This is con-
sistent with results on the nuclear stopping obtained from
isospin tracer observables [6].
The present work shows that the source shape parame-

ters extracted from gaussian fits to double differential mo-
mentum distributions offer the possibility to constrain the
range of the nucleon-nucleon cross section in the nuclear
medium. This constitutes an important step towards the
determination of the Equation of State.
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Figure 1: Flow angle and aspect ratios of proton-likes mea-
sured in central Ru + Ru reactions at 400 AMeV. The data
are compared to the IQMD predictions (HM version) for
different values of σnn. The stars correspond to the model
calculations. The solid line represents the experimental
data and includes the statistical uncertainties.
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The Isospin Influence on Squeeze-out Phenomena in Heavy Ion Collisions

M. Petrovici1,2, G. Stoicea1,2, Y. Leifels3,2, A. Andronic1, N. Herrmann3, K. Hildenbrand2,
and the FOPI Collaboration

1NIPNE-Bucharest, 2GSI-Darmstadt, 3Univ. of Heidelberg

Equilibration of the isospin degree of freedom, the
isospin dependence of the sidewards flow, balance energy,
preequilibrium nucleon emission and subthreshold pion
production are phenomena proven to be sensitive to the
isospin-dependent nuclear equation of state and in-medium
nucleon-nucleon cross section [1]. In this contribution we
will report on preliminary experimental evidence on the in-
fluence of the N/Z content of the spectator matter on the
azimuthal distributions. We used the experimental data
obtained with the Phase II of the FOPI detector at GSI
- Darmstadt for Ru + Zr and Zr + Ru collisions at 400
A·MeV [2]. The charge multiplicity in the central drift
chamber was used in order to select the collision geom-
etry. The impact parameter value was extracted from a
standard geometrical sharp cut-off approximation for the
reaction cross section. The reaction plane reconstruction
is based on the transverse momentum method. For an
impact parameter of 5 fm, a geometrical estimate based
on straight trajectory approximation gives for the fireball
three times lower left-right N/Z asymmetry relative to 1.18
: 1.4 corresponding to the spectators for Ru + Zr combi-
nation. In such a situation, even if the chemical equilib-
rium of the fireball is not completely reached the remaining
asymmetry can be neglected in a first approximation and
we have to do with an expanding object in the presence of
spectator matter asymmetric in N/Z.
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Figure 1: Azimuthal proton distributions for Ru + Zr
(dots) and Zr + Ru (squares) measured between 0o-60o

and 300o-360o and reflected relative to 90o and 270o, re-
spectively

In the nuclear medium isospin dependent nucleon-
nucleon interaction will influence the azimuthal distribu-
tion of different particles emitted by the fireball and inter-
acting with the spectator matter. The left - right asymme-
try being small, the effect on the azimuthal distributions
cannot be expected to be very large. For this reason, our
studies are performed in a system of coordinates rotated
by the sidewards flow angle [3]. Breaking in this way the

azimuthal symmetry of the experimental device we have
to symmetrise the experimental distributions obtained in
the azimuthal range 0o-60o and 300o-360o relative to 90o

and 270o respectively in order to obtain the complete az-
imuthal distribution. Although, the azimuthal distribu-
tions obtained using this recipe do not correspond to the
real situation (they correspond to a situation where the
fireball has on both sides Ru-like spectators in the case of
Ru + Zr or Zr-like spectators for the Zr on Ru combina-
tion, respectively) we prefer such representations in order
to show also the results of the fits with a standard-second
order Fourier expansion in azimuth.
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Figure 2: The same as Fig.1 but for deuterons

The results for impact parameters between 4 and 6 fm
and a range in the scaled transverse momentum p

(0)
t =

(pt/A)/(pcm
P /AP ) of 0.8-1.2 are presented in Fig. 1 for

protons and Fig. 2 for deuterons. The distributions are
normalised at 90o. Although quite preliminary, the re-
sult seem to indicate an influence of the N/Z value of the
spectator matter on the observed azimuthal distributions
of the order of 30% for p and about 45 % for deuterons
in a2 coefficients. Detailed analysis will confirm in which
extend they are sensitive probes for studying the isospin
dependence of the in-medium nucleon-nucleon interaction
used in microscopic transport codes.
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3H/3He Squeeze-Out - A Signature of the Fireball’s Isospin Distribution?

M. Petrovici1,2, G. Stoicea1,2, Y. Leifels3,2, A. Andronic1,2, N. Herrmann3, K. Hildenbrand2,
and the FOPI Collaboration

1NIPNE-Bucharest, 2GSI-Darmstadt, 3Univ. of Heidelberg

The Phase I FOPI data evidence for highly central Au
+ Au collisions at 100, 150 and 250 A·MeV systematically
larger mean kinetic energies for 3He fragments relative to
the 3H values [1]. The EOS Collaboration find the same
trend with somewhat larger size [2]. Microscopic transport
models [3] and hybrid hydrodynamical models, including
pure Coulomb repulsion at the freeze-out moment [4] do
not succeed to explain quantitatively this difference. Sim-
ilar findings are recently reported by the INDRA Collab-
oration [5] for 129Xe + 119Sn at 50 A·MeV. At a higher
incident energy 1.15 A·GeV it seems that this difference
disappears. Both types of fragments have the same mean
kinetic energy, following a trend as a function of the frag-
ment mass only, which is specific for the emission from an
expanding source.
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Figure 1: 3He and 3H azimuthal distributions for Ru + Ru
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Corroborating these facts, based on the dynamics of the
expansion suggested by hydrodynamical models, one could
imagine that due to the Coulomb repulsion, the outer lay-
ers of the initial fireball are to some extend more proton
rich than the inner zones. If this is the case, then one
expects 3He fragments originating with higher probability
from these regions of the fireball and consequently hav-
ing larger expansion velocities as far as the expansion has
an almost linear dependence as a function of the distance
from the the center of the fireball [3, 4]. Within such a
scenario, the 3He fragments are supposed to be emitted
preferentially in earlier phases of the expansion than the
3H fragments, and feel a larger shadowing from the spec-
tators passing by. For mid-central collisions this may lead
to a difference in the squeeze-out signal. In order to check
this, we analysed data of Ru + Ru collision at 400 A·MeV
obtained with the Phase II - FOPI experimental configu-
ration.
The mass and charge identification of A=3 fragments

is achieved using the combined information from the cen-
tral drift chamber (CDC) and the time-of-flight Barrel sur-
rounding the CDC. The low momentum range cannot be
used due to the geometrical gap between the CDC and

HELITRON. However, the kinetic energy distribution of
3He and 3H, for highly central collisions (1% cross sec-
tion), show similar trends as those observed in Au + Au
collision [1]. The selection of the collision geometry and
reaction plane determination are explained in a different
contribution to this report. The azimuthal distributions
are obtained in the reference frame rotated by the side-
ward flow angle relative to the collision axis. Due to ge-
ometrical cuts the experimental data are analysed in the
angular range 0o-60o and 300o-360o. The angular distri-
butions presented in Fig.1 are obtained by symmetrising
these results relative to 90o and 270o, respectively. For an
impact parameter range of b = 2-4 fm one observes a much
larger squeeze-out signal for 3He relative to 3H. The two
azimuthal distributions are normalised at 0o. A second or-
der Fourier expansion (f(Φ) = ao(1 + a2cos(2Φ))) is used
to fit the azimuthal distributions. The resulting a2 coeffi-
cients for all fragments from A=1 to A=4 are presented in
Fig.2. While p,d and 4He show the well known enhance-
ment of the squeeze-out signal as a function of mass, larger
a2 values for 3He relative to 3H can be observed. Different
cross-checks and comparisons with microscopic model pre-
dictions are in progress. However, this preliminary result
seem to indicate that the relative value of the squeeze-
out signal of 3H and 3He could be related to the isospin
distribution in the fireball at the freeze-out moment. Ob-
viously, other contributions (like Coulomb focusing) to the
observed effect are not excluded.
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Incident Energy and Apart Dependence of the Fireball Expansion
in Au+Au Collisions

G. Stoicea1,2, M. Petrovici1,2, A. Andronic1,2, A. Gobbi2, N. Herrmann3,
K. Hildenbrand2, Y. Leifels3,2, W. Reisdorf2, and the FOPI Collaboration

1NIPNE-Bucharest, 2GSI-Darmstadt, 3Univ. of Heidelberg
A unified representation of the squeeze-out trends can be

done in terms of the azimuthal distribution of the kinetic
energy [1, 2]. A comprehensive description of the squeeze-
out phenomena in the energy range 0.25 - 1.15 A·GeV is
based on the parametrisation of the transverse mass spec-
tra with an expression describing a radially symmetric ex-
panding shell [1]. As far as such a situation can hardly be
encountered in heavy ion collisions and is not specific at
all for mid-central collisions, a presentation of the experi-
mental information free of any model is preferred.
In this contribution we present results on azimuthal dis-

tributions of the collective flow β (=v/c) which is extracted
from the rise of the experimental mean kinetic energy
< Ecm

kin > with the mass of the reaction products. We
use the full coverage of the FOPI experimental device in
order to extract as precise as possible this experimental in-
formation. Therefore, we have to combine the information
from the forward plastic wall detector where the reaction
products are identified only by their charge with the one
from the central drift chamber (CDC) where the reaction
products are identified by their mass. This is achieved
by using the information obtained during earlier Phase I
experiments when Si-CsI telescopes delivered a very good
mass and charge separation of the light products within
the acceptance of the plastic wall [3]. The collision ge-
ometry definition is based on CDC charged particle multi-
plicity and the ratio of transversal to longitudinal energies
[4]. The analysis is performed in a reference frame with
the z axis along the sidewards flow direction and within
80o ≤ Θcm ≤ 100o polar angular range. The azimuthal
distributions are symmetric with respect to 90o and 270o,
hence, we overlap 0o-90o and 270o-360o azimuthal ranges
to decrease the statistical errors, make five bins in azimuth
and reflect the results in order to cover the full angular
range 0o-360o. The average flow value, βo, and the out-of-
plane - in-plane difference, ∆β, are taken from a fit to the
flow (β=v/c) azimuthal distributions using the following
expression:

β(Φ)=βo - ∆β · cos2Φ
The elliptic flow characterised by the major axis per-

pendicular to the reaction plane rises continuously from
90 to 400 A·MeV for mid-central collisions (Fig. 1). At 90
A·MeV the in-plane and out-of-plane flow values are very
similar, specific for the Etran region [4]. At all energies
the flow βo increases with the centrality, namely with in-
creasing the baryonic content of the fireball (Apart), while
∆β, the difference between out-of-plane and in-plane flow,
decreases showing the shadowing effect of the spectator
matter. At lower centralities, i.e. larger impact parame-
ters, the spectator matter being more compact, the bulk
of products detected in the reaction plane emitted by the
fireball and not hindered by the spectators correspond to
the late phase of the expansion when the flow is weaker

and the spectators moved apart from the collision zone.
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Figure 1: The average, βo, and in-plane - out-of-plane dif-
ference, ∆β, of the flow value as a function of centrality,
for 90, 120, 150, 250, 400 A·MeV

These experimental trends can be followed in Fig.1. The
continuation of these studies at higher energies and de-
tailed comparisons with microscopic transport model pre-
dictions are in progress.
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Kaon and Antikaon Production in Proton-Nucleus CollisionsB,C

W. Scheinast (FZ Rossendorf) and the KaoS Collaboration

Recent experiments on K-meson production in nucleus-
nucleus at SIS energies found that the K−/K+ ratio is
enhanced by about 2 orders of magnitude as compared to
proton-proton collisions at proton beam energies close to
threshold [1]. Within transport calculations, this enhance-
ment is explained by (i) a reduced in-medium mass of K−

mesons and (ii) multiple step processes like strangeness
exchange reactions πY → K−N with Y = Λ,Σ [2]. The
investigation of K− mesons in proton-nucleus collisions
will help to disentangle these two effects because (i) the
effective K− mass is expected to be reduced by about
25% in nuclear matter at saturation density whereas (ii)
strangeness exchange reactions are negligible.
Using the Kaon Spectrometer at SIS/GSI we have per-

formed the first measurements of K− production yields in
proton-nucleus collisions at proton energies below 4 GeV.
The heavy ion synchrotron delivered protons beam with
energies of 1.6, 2.5 and 3.5 GeV with intensities up to 1010

protons/sec impinging on C and Au targets of 7 and 2 mm
thickness, respectively. A trigger based on the kaon time-
on-flight and tracking reduced the data rates to about 5
kHz. The K meson momentum distributions were mea-
sured at laboratory angles between Θlab=32-64 degrees.
Figure 1 presents preliminary double differential produc-

tion cross sections of K+ and K− mesons measured in p+C
and p+Au collisions at 2.5 and 3.5 GeV at Θlab=40o as
function of the laboratory momentum. The data taken at
3.5 GeV beam energy are not yet corrected for the tracking
trigger efficiency. This might be the reason for the struc-
ture in the spectra around plab=700 MeV/c. The smooth
spectra measured at 2.5 GeV proton energy were taken at
reduced beam intensities without tracking trigger.
Figure 2 shows the K−/K+ ratio for p+C and p+Au

collisions at a beam energy of 3.5 GeV obtained from
the spectra as presented in figure 1. The maximum val-
ues of the ratio are about 0.04 and 0.03 for p+C and
p+Au, respectively. The corresponding value calculated
from inclusive cross sections measured in p+p collisions
at 3.5 GeV is about 0.033. Before drawing conclusions
on in-medium effects from these values, inclusive K meson
production yields have to be extracted from the proton-
nucleus data by analyzing the measured polar angle distri-
butions. Moreover, in-medium effects should be more visi-
ble in the data measured at 2.5 GeV which is the threshold
energy for antikaon production in proton-proton collisions.
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Y.Shin3, P.Senger1, J.Speer2, H.Ströbele3, G.Surowka1,5, F.Uhlig2, A.Wagner2,6, W.Waluś5
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During the past years the KaoS collaboration has pro-
vided for various collision systems a rather detailed set
of data on meson production at SIS energies from 0.6 to
2 A·GeV. Inclusive spectra of K+ mesons are published
in [1]. A selection of π+ spectra is shown in Fig. 1 for C+C
and Au+Au collisions at various energies around midra-
pidity. All spectra exhibit the typical concave shapes, in-
terpreted as due to decaying ∆ resonances and free pi-
ons [2]. The slope parameters of the high-energy parts
agree well with those of the K+ spectra.
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Figure 1: Spectra of positively charged pions around midra-
pidity at various incident energies.

Microscopic transport calculations indicate that the
yield of kaons created in collisions between heavy nuclei at
subthreshold beam energies (Ebeam ¡ 1.58 GeV) is sensi-
tive to the compressibility of nuclear matter at high baryon
densities [3, 4]. This sensitivity is due to the production
mechanism of K+ mesons at subthreshold beam energies
requiring multiple nucleon-nucleon or meson-nucleon col-
lisions. These processes are expected to be enhanced at
high baryon densities, and the densities reached in the
fireball depend on the nuclear equation of state [5]. Pi-

ons are rather insensitive to this parameter of the nuclear
equation of state. Their spectra and yields can be used to
gauge phase-space effects [1].

Two effects influence the K+ yield, the compressibility
of the nuclear matter as mentioned and possibly a modifi-
cation of the kaon properties in the dense nuclear medium.
Our idea is to disentangle these two competing effects by
studying K+ production in a very light (12C+12C) and a
heavy collision system (197Au+197Au) at different beam
energies near threshold. The maximum baryonic density
reached in Au+Au collisions depends on the nuclear com-
pressibility [4, 6] whereas in the small C+C system this
dependence is very weak [7]. The repulsive K+N poten-
tial is assumed to depend nearly (or less than) linearly on
the baryonic density [8] and thus reduces the kaon yield
accordingly.

Our concept is summarized in Fig. 2. It shows in the
upper part the pion and K+ multiplicity per nucleon for
C+C and Au+Au collisions as a function of the beam en-
ergy. The pion data points are scaled by a factor of 1/100;
they represent the sum of charged and neutral pions as
calculated from the measured π+ multiplicities according
to the isobar model [9]. This model explains very well
the π+/π− ratios measured in Au+Au collisions [10]. The
pion multiplicity per nucleon is smaller in Au+Au than in
C+C collisions whereas the K+ multiplicity per nucleon
is larger. This observation demonstrates a key difference
between pion and kaon emission. In order to illustrate the
different behaviour of pions and kaons in nuclear matter
we plot the ratio of the pion and kaon excitation func-
tions (M/A)Au+Au/(M/A)C+C in the lower panel of Fig. 2.
The error bars of the kaon multiplicities include system-
atic uncertainties due to the extrapolation procedure. The
experimental uncertainties due to efficiencies, acceptances
and beam normalization, however, cancel in the ratio and
therefore have not been taken into account.
The pion ratio (M/A)Au+Au/(M/A)C+C (full triangles)

is smaller than unity and decreases with decreasing beam
energy. A ratio smaller than unity might be caused by
the reabsorption of pions which is more effective in the
larger system or by decompressional flow of nuclear matter
which is expected to be more important in Au+Au than
in C+C collisions. In a thermal picture both arguments
are equivalent.
In contrast to the pion data, the kaon ratio

(M/A)Au+Au/(M/A)C+C increases by a factor of almost
3 with decreasing beam energy. An increase of the K+

yield with decreasing beam energy is found by a transport
model calculation in central Au+Au collisions if a soft in-
stead of a hard equation of state is used [4]. The sensitivity
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Figure 2: Upper panel: Pion and K+ multiplicity per A for
the two collision systems as a function of Ebeam. The pion
multiplicities represent all pions species. The lines are to
guide the eye. Lower panel: Ratio of the multiplicities
per nucleon (Au+Au over C+C collisions) for K+ mesons
(full circles), pions (full triangles) and high-energy pions
(Ecmkin > 0.6 GeV, open squares) as a function of Ebeam.

of the kaon multiplicity on the nuclear compressibility is
enhanced at beam energies well below the kaon produc-
tion threshold because the energy required to create a K+

meson has to be accumulated by multiple collisions of par-
ticipating nucleons.

In order to exclude trivial phase-space effects as the rea-
son for the observed behaviour we present in the lower
panel of Figure 2 the ratio (M/A)Au+Au/(M/A)C+C for
pions with kinetic energies above Ecmkin = 0.6 GeV. The pro-
duction of these pions is equivalent − in terms of available
energy − to the production of K+ mesons with a kinetic
energy above 70 MeV. At this energy the kaon spectra
have reached their maximum yields.

Figure 3 shows a comparison of the experimental results
with two transport model calculations (lhs: IQMD [11],
rhs: RQMD [7]). Both calculations have been performed
with KN potential and a compressibilty of 200 MeV and
380 MeV. In the upper part the K+ multiplicity per A is
shown as a function of the beam energy both for Au+Au
and C+C collisions. As expected the calculations with
κ = 200 MeV yields higher multiplicities than those with
κ = 380 MeV for Au+Au collisions, while for C+C no
sensitivity is seen. The data are best described with
κ = 200 MeV, yet the data are still slightly higher.

The lower part of Fig. 3 shows the ratio of the
(M/A)Au+Au/(M/A)C+C as measured and as calculated.
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In both calculations the ratio rises towards lower incident
energies using a κ of 200 MeV in agreement with the data.
For the stiffer equation of state the two calculation dif-
fer somewhat, but clearly deviate strongly from the data.
These trends are rather independent whether aKN poten-
tial is used or not [7]. This evidences that the used ratio is
a very sensitive quantity in extracting the compressibility
of nuclear matter and that this ratio does depend little on
less known input quantities.
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Kaons and antikaons are regarded as a promising probe
to study hadron properties in dense nuclear matter. Re-
cent experimental results obtained with the Kaon Spec-
trometer indicate modifications of the in-medium prop-
erties of K+ and K−. Remarkable results are that the
K−/K+ ratio is enhanced compared to pp collisions [1,2,3],
the spectral slope for the antikaons is steeper than for the
kaons [2] and a preferential out-of-plane emission of K+ is
observed [4].

In order to study the kaon production as a function
of the reaction centrality and the beam energy, we have
measured K+ and K− mesons around midrapidity (θlab =
40◦ ± 4◦) in Ni+Ni reactions at beam energies of 1.1 (K+

only), 1.5 and 1.93 AGeV. The multiplicity of charged par-
ticles measured by a target hodoscope is used to determine
the centrality. The data set is subdivided in five central-
ity bins MUL1 to MUL5 for each beam energy. From a
measurement under minimum bias conditions the reaction
cross section is determined. For all beam energies we find a
reaction cross section of σR = 2.9± 0.3 barn, which agrees
with the geometric model. The relative reaction cross sec-
tion for each centrality class σR,MUL/σR is given in Table
1 for 1.5 and 1.93 AGeV. Errors of about 10 % have to be
added to the ratio σR,MUL/σR.

Figure 1 shows the invariant cross sections of K+ (full
circles) and K− (open circles) for central to peripheral col-
lisions (see middle panel: MUL 5 to MUL 1) as a func-
tion of the center-of-mass kinetic energy at beam energies
of 1.1, 1.5 and 1.93 AGeV. The K− mesons are scaled
by a factor of 20 (see lower panel) and the yields in the
bins are scaled by factors of 10 (see upper panel). The
error bars shown are due to statistics only and a sys-
tematic error of 10% has to be added, caused by beam
normalization, acceptance determination and trigger ef-
ficiency. The lines represent Boltzmann distributions
d3σ/dp3 ∝ exp(−ECM/T ) fitted to the spectra individ-
ually for each multiplicity bin. The integrated kaon cross
sections 4π(dσK/dΩCM) and the inverse slope parameters
T as a function of the centrality are given in Table 1 for
1.5 and 1.93 AGeV. The errors of both quantities include
the systematic effects. For all beam energies the spectral
slopes decrease (Figure 1) and the inverse slope parame-
ters T increase (Table 1) with increasing centrality of the
reaction for both, kaons and antikaons.

We determined the average multiplicity per number of
participating nucleonsMK/Apart as a function of the num-
ber of participating nucleons. MK is calculated via MK =
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Figure 1: K+ and K− invariant cross sections as a function
of the kinetic energy and the centrality of the reaction
measured around midrapidity (θlab = 40◦± 4◦) for Ni+Ni
collisions at different beam energies (preliminary).
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Energy MUL
σR,MUL
σR

4π dσK
dΩCM

[mb] T [MeV]

1 0.41 2.2 ± 0.2 55 ± 4
1.5 2 0.23 4.5 ± 0.4 79 ± 6

AGeV 3 0.18 6.2 ± 0.5 96 ± 7
K+ 4 0.14 7.2 ± 0.5 101 ± 8

5 0.05 3.3 ± 0.3 93 ± 7
1 0.44 7.6 ± 0.7 58 ± 5

1.93 2 0.23 14.8 ± 1.2 70 ± 6
AGeV 3 0.16 18.1 ± 1.4 88 ± 7
K+ 4 0.11 21.4 ± 1.6 91 ± 7

5 0.06 14.8 ± 1.2 97 ± 7
1 0.41 0.06 ± 0.011 33 ± 3

1.5 2 0.23 0.10 ± 0.012 74 ± 6
AGeV 3 0.18 0.12 ± 0.013 78 ± 7
K− 4 0.14 0.13 ± 0.014 80 ± 7

5 0.05 0.07 ± 0.011 90 ± 10
1 0.44 0.30 ± 0.06 43 ± 3

1.93 2 0.23 0.51 ± 0.07 63 ± 7
AGeV 3 0.16 0.56 ± 0.06 79 ± 10
K− 4 0.11 0.57 ± 0.07 96 ± 8

5 0.06 0.46 ± 0.05 81 ± 7

Table 1: Relative reaction cross sections, K+ and K− pro-
duction cross sections and inverse slope parameters as a
function of the centrality for Ni+Ni collisions at beam en-
ergies of 1.5 and 1.93 AGeV (preliminary).

σK/σR,MUL with σK = 4π(dσK/dΩCM) and with the re-
action cross section for each multiplicity class σR,MUL.
Apart is calculated from the number of nucleons in the
overlap of the colliding nuclei. The impact parameter b
is determined for the center of each multiplicity bin. The
kaon and antikaon multiplicity per Apart (full circles: K

+,
open: K−) is shown in Figure 2 (different scaling factors)
with a parameterization according to MK ∝ Aαpart (lines).
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Figure 2: Kaon and antikaon multiplicity per APart as a
function of APart for Ni+Ni collisions at beam energies of
1.1, 1.5 and 1.93 AGeV (preliminary).

The multiplicities for MUL 1 are not shown because the
errors in integrating the cross sections are larger compared
to the other bins. Within the uncertainties of Apart we
get a common α = 1.62 ± 0.21 for K+ and K− and for

all beam energies. Values of α larger than unity indicate
that the nucleons participate more than once in the kaon
production.

In Figure 3 we present the K−/K+ ratio as a function
of the impact parameter b for the beam energy 1.5 AGeV
(full triangles) and 1.93 AGeV (full squares). Within the
error bars the values are constant between 1.8 fm and 6
fm and the averaged ratios are 0.020±0.004 for 1.5 AGeV
and 0.031±0.004 for 1.93 AGeV. The ratio for 1.93 AGeV
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Figure 3: K−/K+ ratio as a function of the impact para-
meter b for Ni+Ni collisions at beam energies of 1.5 and
1.93 AGeV (preliminary).

agrees with the value of 0.031± 0.005 for non-central and
near-central collisions in Ni+Ni measured for the full ra-
pidity range (θlab = 28◦ to 64◦) at the same beam en-
ergy [3]. All measured K−/K+ ratios for Ni+Ni can be
compared with the smaller system C+C [2] and the cor-
responding inclusive values of 0.025± 0.007 for the beam
energy 1.8 AGeV and 0.038± 0.013 for 2.0 AGeV.

In conclusion, the K−/K+ ratio at a given bombarding
energy is constant as a function of the centrality of the
reaction and the size of the collision system. This indi-
cates, that the antikaon yield is coupled to the kaon yield
via the strangeness exchange reaction Y π → K−N (with
Y = Λ,Σ).

∗ now at Ohio State Univ., Columbus, USA
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The FOPI collaboration has recently measured K+

production in Ca+Ca, Ru+Ru and Au+Au collisions at
1.5 AGeV [1] to investigate the dependence on system size
and to learn more about modification of kaon properties
in dense hadronic matter which is eventually connected
to the partial restoration of chiral symmetry. Several
theoretical models predict that the K+ mass increases
slightly with baryon density whereas the K− mass should
decrease [2, 3, 4, 5, 6]. These medium modifications of the
kaon masses lead to a lower probability for K+ production
since it becomes energetically more difficult to produce
them and to a higher probability for K−.
Previous results from FOPI on kaon flow [7] and K−/K+

ratio [8] seem to favor the existence of in-medium poten-
tials for kaons derived from the comparison to transport
model calculations [9, 10].

The K+ mesons are identified in the central part of
the FOPI detector by a drift chamber (CDC) surrounded
by a barrel of plastic scintillators for the measurement
of the time of flight. The TOF subsystem covers the
polar angular range between 40◦ and 130◦. For a clean
identification of K+ in the Au+Au system a laboratory
momentum cut of p < 0.4GeV/c is required. This cut
is also applied to the other systems in order to select
the same region of the phase space although K+ can be
identified in the lighter collision systems up to p=0.5
GeV/c. A simulation of the FOPI detector response based
on the GEANT package is used to estimate the tracking
efficiency in each system. The results vary between 87%
for the Au system and 99% for the Ca system. The data
are further corrected for the matching efficiency between
the CDC and the TOF barrel that is estimated from
proton tracks and for the kaon lifetime.

Figure 1 shows the number of K+ per participant as
function of the number of participants for Ca+Ca, Ru+Ru
and Au+Au at 1.5 AGeV. The charged particle multiplic-
ity measured in the forward plastic wall of the FOPI detec-
tor has been used to select central collisions corresponding
to 10% of the total cross section. The data are shown by
the circles, the error bars include statistical and systemat-
ical errors. The experimental results are compared to the
predictions of transport models, RBUU [10] (upper panel)
and IQMD [11] (lower panel). These calculations are avail-
able in two versions: the first one employs the free kaon
mass (triangles), the other one includes modified masses
(squares), i.e. the K+ mass depends linearly on density
with an increase of 5% at normal nuclear matter density.
Within errors the data do not show any dependence on
the system size whereas both models consistently predict
an increase of the kaon production with the system size.
This increase is slightly more pronounced in the absence
of medium effects. In both cases, in addition the absolute

yields are better described by the versions including the
in-medium modification of the K+ mass.
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Figure 1: Number of K+ per participant as function of
the number of participant in Ca+Ca, Ru+Ru and Au+Au
collisions at 1.5 AGeV. The data (circles) are compared to
the predictions of RBUU (upper) panel and IQMD (lower
panel) with in-medium modification of kaon mass (squares)
and without (triangles).
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Commissioning Results from the Dielectron Spectrometer HADESB,G,EC

The HADES Collaboration

Status overview
During the year 2000 most of the detector modules were in-
stalled and equipped with readout electronics. All 6 sectors of
the Pre-Shower detector, the outer Time-Of-Flight (TOF) wall,
the forward Time-of-Flight paddles (Tofino), two complete
planes of Multiwire Drift Chambers (MDC, 12 modules) in
front of the superconducting magnet as well as the Ring-Imag-
ing-Cherenkov detector (RICH) surrounding the target were
installed. Due to the delayed delivery of a few readout modules
and since only 4 RICH sectors were equipped with mirrors,
common readout was performed for 4 out of the 6 sectors dur-
ing a commissioning beam-time in November 2000. Since only
one out of the altogether 12 outer MDC’s was installed, the
momentum resolution of the setup was restricted to about 10%.
The current setup is shown in Figure 1.
In the following part, first results regarding the performance of
this setup are reported.

Figure 1: Upstream view of the Hades setup. Only the support
structure and outermost detector layer (Pre-Shower detector,
part of TOF) are visible.

Electron Identification in the RICH
The readout electronics of the ring imaging Cherenkov detector
(RICH) was completed and extensively tested. The refined gas
supply system went into routine operation. In order to allow for
commissioning measurements with beam a preliminary RICH
mirror was equipped with 4 segments of float glass coated with
Al / MgF2. The photon detector was operated during the beam
times under stable conditions with an anode voltage of 2550 V
at negligible leakage currents. The VUV transmission of the gas
(CH4 at 1000 hPa) at the detector exhaust was measured to be
essentially free of impurities down to the absorption cut-off at λ
= 146 nm. This was not yet the case for the standard radiator
gas C4F10 due to so far unknown contaminations.
In order to verify the performance of the detector and especially
its CsI photon converter a series of measurements were
performed with light and medium heavy ions radiating
Cherenkov light in a stack of two solid radiator discs (SiO2 and
MgF2) located close to the regular target station inside the

RICH. Since the amount of light can be calculated precisely this
configuration is a calibrated and pulsed (τ ∼ 10 ps) light source.
Due to the different refraction indexes two ‘super ring’ patterns
with different radii are generated and the optical dispersion
results in a well defined broadening of their radial distributions.
A typical ring pattern accumulated for 600 projectiles and a 600
AMeV C beam is shown in Figure 2 and exhibits the high pho-
ton statistics expected for Z > 1 particles.

Figure 2: Superposition of ∼ 600 Cherenkov rings from C ions
(E = 600 AMeV, β = 0.794) impinging on a MgF2 and a SiO2

radiator. The upper sectors are in the shadow of the beam pipe;
one lower sector was not equipped with mirrors.

Proper choice of radiator thickness (5mm for SiO2, 1mm for
MgF2) allowed for a clear spatial separation of single photon
hits on the pad plane. The measured shape of the radial
distribution of individual photons agrees well with results of a
full GEANT simulation using optimum detector parameters.
These parameters would translate to a figure of merit N0 = 110
when the solid radiators are replaced by the C4F10 gas radiator.
From a comparison of the amplitudes we deduce for the two
lower sectors in Figure 2 values N0 = 90 and N0 = 105, the
reduction being probably due to a slight deterioration of the CsI
quantum efficiency.
Taking pulse height spectra for single photo electrons fitted
with a Polya function an effective gas gain of ∼ 1.5⋅105 slightly
above the design value was obtained. With the noise level
reduced to about 3500 e- (3σ) a detection efficiency of ∼ 94%
for single photo electrons was extracted.
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Figure 3: Double and single ring patterns observed in the RICH
for electrons from C + C at E = 1.5 AGeV.
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From 2 ⋅ 106 events recorded for C+C collisions at 1.5 AGeV
about 10k events were found showing clear Cherenkov ring
patterns as shown in Figure 3. First results from the analysis of
the combined detector setup are presented in the following
chapters.

Multiwire Drift Chambers
During the past year the inner section of the tracking system
was completed and tested in two beam times. It comprises 12
chambers in two different geometries covering an area of 5 m2.
About 13.000 individual drift cells are read out by customised
front-end electronics in less than 10 µs. Data is transferred to
read-out controllers located close to the detector units. These
units were developed in the electronic department of GSI and
were used for the first time in the November beam time.
The assembly of the outer tracking system was started with the
installation of the first plane III module built at FZ Rossendorf.
A second plane III and the first plane IV module (constructed at
IPN Orsay) are currently commissioned and will be available in
the spring beam time 2001. The completion of the outer track-
ing system, which will finally cover 28 m2, is scheduled for
2002. Figure 4 shows the plane IV module being lifted to the
service table for commissioning. In particular the size of the
plane IV module, with maximum wire length of 280 cm,
demanded for customised infrastructure and a thorough con-
struction.

Figure 4: Picture showing the first plane IV module arriving at
GSI. For transportation the chamber is mounted on a support
structure via surge dampers. It has a height of 3 m and weighs
about 200 kg.

During commissioning with beam a stable operation of all
chambers was observed. The detectors perform well within the
specifications. Operated with a gas mixture of Helium/i-butane
(60/40) the chambers reach efficiencies of single cells above
98%. The intrinsic resolution lies around 120 µm. Composed of
6 individual drift cell layers per module, the tracking chambers
provide sufficient redundancy to identify tracks even at the
highest multiplicities. Due to the optimised wire orientations
and multiple measurement of positions, the resolution in the
direction of the magnetic kick is about a factor two smaller than
the intrinsic resolution. Figure 5 visualises the operation
principle of the tracking chamber. The crossing area of the cells
being hit by the particle identifies impact positions. The
information shown in the Figure 5 is used in the tracking

software (version developed by the Dubna group) to search for
track candidates.

Figure 5: Projection of fired drift cells of three detectors in one
sector. Black and dark grey refer to the inner tracking detectors,
cyan to the cells of plane III. The shift of the crossing point of
plane III with respect to the other two detectors is the result of
the momentum kick in the magnetic field.

Start/Veto Detector
A pair of segmented diamond detectors located 75 cm upstream
and downstream of the target is used to determine the start time
for TOF measurements. The downstream detector vetos ions
which were not reacting in the target. For 1 AGeV C+C a veto
efficiency of ∼ 90% was obtained. For an optimised beam focus-
sing the veto efficiency should be significantly higher.

Time-Of-Flight Detector
The Time-of-Flight detector consists of an inner part (TOFino,
24 scintillators) in front of the Pre-Shower detector and an outer
TOF wall. As of December 2000 both detectors were complete
and fully assembled. The 384 scintillating rods of the outer
wall, made from BC408 and each one equipped with two
photomultipliers, produce fast signals handled by means of 48
constant fraction discriminator modules (16-fold C808 by
CAEN). The logical outputs are delayed using 24 32-fold active
delay units developed by the collaboration along with the 32-
fold TDC units used to digitise the signals. These latter
modules, in VME standard, are read-out via the fast Chained
Block Transfer (CBT) protocol, allowing to sustain high event
rates. The final tests on the amplitude measuring electronics
(CAMAC shapers and VME ADCs) have been successful and
their mass production is in progress. The forthcoming
installation of this electronics, during the first half of 2001, will
further improve the TOF performance.
The laser calibration system is complete and allows to evaluate
the needed calibration constants for all the detector channels.
An extension of this system is already in progress, in order to
accommodate for the calibration of the TOFINO as well.
A newly developed slow control software using the EPICS
framework allows to initialise and operate the TOF electronics,
the high voltage system and the laser calibration system. An
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online analysis package and a Graphical User Interface (GUI)
have been developed within the HYDRA environment that
allow a quick and easy monitoring of detector data throughout a
beam time. A sample online plot for the TOF detector is shown
in Figure 6.

Figure 6: The TOF detector inclusive count distribution in the
XY laboratory frame (units are in mm), as seen by means of the
online GUI for monitoring.

A preliminary analysis of the collected data shows that the
calibration procedure is reliable, and that a few levels of itera-
tion on the related data may further improve the results. Corre-
lated data from TOF and RICH prove that HADES can really
identify leptons, as can be seen in Figure 7.

time-of-flight [ns]
Figure 7: Upper plot: TOF spectrum of all particles detected.
Lower plot: TOF spectrum for electron candidates, as selected
by means of a position correlation between RICH and TOF hits.
Data were taken without magnetic field.

The measured times in the TOF detector have been re-
normalised to equal flight path (2.1 m). The lepton peak in the
upper part of Figure 7 is due to knockon electrons with energies
well below the Rich threshold of 10 MeV.

Pre-Shower Detector
The whole Pre-Shower detector has been finally mounted on the
HADES spectrometer mainframe. All detector channels are
connected to the read-out electronics consisting of 32 channels
Front-End cards and fast digital Read-out Boards located
directly on the detector. The main goal of this detector is
electron identification at forward polar angles (smaller than 45
degree). This should be achieved measuring electromagnetic
showering in two lead converters placed between 3 gas
chambers with pad readout. As has been shown in simulations,
full electron identification can only be achieved when electron
candidate hits are matched with rings in the RICH and fast
particle hits in the TOFino detector. The Pre-Shower detector
can also be used as a tracking device since it provides a hit
position of a particle track after bending in the magnetic field
and thus allows for a rough momentum determination.
The whole system has been successfully tested in C+C col-
lisions. Charged particle tracks have been reconstructed from
Pre-Shower and TOFino hits and from positions in the MDC
(plane 2). Figure 8 (upper row) shows the resulting time of
flight spectrum and TOF versus momentum correlations. The
plots in the lower row present similar distributions with the
additional condition on spatially correlated rings found in the
RICH and electromagnetic shower candidates found in the Pre-
Shower detector. The discrimination of the electron signal in
the time of flight spectra is clearly visible. A gaussian fit to the
electron peak gives σ=0.67ns, however a TOF correction due to
the track length in the magnetic field has not yet been applied.
The intrinsic time resolution of TOFino amounts to 0.25-0.3 ns.

Figure 8: TOF versus Momentum (left) and TOF distributions
(right). Upper part: All charged particles. Lower part: Spatial
correlation with RICH rings required.

Trigger and Data Acquisition
In order to facilitate the handling of the various detector sub-
systems during commissioning, the trigger distribution system
was enhanced by adding a trigger hub featuring flexible con-
figuration and diagnostics options. In particular, it is now

Momentum [MeV/c] Time-of-Flight [ns]
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possible under software control to run with any combination of
subsystems without recabeling of the trigger bus.

Readout for the Pre-Shower and TOF subsystems
The Pre-Shower readout hardware was completed and inte-
grated into the setup. Zero suppression and calibration were
successfully tested.

Readout of the TOF/TOFino-subsystem in Chained Block
Transfer Mode (CBLT) was successfully implemented using
modified versions of the CAEN TDC/ADC-modules and the
new combined TOF readout/trigger modules. Here, a scheme
with one SHARC-DSP-based readout/trigger module per VME
crate connected to a common concentrator board was used.
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Figure 9: Correlation of x-coordinates of ring candidates found
by hardware and by software. Events above and below the
diagonal are due to different threshold settings in both
algorithms.

RICH Trigger Hardware and Matching Unit
A first successful test of the first/second level trigger/DAQ –
scheme with pipelining was conducted during the November
commissioning run. Here, the Matching Unit (MU) was con-
nected to the TOF subsystem and to one module of the RICH
Image Processor. RICH ring coordinates were transmitted to the
MU and recorded event-by-event. Figure 9 shows the result of
an off-line analysis showing the correlation of ring center x-
coordinates on the RICH padplane found by hardware image
processing and by applying the RICH software ring finding
algorithm. Additional events, which are non-diagonal are
resulting from different thresholds in both algorithms.

Common Event Building
Based on a dedicated ATM network data from the various
detector subsystems are transferred asynchronously from 7
VME-CPU’s to a common event builder which assembled the
full events. A data taping speed of up to 5 MB/s could be
achieved, corresponding to up to 2000 events/s for the system
C+C.

First Results
The combined analysis of detector signals from one MDC plane
and the outer TOF wall allows to identify charged particles. As
the outer drift chambers were not yet included, this analysis
could be done in a low momentum resolution mode only. The
result is shown in Figure 10 for the system C+C at 1.5 AGeV
beam energy. Pions, protons and deuterons are clearly sepa-
rated. The data were taken at 72% of the maximum magnetic

field. The calibration of the detector alignment is still in pro-
gress and an improved resolution is expected.

Figure 10: Mass spectrum obtained by analysing the transverse
momentum kick within the magnetic field using position and
angle information from one inner drift chamber and position
measured with the outer TOF wall. Calibration is preliminary.

From a first preliminary analysis of the RICH data an opening
angle distribution for lepton pairs was obtained for about
800.000 events C+C at 1.5 AGeV (Figure 11). As expected, the
distribution is dominated by small opening angles due to pairs
from Dalitz decays of π0 and conversion of photons in the target
and radiator. Besides ring recognition in the Rich no further
lepton identification or track matching was required.

Figure 11: Opening angle distribution of lepton pairs obtained
for about 800000 C+C collisions at 1.5 AGeV(blue) as com-
pared to a simulation which includes only Conversion and
Dalitz decays of the π0. Preliminary result.

Summary and Outlook

The setup has proven its capability to measure lepton pairs.
With the installation of outer drift chambers during 2001 and
spring 2002 the momentum resolution should be significantly
improved. Physics runs providing lepton pair spectroscopy with
good statistics are expected for this year.
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Quenching of resonance production in nuclear collisions around 1 AGeV

A.B. Larionov∗, W. Cassing, S. Leupold, U. Mosel
University of Giessen

Pion production in heavy-ion collisions is relatively well
studied both theoretically and experimentally. There is
still, however, a longstanding open question: Why pion
multiplicities produced by transport models like BUU and
QMD overestimate the experimental data? The largest
discrepancy is observed for central Au+Au collisions at
1 AGeV [1]. In this system pions are mostly produced
through the ∆-resonance excitations in a two-step process:
NN → N∆, ∆ → Nπ. Since this process happens in
nuclear matter, in-medium effects (besides evident Pauli
blocking of the nucleons in final states) cannot be excluded.
We have studied the effect of possible in-medium modi-

fication of the cross sections for the processes NN ↔ NR
on the pion observables. The calculations have been done
within the BUU model [2] employing the SM mean field
(K=220 MeV). The in-medium spin-averaged matrix ele-
ment squared for the resonance R production/absorption
was parametrized as |MNN↔NR|2 = κ(ρ)|Mvac

NN↔NR|2,
where |Mvac

NN↔NR|2 is the vacuum matrix element squared
and κ(ρ) is a density-dependent function to be deter-
mined from a fit of the experimental data. The func-
tion κ(ρ) is for simplicity supposed to be the same for
all baryon resonances. Fig. 1 shows the π− multiplicity
vs time for a central Au+Au collision at 1.06 AGeV for
the three choices of κ(ρ): κ(ρ) = 1 – standard (dashed
line), κ(ρ) = 1 + 3ρ/ρ0 – amplified (dotted line) and
κ(ρ) = min(1,max(0, 1 − 2(ρ/ρ0 − 1))) – quenched (solid
line). There is a reduction of the pion yield in both
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cases, but the experimental data are only well fitted for
the quenched choice of κ(ρ). We checked that a further
increase of the amplification factor will not modify the
pion multiplicity essentially: it always overpredicts the
data at least by 30% [3]. The quenching scenario assumes
that at ρ ≤ ρ0 the in-medium modifications are absent,
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at ρ0 < ρ ≤ 1.5ρ0 the resonance production/absorption
matrix elements decrease linearly with density and at
ρ ≥ 1.5ρ0 the matrix elements become zero, i.e. at high
density resonances do not experience any elastic or inelas-
tic scatterings with nucleons. They can, however, decay
or be produced in processes R ↔ Nπ.
We show in [3] that for Au+Au at 1 AGeV the quench-

ing results in a vertical downward shift of the pion pt-
spectra, thus improving the agreement with the data [1, 4].
For the light system C+C at 0.8÷2 AGeV, both standard
and quenched calculations produce practically the same
mt-spectra of πo’s [3], since in the lighter system medium
modifications are weaker.
Both, transverse in-plane and out-of-plane pion flows

are weakly influenced by the quenching. There is a good
agreement of our calculations with the data on the in-plane
π± flow [5] (see [3] for details). However, we underpre-
dict the high-pt π

+ squeeze-out ratio RN := (Nπ+(90o) +
Nπ+(270o))/(Nπ+(0o) + Nπ+(180o)) [6] as shown in Fig.
2. Therefore, in order to describe the pion squeeze-out
some additional effects have to be taken into account. We
expect, that the introduction of a momentum-dependent
pion potential as well as further modifications of the res-
onance life time will improve the agreement with data on
pion squeeze-out in analogy to the case of nucleon squeeze-
out [7].

References

[1] D. Pelte et al., Z. Phys. A 357, 215 (1997).
[2] M. Effenberger, E.L. Bratkovskaya, and U. Mosel,

Phys. Rev. C 60, 044614 (1999).
[3] A.B. Larionov et al., in preparation.
[4] O. Schwalb et al., Phys. Lett. B 321, 20 (1994).
[5] J.C. Kintner et al., Phys. Rev. Lett. 78, 4165 (1997).
[6] Y. Shin et al., Phys. Rev. Lett. 98, 1576 (1998).
[7] A.B. Larionov et al., Phys. Rev. C 62, 064611 (2000).



- 52 -

- 52 -

Pion and Kaon Production in central Pb+Pb Collisions
at 40 GeV per Nucleon from the NA49 ExperimentG,B
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The creation of new particles is the most important pro-
cess in high energy nuclear collisions and its excitation
function may allow to detect threshold effects and non-
monotonic behavior. The NA49 experiment at the CERN
SPS has complemented its 158 GeV per nucleon data by
recording 1.8 million Pb+Pb events at 40 GeV per nucleon
in fall 1999 and 400.000 central events at 80 GeV per nu-
cleon in fall 2000. Results on pion and kaon production
in central (7%) 40 GeV per nucleon events are presented
here.

The experiment NA49 was designed for Pb-beams at top
SPS energy. The effects of a four times lower Lorentz boost
at 40 GeV/nucleon was compensated by lowering the mag-
netic field strength accordingly. This kept all the essential
features of the NA49 detector [1] intact. The identifica-
tion procedures based on the specific enery loss (dE/dx)
were supplemented by time-of-flight identified particles in
the TOF acceptance regions. In order to get pion rapidity
spectra, one had to identify pions in momentum intervals
where their energy loss is the same as for kaons or protons.
Therefore we first analysed negatively charged particles [2].
To get the π− spectrum, we subtracted the kaons and an-
tiprotons as identified by dE/dx (at different laboratory
momenta!) and then constructed from the resulting π−

the π+ spectra using dE/dx determined π+ to π− ratios
in regions where identification was possible. Those parts
of the spectra for which the ratios were not measured have
been obtained from extrapolation.

Acceptance losses, tracking inefficiencies and losses due
to particle identification procedures were corrected for in
bins of rapidity and pT . The systematic errors on the
multiplicity of pions and kaons are estimated to be less
then 10%. Since the NA49 acceptance covers only the
forward hemisphere, the measured spectra were mirrored
at midrapidity to calculate the total multiplicities.

Fig.1 shows the rapidity distribution of negatively
charged pions. The rapidity density at mid-rapidity is 110
± 5 and the FWHM of the distribution comes out to be
2.45 ± 0.1. This is to be compared to 3.4 ± 0.15 at 158
GeV per nucleon. The respective fractions relativ to the
full rapidity gap are very similar. The integral over the full
rapidity distribution yields an average of 313 ± 15 π− per
central event. Fig.2 displays the transverse mass distribu-
tion of the pions. Its form is obviously not an exponential.
We therefore refrain from giving a slope parameter but
rather calucte the mean pT = 0.36 ± 0.2, which is slighly
lower than the value found at 158 GeV per nucleon.
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Figure 1: Rapidity distribution of negatively charged pions
in central Pb+Pb collisions at 40 GeV per nucleon.
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Figure 2: Transverse mass distribution of negatively
charged pions in central Pb+Pb collisions at 40 GeV per
nucleon.

In Fig.3 we present the rapidity distributions of charged
kaons. The integrals over the full rapidity distributions
yield 17.8 ± 0.9 K− and 56.3±3 K+ per central event [3].
The total yields and the multiplicities at midrapidity are
summarized in table 1.
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total yield midrapidity yield
π− 313± 15 110± 5
π+ 282± 15 99± 7
K− 17.8± 0.9 8.18± 0.4
K+ 56.3± 3 20.52± 1

Table 1: Pion and kaon multiplicities in central 40 A·GeV
Pb+Pb collisions, the midrapidity yields are calculated for
| y−ycm

ycm
|< 0.125.

These measurements allow together with previous NA49
measurements at 158 GeV per nucleon [4], measurements
at the AGS [5] and RHIC [6] to plot the energy dependence
of the K+/π+-ratio. It shows a non monotonic behavior
in the SPS energy range (figure 4). To further study this
structure, the 80 GeV per nucleon data is currently being
analysed and NA49 will take additional Pb+Pb data at 20
and 30 GeV per nucleon.
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Figure 3: Rapidity distribution of charged kaons in central
Pb+Pb collisions at 40 GeV per nucleon. Squares are from
TOF-dE/dx analysis, triangels from dE/dx-only analysis.
Open symbols are reflected at midrapidity.
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Λ Hyperons Produced in 158 A GeV Pb+Pb CollisionsG,B
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Most of the Λ hyperons observed in the final state of
nucleus-nucleus collisions at SPS energies are truly par-
ticipating baryons and their rapidity distribution is an ap-
propriate measure of baryon stopping. In addition correla-
tions between Λs probe the Λ-Λ interaction which is the de-
cisive parameter for a possible six-quark bound state, the
H-Dibaryon. Finally, the relativ yield of Λ resonances may
be compared in p+p and Pb+Pb collisions in order to learn
about the differences between in-medium effects of baryons
and baryonic resonances. In the past, reconstruction of Λ
hyperons proved to be difficult in central Pb+Pb collisions
due to the high track density and the resulting confusion
when searching for the characteristic V0 decay topology.
Similarily the identification of the Λ(1520) excited state by
a signal in the (K−p) invariant mass was hampered by the
large combinatorial background. New software improve-
ments in V0 detection and in particle identification have
led to reliable Λ and Λ(1520) signals. In this contribu-
tion we present new preliminary results on the Λ rapidity
distribution in 1.5< y <4.5, on Λ-Λ correlations and on
the comparison of the Λ(1520) signal in p+p and central
Pb+Pb collisions.
Fig. 1 shows the rapidity distribution of Λs in the 5%

most central Pb+Pb collisions. The data are not corrected
for feed down from Ξ and Ω decays. Also shown is the pub-
lished result from experiment WA97 [1] again not corrected
for feed down and derived from the 3% most central col-
lisions. It should be noted that the feed down corrections
need not to be the same for the NA49 and WA97 analysis.
For a comparison of the data to p+p measurements see [2].
In Fig. 2 the Λ-Λ correlation is plotted as a function of

the invariant momentum difference (qinv). At low qinv a
significant dip signals the Pauli principle for fermions. The
absence of a positive correlation at small qinv suggests that
the s-wave interaction is rather weak. A fit to the correla-
tion function yields a radius parameter of approximately
2 fm assuming the absence of final state interactions.
Fig. 3 shows the invariant (K−p) invariant mass dis-

tributions after background subtraction for inelastic p+p
(upper) and central Pb+Pb (lower) collisions[3]. The
Λ(1520) resonance is clearly visible in both data samples;
their positions are within errors the same and agree with
the PDG value. It seems that the width of the Λ(1520)
from Pb+Pb is slightly broader than from p+p. The yield
per participating nucleon pair is slightly lower in the nu-
clear reaction, although the Λ yield per nucleon pair shows
a strong enhancement in A+A over p+p.
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p+p (upper) and central Pb+Pb(lower) collisions at 158
A GeV. The widths of the Λ(1520) signals are 15±4 MeV
and 23±6 MeV.
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Strangeness Production in ultrarelativistic p+p Collisions at 158 GeV
from the NA49 ExperimentG,B

A.Billmeier1 , C.Blume2, R.Bramm1, P.Bunčić1, P.Dinkelaker1, M.Gaździcki1, T.Kollegger1 , I.Kraus2, C.Markert2, A.Mischke2,

R.Renfordt1, A.Sandoval2, H.Sann2, R.Stock1, H.Ströbele1, M.Wensveen2, A.Wetzler1, J.Zaranek1 for the NA49 Collaboration
1Universität Frankfurt, 2GSI Darmstadt

The interpretation of results from high energy nuclear
collision experiments requires accurate knowledge about
the corresponding reaction characteristics in elementary
hadron-hadron interactions. This information is not al-
ways available with the wanted precision, as early particle
physics experiments either did not cover full phase space or
suffered from low statistics. The SPS experiment NA49 [1]
has therefore started a program to study hadron produc-
tion in p+p interactions at 158 GeV/c beam momentum.
An important part of this program is the measurement of
strangeness production in full phase space [2].

The NA49 experiment has recorded a total of 2.26 mil-
lion p+p interactions at 158 GeV. After event selection
cuts, which ensure that the interaction occurs in the liq-
uid hydrogen target, 83 % of the total inelastic cross sec-
tion remain for the analysis. The detection of the mea-
sured strange hadrons is based on the recognition of the
characteristic V 0 topology, which arises from the decay of
long lived neutral particles into two charged decay prod-
ucts. Λ and K0S decays are searched for by intersecting
tracks from oppositely charged particles and by study-
ing the resulting invariant mass distribution of those pairs
which have a valid secondary vertex. Cuts on its posi-
tion, the distance of the daughter particles in the target
plane as well as the cm-decay angles are used to max-
imise the signal to noise ratio in these distributions. The

double strange hyperon Ξ− and its antiparticle Ξ
+
were

identified by combining the trajectories of all Λ and Λ can-

didates with those of negatively (Ξ−) and positively (Ξ
+
)

charged particles. The whole procedure is applied to equal-
sized, non-overlapping intervals in rapidity and transverse
momentum, which have been chosen according to signal
statistics in these two variables. Detection efficiencies and
acceptance corrections were determined in the same y−pT
bins by processing simulated strange particle decay topolo-
gies using the complete analysis chain.

Figs. 1a,b and 2 show the rapidity distributions of K0S ,
Λ, and Ξ-hyperons in inelastic p+p interactions. Also
shown for the neutral strange hadrons are previously mea-
sured data [3] at similar energies. The transverse momen-
tum distributions (not shown) follow within experimental
errors an exponential function with slope parameters of
� 138, 142, 174 MeV for K0S , Λ, and Ξ hyperons respec-
tively.

The scaling of the p+p spectra by the number of par-
ticipants in Pb+Pb collisions at the same energy allows a
direct comparison of both systems. Fig. 3 shows the ra-
pidity distributions of K0S for both – central Pb+Pb data
as well as the scaled p+p results together with a fit to the
identified charged kaons [4]. A strangeness enhancement
of a factor ≈ 2 in the Pb+Pb compared to p+p reactions
is clearly visible.
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Figure 1: Rapidity distributions for K0S (left) and Λ (right)
compared to reference data at similar energies [3]. The shape
of the distributions is reproduced, the dip around midrapidity
in the K0S spectra cannot be verified.

y
0 1 2 3 4 5 6

 d
n

/d
y

E
v

1/
N

0

0.02

0.04

0.06

0.08

0.1

0.12
-2x10

Figure 2: Rapidity distributions for Ξ− (•) and Ξ
+
(�).
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Figure 3: Comparison of the rapidity distribution for K0S in
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Stability and instability of a hot and dilute nuclear droplet:
adiabatic isoscalar modes

W. Nörenberg, G. Papp∗and P. Rozmej†

The diabatic approach to dissipative large-amplitude
collective motion [1] is reformulated in a local energy-
density approximation. We consider a general displace-
ment field, which is defined by an expansion of the dis-
placement potential in terms of multipoles, and include
Coulomb interactions. This expansion allows the ana-
lytical evaluation of collective mass and stiffness tensors
within a consistent harmonic approximation. The set of
eigenvalue equations couple modes with different number
of nodes in the radial function of the displacement field.
The orthogonal eigenmodes of the droplet are determined
as function of the relaxation time τ for the decay of defor-
mations of the local Fermi sphere, i.e. continuously from
the adiabatic to the diabatic limit. Furthermore we con-
sider also pure surface modes and compare the instability
properties for soft and stiff equations of state.
In a first application the adiabatic (τ = 0) isoscalar

modes are studied and results for the eigenvalues of com-
pressional (bulk) and pure surface modes are presented as
function of density and temperature inside the droplet, as
well as for different mass numbers and for soft and stiff
equations of state [2]. We have studied these adiabatic
isoscalar modes in detail, because they are related to ther-
modynamics and to many studies performed in the past.
The results on adiabatic isoscalar bulk instabilities are

summarized as follows.

– As compared to infinite nuclear matter the spinodal
region for compressional (bulk) instabilities shrinks
to smaller densities and temperatures with Tcrit = 6
MeV (8 MeV) for a soft (stiff) EOS. The observed
fragmentation temperatures of about 5 MeV are con-
sistent with spinodal decomposition after expansion.
Typical values for the growth rates are γ ≈ 5 MeV
(10 MeV for a stiff EOS) corresponding to growth
times h̄/γ ≈ 40 fm/c (20 fm/c).

– Effects from Coulomb interactions on the bulk insta-
bilities are negligible.

– With decreasing density and temperature the modes
with the lowest multipolarities and no radial node be-
come unstable first.

– At densities below 0.3�0 (with �0 = 0.16 fm−3) the
instability growth rates for different multipolarities
(l = 2, 3, 4, 5) and number of nodes (n = 0, 1, 2, 3) are
practically equal. This property can yield a power-
law behavior A−σ with σ ≈ 2.0 of the fragment-mass
distribution in agreement with experimental observa-
tions and is not related to the critical point.

∗Permanent address: HAS Research Group for Theoretical
Physics, Eötvös University, Budapest, Pázmány P. s. 1/A, H-1117
Budapest, Hungary

†Permanent address: Institute of Mathematics, Technical Uni-
versity of Zielona Góra, ul. Podgórna 50, Pl-65246 Zielona Góra,
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Figure 1: Combined bulk (below Tcrit = 6 MeV) and sur-
face instabilities for a gold-like droplet and a soft EOS.
Shown are the largest growth rates (shaded areas) and the
lowest vibrational energies (surface modes).

For finite nuclear droplets surface modes are important in
addition to the compressional modes. Indeed, pure surface
modes show some interesting features.

– The instability region of pure surface modes extends
to larger densities up to about the spinodal line of
infinite nuclear matter and to large temperatures.

– In general the growth times are smaller by half an
order of magnitude as compared to the typical values
for bulk instabilities.

– In the stable region surface modes are slow, such that
deformations initiated in the excitation process will
persist during expansion and clustering.

– The surface instability is dominated by quadrupole
deformation.
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York 1986) p. 91; W. Nörenberg, Heavy Ion Reac-
tion Theory, ed. by W.Q. Shen, J.Y. Liu and L.X. Ge
(World Scientific, Singapore 1989) p. 1.
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Statistical evolution of fragment isospin in nuclear multifragmentation.

A.S. Botvina, GSI Darmstadt and INR Moscow.

The knowledge of the isotope composition of fragments
produced in nuclear multifragmentation can help in resolv-
ing important problems: Do the fragments keep the mem-
ory of the initial dynamical stage or are they produced
statistically? How does the isospin influence the disinte-
gration of finite nuclei and what is the difference to the case
of nuclear matter? What is the isospin dependence of the
nuclear equation of state? Generally, this study addresses
an intriguing interdisciplinary problem of the phase transi-
tion in a finite-size two-component system (i.e. in a nucleus
consisting of neutrons and protons), that is instructive for
all fields dealing with finite systems. The problem was in-
vestigated within the statistical multifragmentation model
(SMM) [1], which is successfully used for explanation of ex-
perimental data. A new Markov chain method of partition
generation was incorporated in the model [2], that allows
for considering the multifragmentation process on a solid
microcanonical basis. The reported results reflect statisti-
cal properties of the fragment production and can be used
for identification of the phenomenon.
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Figure 1: The neutron-to-proton ratio N/Z (top) and rel-
ative yield (bottom) of hot primary fragments produced
after break-up of Au nuclei at different excitation ener-
gies: 3 (solid lines), 4 (dashed lines), 5 (dotted lines) and
8 (dot-dashed lines) MeV per nucleon.

The mass distributions and neutron-to-proton ratios
(N/Z) of hot primary fragments produced after multifrag-
mentation of a Au source (mass number As=197, charge
Zs=79) are shown in Fig. 1. One can see a general statis-
tical trend: the N/Z ratio of the fragments increases with

their mass numbers. This is a consequence of the interplay
between the Coulomb and symmetry energy contributions
to the binding energy of fragments [1]. This trend persists
up to A ≤ As/2, while at larger A the finite-size effects
due to the mass and charge conservation prevail. In Fig. 1
one can also see the evolution of the N/Z ratio in the ex-
citation energy range E∗s=3–8 MeV/nucleon, where the
fragment mass distribution evolves from the U–shape, at
the multifragmentation threshold E∗s ∼ 3 MeV/nucleon,
to an exponential fall at the highest energy. This energy
range is usually associated with a liquid-gas type phase
transition in finite nuclei: During this evolution the tem-
perature reaches a ”plateau” and is nearly constant [1, 3].
As the energy increases the N/Z ratio of primary inter-
mediate mass fragments (IMF, charges Z=3–20) increases,
too. The reason is that the heaviest neutron-rich fragments
are destroyed at increasing excitation energy, and some of
their neutrons are bound in the IMFs, since the number of
free neutrons is still small at this stage. Simultaneously,
the N/Z ratio of the heaviest fragments decreases slightly.
At very high excitation energy (E∗s > 8 MeV/nucleon) the
N/Z ratio of IMFs does not rise anymore but drops be-
cause no heavier fragments are left and the number of free
neutrons increases rapidly, together with the temperature.
This isospin evolution shows how the isospin fractiona-
tion phenomenon predicted for nuclear matter [4] actually
shows up in finite nuclear systems. Such a mechanism is
consistent with recent experimental data [5]. New exper-
iments for studying mass and isospin effects in multifrag-
mentation are planned at GSI [6].
Interesting phenomena are also predicted for periph-

eral nucleus–nucleus collisions [2]: 1) The neutron con-
tent of IMF increases if a considerable angular momen-
tum is transfered to the source, because of an interplay of
the rotational and Coulomb energy. 2) There is a break
of the symmetry of the phase space population, includ-
ing the space isospin distribution, because of the external
Coulomb field of the partner nucleus. The space asym-
metry leads to predominant population of the midrapid-
ity kinematic region by neutron-rich IMFs, that should be
considered as purely statistical alternative to a dynami-
cal explanation of the midrapidity emission [7]. Such pro-
cesses are examples of a new kind of statistical emission
influenced by an inhomogeneous long–range field.
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Thermal Boson Expansion

Z. Aouissat and J. Wambach
Institut für Kernphysik, Technische Universität Darmstadt.

Based on recent progress in the application of thermo field
dynamics (TFD) [1] to thermal many-body systems, sev-
eral authors [2, 3, 4] have considered a consistent ther-
mal boson expansion (TBE). In this regard two points of
view have been taken [2]. The first (path I) consists of
a bosonization of the original degrees of freedom of the
system, substituting for these ideal boson images. The
thermalization is then achieved by doubling those newly
introduced bosons as according to TDF prescription. The
second possibility (path II) proceeds on the other hand
via a thermalization of the system by doubling the origi-
nal degrees of freedom and a subsequent bosonization of
the entire new system. The two paths do not lead to the
same results. Moreover, when applied to the Lipkin model,
a closer look shows that the choice of path I implies that
the thermal density of states are of bosonic type although
the original system is purely fermionic.
To circumvent this problem one may choose path II where
the thermal density of states is of fermionic type, since
the thermalization is performed on the original fermions.
However, inconsistencies related to the quasi-particle en-
ergies defining the thermal density of states, emerge. The
latter are usually taken as solutions of a Hartree-Fock-
Bogoliubov (HFB) approximation which, in most cases,
leads to a dynamical mass generation. For massless modes,
such as Goldstone modes, this gives the wrong solution.
On the other hand, a mean-field description that is com-
pliant with the symmetry requirements, is the Hartree-
Bogoliubov (HB) approximation which can be obtained af-
ter a bosonization à la Holstein-Primakoff (HP). Therefore,
when considering the symmetry constraints, it is rather
path I that is favored. Amendments are, however, needed
in order to reconcile it with the requirements of the statis-
tics as explained earlier.
It was shown in [5] that a Boson expansion approach
that treats on equal footing pair- as well as single-particle
mapping offers a simple solution to the problems outlined
above. For that matter the extended form of the bosonic
HP mapping has been proposed in [6] which accommodates
single-boson and boson-pair mappings:

(�a�a)I = GN (n,m)A , (�a+�a)I = 2n+m ,

(ai)I = GN (n,m)ΓN (m)αi + 2α+
i AΓN (m) ,

(�a+�a+)I = (�a�a)+I , (a+
i )I = (ai)+I , (1)

where N is an integer, n = A+A, m =
∑

i α
+
i αi, and ΓN

is given by

GN (n,m) =
√
2N + 4(n+m) , (2)

ΓN (m) =
[

m+N − 2
2(2m+N)(2m+N − 2)

] 1
2

. (3)

Thus, instead of the original bosons ai, one has an ideal
boson αi which, as was shown in ref. [6], can accommo-
date the symmetry requirements. This is at the expense

of introducing a power series in an auxiliary boson A.
The thermalization of the system is then undertaken in
a consistent way by using the TFD formalism. The time-
translation operator,H = H−H̃ , of the system is obtained
as usual by considering the tilde conjugate of all operators
such as A and αi among others. However, the independent
thermal quasiparticle representation is obtained by rotat-
ing only the ideal bosons αi, α

+
i and their tilde conjugate

(t.c.), via a unitary thermal Bogoliubov transformation

α+
i = u(T )γ+

i + v(T )γ̃i , (4)

into the thermal quasiboson operators γi, γ+
i , and their

t.c. We insist here on the fact that the bosons A, Ã need
not be transformed since they are only auxiliary modes.
This point of view is different from those adopted in all
earlier works [2, 3, 4].
For fermionic systems, the situation is rather similar to
the bosonic case. The extended form for the fermionic HP
mapping proposed by Marshalek [7] is given by

(Jz)I =
1
2
nf +B+B ,

(J+)I = B+
√
N − (B+B + nf ) ; (J−)I = (J+)+I

(c2p)I = N−1
(√

N − (B+B) a2p + B a1p

)
(5)

(c1p)I = N−1
(√

N − (B+B) a1p − B a2p

)

nf =
N∑

p=1

(a+
2pa2p − a+

1pa1p) .

where B+ and a+
ip are ideal boson and fermion opera-

tors, respectively. It allows a consistent mapping of pairs
and single-fermion states. The thermalization is again
obtained following the amended path I. Thus one intro-
duces as previously the thermal Bogoliubov transforma-
tion which rotates only the ideal fermions and their tilde
transform, such that

a+
ip = xiβ

+
ip + yiβ̃ip , (6)

while the auxiliary bosons B are left unaltered. Obviously
our procedure cures the problems of path I that were en-
countered in ref. [2] regarding the fermion statistics [5].
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Chiral Phase Transition in the scaled O(4)-Model

O. Bohr, B.-J. Schaefer, J. Wambach
Institut für Kernphysik, Technische Universität Darmstadt.

Due to the non-Abelian character of QCD gluons self-
interact and form bound states, so-called glueballs. Such
glueballs have been seen in recent lattice simulations and
are actively searched for in experiment. Glueballs can be
used to construct effective models of QCD which respect
the symmetries and anomaly structure of the theory.
At the classical level and in the limit of vanishing quark
masses QCD for n flavors exhibits a global chiral U(n)L ×
U(n)R symmetry and is in addition invariant under scale
transformations. Due to anomalies not all of the associated
currents are conserved and the symmetry is broken down
to SU(n)L × SU(n)R which, in the case of two flavors, is
isomorphic to O(4). This symmetry is spontaneously bro-
ken to SU(n)L+R. The divergence of the anomalous scale
current is given by the trace of the energy-momentum ten-
sor which, in the limit of massless quarks, is given by

〈θµ
µ〉 = 〈β(g)

2g
Ga

µν(x)G
aµν(x)〉 , (1)

whereGa
µν(x) denotes the gluonic field-strength tensor and

β(g) is the usual QCD beta function. An effective realiza-
tion of the scale anomaly can be achieved by adding to the
classical Lagrangian a scalar color singlet dilaton field χ
with an interaction potential of the form

V (χ) = h

(
χ

χ0

)4 (
ln

χ

χ0
− 1

4

)
, (2)

where h is a constant that is related to the vacuum energy
density εvac via h = −4εvac, when there are no quarks.
The potential has a minimum at χ = χ0.
In a previous work [?] we have tested a novel renor-
malization group approach to investigate chiral symme-
try restoration at finite temperature and could analyze
the critical behavior at the chiral phase transition of the
O(N)-model. In this work we investigate the influence of
the additional dilaton field on the chiral phase transition
and the critical behavior. Therefore we couple a massive
scalar dilaton field, which breaks the scale invariance, to
the O(4)-model. Here we follow here the work in [?] and
consider the following Lagrangian

L =
1
2
∂µσ∂

µσ +
1
2
∂µ�π∂

µ�π +
1
2
∂µχ∂

µχ (3)

−λ

4

(
σ2 + �π2 − χ2

ζ2

)2

− V (χ) ,

where σ, �π denote the sigma- and the pion fields respec-
tively.
Lattice calculations hint that the lightest glueball has a
mass of 1.3 - 1.6 GeV. We use this mass as a constraint to
fix the parameters of the model at T = 0. We then per-
form a finite-temperature calculation, where we calculate
the vacuum expectation value (VEV) of the meson fields
and the critical exponents of the chiral phase transition.

From a comparison with the O(4)-model calculation with-
out the dilaton field we can then estimate the influence of
the dilaton field on the chiral phase transition.
The temperature dependence of the scalar mesonic VEV

〈φ〉 (cf. Fig. 1) is very similar to the temperature depen-
dence in the pure O(4)-model calculation without the dila-
ton field. Around Tc we again obtain a scaling behavior of
the VEV 〈φ〉 and of the mesonic coupling constant λ with
critical exponents β = 0.39 and ν = 0.79.
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Figure 1: The temperature evolution of the vacuum expec-
tation values of the dilaton field 〈χ〉 and the scalar meson
field 〈φ〉 in the chiral limit.

These values of the exponents coincide within the esti-
mated numerical error bars with the pure O(4)-model
values.
On the other hand the glueballs themselves change very
little in the temperature region up to the chiral phase
transition. The change of the mass as well as of the
VEV of the dilaton field (cf. Fig. 1) is less then 0.1%
in this region. Calculations within the framework of a
pure dilaton model show that the glueballs begin to be
modified considerably at temperatures around 250 MeV.

In summary we can conclude that the glueballs, due to
their high mass of ≈ 1.5 GeV, have very little influence on
the temperature evolution in the mesonic sector where we
still find a second order chiral phase transition with O(4)
critical exponents.
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Chiral Fluctuations in Nuclei

Z. Aouissat, C. Isselhorst and J. Wambach
Institut für Kernphysik, Technische Universität Darmstadt.

The near-threshold enhancement in the π+π− invariant
mass distribution in nuclei, observed by CHAOS collabo-
ration [1] and for π0π0 pairs by the Crystal Ball collabora-
tion [2], offers the interesting possibility of directly observ-
ing a signal for partial restoration of chiral symmetry in
a dense medium. There seems to be theoretical consensus
on a strong in-medium reshaping of the s-wave isoscalar
pion-pair correlations as a direct consequence of increased
fluctuations of the chiral order parameter. This translates
into a significant downward shift of the strength in the ππ
T -matrix in the scalar-isoscalar channel as seen in Fig. 1.
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Figure 1: The imaginary part of the in-medium ππ T-matrix
at normal nuclear density. The parameter α represents the
medium effects on the mean field sigma-mass. See ref. [3] for
details.

The reaction theory for the A(π, 2π) knockout process has
been thoroughly studied in the past [4], but only recently
has the in-medium ππ final-state interaction (FSI) been
seriously considered [5]. Taking into account the elemen-
tary ππ production process on the nucleon, the experimen-
tal acceptance, the Pauli constrained phase-space, and the
nuclear absorption of the incoming and outgoing pions, the
total cross-section for the A(π, 2π) process in local density
approximation reads

σ =
π

q

∫
d2bdzAin(ρ(�r))A+

out(ρ(�r1))A
−
out(ρ(�r2))∫

d3k

(2π)3
d3q1
(2π)3

d3q2
(2π)3

n(�k)[1− n(�q + �q − �q1 − �q2)]

δ(q0 + ε�k − ω�q1 − ω�q2 − ε�k+�q−�q1−�q2
)

1
2ω�q1

1
2ω�q2

|T(πN→ππN)|2
∣∣∣∣Tππ

Vππ

∣∣∣∣
2

FSI

×Acceptance . (1)

To remove both experimental and theoretical uncertainties
in the reaction dynamics, the CHAOS collaboration has
considered the composite ratio, CA

ππ = σA(Mππ)

σA
T

/σN (Mππ)

σN
T

,

where σA(Mππ) (σN (Mππ)) denotes the invariant mass
distribution in the nucleus (nucleon), while σA

T (σN
T ) is the

corresponding total cross section for the A(π, 2π) process

[6]. Comparing this ratio for both π+π− and π+π+ fi-
nal states, one can argue that the observed near-threshold
enhancement must be an I = 0 effect. The theoretical pre-

Figure 2: The ratio CA
ππ for various nuclear targets [6].

dictions shown on Fig. 2 assume the effect of the FSI as
appearing in Fig. 1. The various curves reflect the current
state-of-the-art calculations by different groups (see [7] for
details). The dashed curve uses the model in [3].
However, improvements in the reaction calculations are
needed. The kinematical analysis of the 3-body final state,
for instance, reveals that the average momentum of the
pion-pair is about 200 MeV/c. Therefore the back-to-back
kinematics assumption used in all previous calculations
needs to be revised [8].
On the experimental side, a very exciting possibility which
circumvents the strong absorption in the initial state is
the photoproduction A(γ, 2π0). Such experiments have
been conducted at MAMI in Mainz and are currently an-
alyzed [9]. A theoretical description is also in progress [8].
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Nonpertubative renormalization ow and infrared physics

J. Meyer, K. Schwenzer, T. Spitzenberg and H.J. Pirner,

Institut f�ur Theoretische Physik der Universit�at Heidelberg

Renormalization group ow equations have proved to
be a good tool to analyze the dynamics of strong interac-
tion in the nonperturbative region. They have been suc-
cessfully applied to e�ective mesonic models in a thermal
environment and revealed detailed insight into the chiral
phase transition [1]. The basic aim of the renormalization
group treatment is to systematically integrate out quan-
tum and/or thermal uctuations with momenta above a
certain cuto� scale k and include them into the couplings
of an e�ective action.
We are interested in the low energy theory of strong inter-
action resulting from the integration of high momentum
modes. Assuming a dominant one gluon exchange or a
instanton vacuum, gluonic degrees of freedom can be ab-
sorbed into an instantaneous four fermion interaction de-
scribed by the NJL-model. Our analysis shows that the
standard solution of the NJL-model and the ow of the
linear �-model, which we are using, coincide in the large
NC-limit, where the dynamics is dominated by fermion
loops. In the full solution though, the additional dynam-
ics of the mesonic degrees of freedom becomes important
and yields an improved low energy behaviour compared
to the NJL-model. The linear �-model describes a mass-
less two avour quark �eld q interacting with chiral �elds
� = (�; ~�) and is believed to give a valid description of
chiral dynamics at scales � 1GeV. It has the action

SUV =

Z
d4x

�
�q (i/@ � g (� + i~�~�5)) q +

1

2
(@�)

2
� U(�2)

�
;

with a general O(4) symmetric potential U(�2). From this,
we compute the e�ective action in a one loop approxima-
tion using Schwinger proper time regularization [2]. The
resulting expression is truncated to second order deriva-
tive in order to include the relevant terms for the ow.
This inclusion of higher order terms, results in a splitting
in the dynamics of the massive �-mode and the massless
Goldstone-bosons. By a renormalization group improve-
ment the one loop expressions are turned into nonpertur-
bative ow equations. The resulting ow for the most im-
portant parameters is plotted below. An interesting fea-
ture is, that like the four boson coupling � also the Yukawa
coupling g� vanishes in the infrared. Therefore, aside from
providing a broken vacuum, the � decouples from the dy-
namics and leaves the pions as the only dynamic particles.
We obtain the resulting infrared e�ective action

�IR =

Z
d4x

h
�q

�
i/@ �mq � ig�~�~�5 +

g�

f�
�2
�
q �

1

2
(@~�)

2

+ derivative couplings
i
:

Our approximation obeys the chiral Ward identities and
ensures that the ��-scattering amplitude vanishes at tree
level due to a �qq�2-contact term that cancels the 1�-
contributions in the IR.
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Once the ow equations for the linear �-model are writ-
ten down, the chiral order parameter h�qqi can be calcu-
lated from the partition function. Using the same cuto�
function as for the ow equations one obtains in the local
potential approximation

@k h�qqi = �
Ncgk

5�k

2�2 (k2 + g2�2k)
2
:

Starting in the symmetric regime where the order parame-
ter is zero, we �nd a value of h�qqi = �(194Mev)3, as shown
below.
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It is now tempting to derive a ow equation for the spec-
tral density �(�) of the Dirac operator. This may be done
by establishing a relation between h�qqi (�) and �(�) similar
to the Banks-Casher relation. It would be interesting to
compare the results with recent data available from lattice
QCD.
Another promising idea is to connect our cuto� parameter
to a physical momentum scale and continue our Euklidian
ows to the full complex plane. By this, it would be pos-
sible to compute spectral functions of mesonic resonances
and make a direct connection to low energy hadron phe-
nomenology.
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e+e−-pair production in π−p reactions

Matthias Lutz, Bengt Friman (GSI) and Madeleine Soyeur (CE Saclay)

The cross section for the reaction π−p → e+e− is com-
puted, using vector-meson dominance and the amplitudes
for the processes π−p → ρ0n and π−p → ωn, obtained
in a coupled channel analysis of meson-nucleon scattering
at energies near the threshold for vector-meson produc-
tion [1]. These amplitudes are sensitive to the coupling
of the vector mesons to baryon resonances below the vec-
tor meson production threshold. Data that directly reflect
these amplitudes would provide very useful constraints on
the dynamics of vector mesons propagation in nuclear mat-
ter and e+e− pair production in heavy-ion collisions. The
π−p → e+e−n reaction offers the possibility to experi-
mentally test the pion induced vector meson production
amplitudes below threshold. The interference of the two
light vector mesons in the e+e− channel is sensitive to the
magnitudes and the relative phase of the ρ0 and ω produc-
tion amplitudes (see Fig. 1). An experimental test of the
N*Nρ0 and N*Nω vertices through the π−p → e+e−n re-
action below the vector meson production threshold would
be a most valuable constraint on the in-medium propaga-
tion of ρ0- and ω-mesons.
We shall restrict our discussion to e+e− pairs of invari-

ant masses ranging from 0.5 to 0.8 GeV. The exclusive
measurement of the e+e−n outgoing channel ensures that
the e+e− pairs come from vector meson decays (pseu-
doscalar mesons decay into an e+e− pair and an addi-
tional photon). We note however that only s- and d-
wave pion-nucleon resonances are at present included in
the model of Ref. [1]. To be complete, the description of
the π−p → e+e−n reaction in the energy range discussed
in this work (1.2 <

√
s < 1.8 GeV) should include also the

effect of other partial waves.
The magnitude of the ρ0 − ω interference in the π−p →

e+e−n is illustrated in Fig. 2, where we show the cross
section for this reaction as function of the total center
of mass energy. We have selected e+e− pairs of invari-
ant mass m=0.55 GeV. This figure elucidates the role of
baryon resonances with masses in the range of 1.5 to 1.6
GeV in generating strong interference effects.
Above the vector meson threshold, the ρ0 − ω interfer-

ence in the π−p → e+e−n cross section is particularly
interesting for e+e− pair invariant masses close to the ω
mass. This effect is manifested in the invariant mass spec-
trum shown in Fig. 3 (

√
s=1.8 GeV). The model of Ref.

[1] for the Mπ−p→ρ0n and Mπ−p→ωn amplitudes predicts
a constructive interference at this energy. This feature
appears to be a very sensitive test of the model.
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Figure 1: Squared amplitude for the π−p → e+e−n reac-
tion with intermediate ρ0- and ω-mesons.
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Figure 2: Differential cross section dσ/dm2 for the π−p →
e+e−n reaction as function of
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e+e− production in pp, pd and pA reactions at SIS energies

E.L. Bratkovskaya, W. Cassing, and U. Mosel
University of Giessen

The modification of hadron properties in the nuclear
matter is of fundamental interest. The dilepton data from
heavy-ion experiments at SPS energies have provided first
experimental evidence for a change of the vector meson
properties, however, the heavy-ion data can be interpreted
within different scenarios of in-medium modifications, i.e.
by the dropping mass scenario or the collisional broaden-
ing approach. Since in heavy-ion experiments the nuclear
matter is probed at different densities and temperatures
within the complex dynamical evolution, it will be very
useful to have independent experimental information from
photon-nucleus, pion-nucleus or proton-nucleus reactions,
where the properties of vector mesons are probed at nor-
mal nuclear density or below. This question becomes very
actual with respect to the HADES experiments coming up
at GSI soon [1].
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Figure 1: The dilepton invariant mass spectra dσ/dM for
pp (upper part), pd (middle part) and pBe collisions (lower
part) at 1.5 GeV (left panel) and 4.0 GeV (right panel)
including a 10 MeV mass resolution [2].

Dilepton production in from pp, pd and pBe collisions
from 1 – 5 GeV has been studied in Ref. [2] within
the framework of the combined resonance-string approach
[3]. here, it has been found that the DLS data for pp
and pd collisions can be reasonably well described whereas
for pBe systems (especially at 4.9 GeV) our calculations
give slightly higher dilepton yield. We have demonstrated,
futhermore, the importance to measure dileptons from pp
and pd (or even pBe) collisions simultaneously since such
data provide constraints on the isospin dependence of pp
and pn interactions, which is important for an understand-
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Figure 2: The comparison of different in-medium mod-
ification scenarios, i.e. collisional broadening (dashed
lines) and collisional broadening + dropping vector me-
son masses (dash-dotted lines), with respect to the bare
mass case (solid lines) for p+ Pb from 1–4 GeV [4].

ing of heavy-ion data.
In Fig. 1 we show our detailed predictions for the dif-

ferential dilepton spectra from pp, pd and pBe collisions
at 1.5 and 4.0 GeV energy with a 10 MeV mass resolu-
tion that can be controlled experimentally by the HADES
Collaboration in near future.
A comparison of the different in-medium modification

scenarios is shown in Fig. 2, i.e. collisional broadening
(dashed lines) and collisional broadening + dropping vec-
tor meson masses (dash-dotted lines), with respect to the
bare mass case (solid lines) on a linear scale for p+Pb col-
lisions from 1–4 GeV. The collisional broadening + ’drop-
ping mass’ scenario leads to an enhancement of the dilep-
ton yield in the range 0.5 ≤ M ≤ 0.75 GeV and to a re-
duction of the ω-peak, which is more pronounced for heavy
systems (up to a factor 2 for p + Pb at 3–4 GeV), since
most of the ρ’s and ω’s now decay in the medium approx-
imately at density ρ0. This leads to a pronounced peak
around M ≈ 0.65 GeV, which can be attributed to the in-
medium ω decay since the ρ spectral strength is distributed
over a wide low mass regime. Especially when comparing
dilepton spectra from C and Pb targets, it should be ex-
perimentally possible to distinguish an in-medium mass
shift of the ω meson by taking the ratio of both spectra.
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Renormalisation of Self-consistent Resummation SchemesG

H. van Hees, J. Knoll (GSI)

For the description of physical systems with strong
interactions generally perturbative methods are insuffi-
cient. Rather on the basis of effective field theories
non-perturbative methods such as partial resummation
schemes have to be applied. There are a couple cen-
tral questions connected with such methods which con-
cern symmetries and conservation laws as well as ther-
modynamic consistency and detailed balance. While the
question of conserving approximations was addressed by
Baym’s Φ-functional method [1, 2, 3], in field theoreti-
cal descriptions a further complication arises, namely that
of renormalization. Loop integrals generally diverge and
renormalization concepts were developed in perturbation
theory. In the context of resummation schemes the ques-
tion arises under which conditions they are still renormal-
izable with temperature and density independent counter
terms. In the past only a few specific examples were in-
vestigated.
Our purpose was to analyze self consistent partial Dyson

resummation schemes defined by a set of basic generating
self energy diagrams with dressed propagators. In terms
of perturbative diagrams this leads to an infinite itera-
tive insertion of all basic diagrams. The sum of all these
perturbative diagrams defines the self consistent self en-
ergy which determines the dressed propagator, cf. (1).
All diagram subpieces with the topology of a single loop
which are connected to the rest of the diagram at most
via two vertices, are divergent and have to be renormal-
ized. These structures, however, appear in a nested way
such that first the most inner ones have to be renormal-
ized through counter-terms given by the reduced diagrams
where the divergent sub-pieces are contracted to a point.
The so obtained reduced diagrams themselves are to be
subjected to the same procedure. This iterative process is
formalized as the BPHZ-renormalization scheme. For the
self consistent scheme under consideration the key issue is
to find a compact iteration scheme that generates all the
required counter terms at once.
For an initial study we choose a simple scalar field the-

ory model, the φ4-model. For the Hartree approximation
given by the tadpole self-energy diagram the subtraction
scheme can be formulated as a gap equation. As a new part
we included a genuine two-point contribution, namely the

sunset diagram. The latter gives rise to an imaginary part
in the self-energy, i.e., a finite width for the particles in
the medium. In terms of perturbative diagrams the self
consistent scheme then leads to all kinds of “super-daisy”,
“super-sunset” diagrams and all possible mixtures of them,
cf. (1).
It could be shown that also this approximation can be

renormalized in a BPHZ-type procedure (for details see
[4]). The considerations show that one first has to solve
the problem in the vacuum where subtracted dispersion re-
lations can be used to renormalize the self-energy. In the
same way one obtains the renormalized vertex functions
which are needed to replace the corresponding divergent
vacuum sub-diagrams in the finite temperature case. This
means that for the renormalization of the finite tempera-
ture case one needs only local temperature independent vac-
uum counter-terms in perfect analogy to the well known
theorem for perturbative finite-temperature quantum field
theory.
We argue that the Φ-functional properties of the self

energies indeed enforces the consistency of the counter-
terms and symmetry factors for the explicit as well as the
hidden nested and overlapping divergences since the diver-
gent sub-diagrams are given by higher derivatives of the
Φ-functional with respect to the dressed Green’s function.
This substitution of divergent sub-diagrams together

with direct subtractions of counter-terms on the level of
the integrands provides a scheme where one has to deal
only with convergent integrals without any explicite be-
forehand regularization which opened the possibility to
calculate the self–energy and thermodynamic quantities
such as the entropy in full self–consistency.
The results are important, e.g., for the description of

hadrons in dense matter, e.g. [5] or for an effective de-
scription of gauge fields such as QCD in cases where the
damping width of the particles is of considerable impor-
tance. Supplementary to the renormalization question
functional methods have been developed on the basis of
the Φ-functional concept, which permit to investigate and
cure possible violations of symmetries and conservation
laws at the level of higher order correlation functions [4].
This is of particular importance for gauge theories[5].

Σ = +

︸ ︷︷ ︸
basic diagrams

+ · · ·+ · · ·+

︸ ︷︷ ︸
generated perturbative diagrams

(1)
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Vector mesons within a conserving self-consistent approximationG

H. van Hees, J. Knoll (GSI)

The experimental results on di-lepton production in
heavy ion collisions by the CERES and DLS collabora-
tions has shown an enhancement of the di-lepton produc-
tion rate in the invariant pair mass region between 300-
600MeV compared to the rate to be expected from proton-
proton collisions. Since dileptons are direct signals from
the decay of vector mesons within the hot reaction zone
this enhancement points towards in-medium modifications
of vector-mesons in dense hadronic matter.
From the theoretical point of view a consistent descrip-

tion of such phenomena within effective quantum field the-
oretical models needs a treatment of particles which con-
siders the finite spectral width. This concerns not only the
widths of resonances but also the width due to collisions of
the particles within the hot and dense medium. For such
questions a perturbative approach is generally insufficient
and a self-consistent treatment is at place.
There is a class of self-consistent approximations derived

from a generating functional which leads to a closed set
of conserving equations of motion for the mean fields and
the Dyson resummed dressed propagators [1]. They posses
exact conservation laws for the expectation values for con-
served Noether-currents (including those from space-time
symmetry, i.e., energy, momentum and angular momen-
tum).
A detailed symmetry analysis nevertheless shows that

on the level of higher order correlation functions such as
propagators the Ward-Takahashi identities (WTI) of the
underlying symmetries are not fulfilled [2]. In the case of
vector or gauge fields this has serious consequences: The
WTI are necessary to ensure the physicality of states. A
violation of this symmetry causes the excitation of unphys-
ical degrees of freedom and violates unitarity and causality

within the dressed propagators and currents are no longer
conserved at the correlator level.
On the other hand corrections which restore current con-

servation on the correlator level have been studied within a
diffusion equation approximation of the according kinetic
equation (Fokker-Planck-equation) [3]. The study shows
that the space components of the polarization tensor suf-
fer only small corrections, if the scattering of a particle
is isotropic on the average. The self consistent time com-
ponent, however has a completely wrong behavior as it
also exponentially decay in time within this approxima-
tion, while it should stay constant in time due to charge
conservation.
In order to cure this defect we have invented a particu-

lar projection method. It discards the wrong time compo-
nents of the polarization tensor and solely uses the space
components. This way a 4-dimensionally transverse polar-
ization tensor for the vector field can be constructed. The
two independent components of the thermal polarization
tensor, the longitudinal and transverse components, ΠT (q)
and ΠL(q), can be obtained from

2ΠT + gikΠik = −qiqk

�q 2
Πik = − (q0)2

q2
ΠL.

Here the indices (i, k) run over the spatial components
from 1 to 3. We have numerically solved the coupled
self-consistent equations of motion for this projected self-
energies. For details see [2, 4].
The results show a significant enhancement of the spec-

tral width in the low energy mass region and all thresholds,
present in the perturbative quantities, are gone due to col-
lision broadening of the self-consistently treated pions.
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Exact Conservation Laws in the Gradient Expanded Kadanoff–Baym EquationsG

Jörn Knoll, Yuri B. Ivanov, and Dmitri N. Voskresensky
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One of the challenging problems in quantum many-body
physics is the appropriate inclusion of resonances or parti-
cles with broad damping width into a self-consistent non-
equilibrium dynamics. Such kind of description can be con-
structed on the basis of the so called Kadanoff–Baym equations
(KBE) derived within the non-equilibrium Green function tech-
nique [1]. While the KBE are exact, in actual calculations one
has to rely on further approximations. They provide (a) a trun-
cated self-consistent scheme and (b) through the gradient ap-
proximation they lead to transport type of equations of motion.
Interested in the dynamics of particles with broad mass width
one has to avoid the quasi-particle approximation, and solely
rests on the first-order gradient approximation of the KBE. This
concept was first addressed by Kadanoff and Baym [1] and re-
cently reconsidered in the context of hadronic matter and heavy
ion collisions [2–7]. As for any such approximation, however,
symmetries and conservation laws as well as detailed balance
and thermodynamic consistency may no longer a priori be guar-
anteed.

In ref. [8] we re-investigated a generalization of the Φ deriv-
able method of Baym [9] to the real-time Green function tech-
nique which provides truncated self-consistent approximations
which are conserving and thermodynamically consistent at the
level of KBE. In particular a conserved energy-momentum ten-
sor could be derived for local field couplings. The subsequent
gradient approximation leads to two coupled equations: a quan-
tum transport equation, which governs the four-phase distribu-
tion functions f(�x, t, p), and a retarded equation, which deter-
mines the time evolution of the spectral function A(�x, t, p). For
this approximate set of equations the conservation laws gener-
ally are expected to become only approximate. Such approxi-
mate nature of conservation laws may be well acceptable the-
oretically as its accuracy precisely corresponds to that of the
approximation. Nevertheless, both from a principle perspective
and also from a practical point of view this situation is less sat-
isfactory.

In this work [10] we investigated the quantum kinetic equa-
tions in the form originally derived by Kadanoff and Baym. The
key point is to do a systematic first-order gradient expansion
of all gradient terms even those internally present in the self-
energies. Through a careful investigation of all gradient terms
we could in fact prove that the quantum kinetic equations pos-
sess the generic feature of exact conservation laws at the expec-
tation value level.

The conserved currents and the energy-momentum tensor
take the original Noether form [8] (X = (�x, t))

Jµ(X) =
∫

d4p

(2π)4
pµf(X, p)A(X, p), (1)

Θµν
loc (X) =

∫
d4p

(2π)4
vµpνf(X, p)A(X, p)

+gµν
(E int

loc(X)− Epot
loc (X)

)
(2)

now however in the so called local form, i.e. void of any gra-
dient corrections. For the energy–momentum tensor the first
term accounts for the single particle part which by itself over-
counts the interaction energy. This is compensated by gradi-
ent terms which assemble to the difference between interac-
tion energy density and single-particle potential energy density,
E int
loc(X)− Epot

loc (X), both obtained from the same Φ-functional
in the local approximation as the self-energies driving the gra-
dient expanded KBE.

In order to preserve the exact conserving property, a few con-
ditions have to be met. First, the original KBE should be based
on a Φ-derivable approximation scheme that guarantees that the
KBE themselves are conserving [8, 9]. Second, all possible
memory effects due to internal vertices within the self-energy
diagrams are also consistently expanded to first-order gradi-
ents. Finally it is important that after the gradient expansion
no further approximations are applied that violate the balance
between different first-order gradient terms.

The presence of exact conservations puts the Kadanoff–
Baym formulation of quantum transport on the level of generic
phenomenological equations. They offer a phenomenological
approach to the dynamical description of particles with broad
damping widths, such as resonances, with built-in consistency
and exact conservation laws. For practical simulations of com-
plex dynamical systems this approach may even be applied in
cases, where the smallness of the gradients can not always be
guaranteed.
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Model independent constraints from QCD sum rules
connect the vector meson mass with the gap ∆ between
the nπ continuum and the < qq̄ > vacuum state. At nor-
mal nuclear density, ∆ is expected to be reduced by about
15% as a consequence of the restauration of chiral sym-
metry [1, 2]. In this work, the spectral functions of the
vector mesons calculated in infinite matter are combined
with a Monte Carlo simulation of π− induced production
and propagation of vector mesons inside nuclei.

The self-energy of the vector mesons in matter Πv is
based on the low density approximation which connects
the vacuum self-energy Π0 with the meson nucleon scat-
tering matrix TvN : Πv(ω, �q, ρ) = Π0(ω, �q) − ρTvN (ω, �q).
The potential (and therefore the mass shift) depends to
leading order linearly on the baryon density ρ: 2ωU =
Πv(ω, �q, ρ) − Π0 = ρTvN (ω, �q). The resulting spectral
functions for infinite matter at ρ = ρ0 show a differen-
t behavior for the ω- and the ρ meson. While the pole
mass of the ρ meson is shifted only slightly, its width is
heavily influenced by ρN → πN , ρN → π∆ → ππN and
ρN → ωN → πππN scattering. Effectively the ρ-meson is
dissolved in the nuclear medium. The ω-meson pole mass
is shifted by about -80 MeV/c2 and the width is broadened
from 8 to 40 MeV/c2. However at ρ = ρ0 the ω-meson still
keeps its quasi-particle character. The MC-simulation is
based on measured cross sections for π− + p → ρ, ω, φ+ n
reactions. The absorption channels are calculated via de-
tailed balance. The baryon density distribution of the Pb
nucleus is based on measured charge distributions. The
fermi motion of the nucleons is taken into account. With
an elementary ω-meson cross section of 2.5 mb (pπ− = 1.3
GeV/c) one could expect ZPb*2.5≈200 mb for a Pb nu-
cleus. However the effective cross section results in only
33 mb. Because of the strong interaction of π− with nu-
clear matter, only the hemisphere of the nucleus facing
the beam takes part in the reaction (shadowing, Fig. 1).
The mesons are produced with vacuum pole mass. In case
of decay the mass of the meson is sampled according to
the local baryon density at this ”freezeout” point based
on the spectral functions for infinite matter. The sam-
pling is done in accordance with energy conservation. The
spectral functions in the finite system (Fig. 2) are ob-
tained by integration over the probability distribution of
the meson decays. The majority of the ω-mesons decay
outside the Pb nucleus and produce a narrow structure.
The contributions from the inner part of the nucleus (full
shift of the ω-meson mass) and the surface (reduced shift)
increase the broadening of ω-mesons from 40 to about 80
MeV/c2. This additional broadening is a consequence of
the finite size of the system. The reaction π−Pb seems to
be a promising experiment to probe the in-medium spec-
tral distribion of vector mesons. The predicted dilepton
spectra could be measured with the HADES spectrometer
[3]. In Fig. 2 the HADES resolution is taken into account.
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Figure 1: Spatial probability distribution of meson cre-
ation for π−Pb at pπ=1.3 [GeV/c].

Figure 2: ρ- and ω-meson contributions to the dilepton
specta for π−Pb at pπ=1.3 [GeV/c].

Below the η mass strong contributions from η Dalitz and
other channels are expected. In the mass region of the
(shifted) ω peak both πN Bremsstrahlung [4] and com-
binatorial background from π Dalitz decay [5] contribute
still below the ρ-meson contribution.
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Modifications in resonance life times and cross sections in a test-particle
description of off-shell processes in transport theory

A.B. Larionov∗, S. Leupold, U. Mosel
University of Giessen

For the understanding of heavy-ion collisions semi-
classical transport theory has become an indispensable
tool. While former works have focused their attention
more or less on the quasi-particle regime the extension of
the formalism to off-shell phenomena has become a topic
of growing interest in the last few years since it has been
realized that the collision rates present in high energetic
nucleus-nucleus collisions typically are so large that an on-
shell approximation seems to be inappropriate. In addi-
tion, the resonances excited during the reaction may have
large decay widths. Therefore, a representation of these
states by stable particles may not be a proper approxi-
mation. The usual approach to solve a transport equa-
tion is the representation of the phase-space density by
test-particles. If not only asymptotically stable states but
also resonances are simulated by test-particles, one has
to attribute to those ‘resonance test-particles’ finite life
times and arbitrary invariant masses (chosen according
to their spectral distribution), i.e. the generalized test-
particle representation is given by

∑
i δ

(3)(�x−�xi(t)) δ(p2
0−

E2
i (t)) δ

(3)(�p − �pi(t)). Note that here in contrast to the
quasi-particle approximation the test-particles are allowed
to have arbitrary energies. The question which (in general
energy- or mass-dependent) life time has to be attributed
to the resonance test-particles is under present discussion.
The commonly used recipe is to take the inverse of the de-
cay width Γ of the resonance, evaluated for the respective
invariant mass. Near threshold the width becomes small
due to the available phase-space. Hence the life time — if
identified with the inverse width — becomes large. In [1]
it was suggested to rather calculate the life time from the
time delay that the particles suffer which form the reso-
nance. This time delay is given by the energy derivative of
the scattering phase shift of these particles: τ = ∂δ/∂p0.
This quantity vanishes near threshold. Hence the two ex-
pressions for the life time show a completely different be-
havior as functions of the invariant mass of the resonance
as shown in Fig. 1 for the ∆(1232) resonance. Recently
a novel approach to solve these questions has been pre-
sented [2, 3]. It has been shown there that the life time of
an off-shell test-particle is indeed given by τ = ∂δ/∂p0. In
addition, the cross section for any collision which involves
an off-shell test-particle in the incoming channel is sub-
ject to an in-medium modification: the cross section has
to be divided by r = 2

√
sΓA (1−K) where Γ is the total

width of the particle, A its spectral function and 1−K a
renormalization factor (cf. [2, 3] for details).
To test the ideas above, we applied the BUU model

in version [4] with the resonance production/absorption
quenching [5]. The most sensitive observable for the ∆-
resonance life time modifications turns out to be the in-
variant mass spectrum of the correlated proton-pion pairs.
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Fig. 2 shows the invariant mass (p, π+) spectra for a cen-
tral Au+Au collision at 1.06 AGeV calculated without life
time modifications (solid line), with modified ∆-resonance
life time only (dashed line) and with both modified ∆-
resonance life and N∆ → NN cross section (dotted line).
The life time modification leads to a sharper peaked spec-
trum at M 
 1.2 GeV due to longer life time of the ∆-
resonances near the pole mass (Fig. 1). An additional
modification of the N∆ → NN cross section produces
an even more sharp spectrum, since the absorption of the
∆-resonances near the pole mass gets reduced. Thus we
conclude that the resonance life time modifications some-
what increase the deviation of the BUU calculation with
the data [6] on the spectrum of the (p, π+) pairs. Further
studies will show if this effect could be counterbalanced by
the off-shellness of the produced pions (work in progress).
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Strange Particle Production and Equilibration at SIS energies within a
Semiclassical Off-shell Transport Approach

W. Cassing, S. Juchem
University of Giessen

Recently we have formulated a novel transport approach
that incorporates the propagation of particles off the mass-
shell [1]. It goes beyond the conventional transport de-
scription within the on-shell quasiparticle limit to propa-
gate particles with a finite lifetime by means of a dynam-
ical spectral function. This spectral function is directly
determined by the spacetime and momentum-dependent
imaginary part of the particle self-energy. By this proce-
dure it is guaranteed, that the actual spectral function is
consistently adjusted to the scatterings and decays of the
particle in the nuclear medium as well as in vacuum.
Within this off-shell transport approach we have studied

strange meson production in the SIS energy regime. When
treating baryons as well as antikaons off-shell we obtain
an increase by a factor of about two for the production
of K− mesons in comparison to the on-shell calculation
for Ni + Ni at 1.8 A GeV (Fig. 1). This enhancement
arises since antikaons couple strongly to nucleons such that
they achieve a considerable collision width in the nuclear
medium which leads to an effective lowering of their pro-
duction threshold. So the antikaons might be produced at
subtreshold energies and enhance the final K−-yield when
becoming asymptotically on-shell. The inclusion of the
off-shell propagation therefore gives a (partial) explana-
tion for the high K− abundancy that has been measured
by the FRS, KaoS and FOPI Collaborations [2,3]. The
data are still underestimated by the off-shell calculations
that have been performed without any potentials for the
strange mesons. Thus antikaon potenials will still be nec-
essary to get a full description of the experimental results.
We have also investigated the production of K+ mesons in
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Figure 1: The inclusive spectra of K− for Ni + Ni at
1.8 A GeV within the off-shell transport approach (solid
histogram, full triangles) and in the on-shell limit (dashed
histogram, open triangles). The data are from [2] for θlab =
0o (squares) and from [3] for θlab = 44o (circles).

the same reaction, however, find only a small enhancement
within the off-shell treatment relative to the on-shell limit
which should be attributed to the weak coupling of kaons

to nucleons [1b].
Furthermore, we have studied equilibration phenomena

in the off-shell transport approach. For this aim we have
confined the system to a box in coordinate space with pe-
riodic boundary conditions (using a density of ρ = ρ0).
We find that the off-shell generalization has practically no
influence on the equilibration time of the nuclear system
for various bombarding energies up to 1 A GeV [1c].
In order to study the equilibrium properties we com-

pare the results of our transport (box) calculations with
a simple statistical model for an ideal hadron gas . All
hadron species that are propagated in the transport calcu-
lation (N,∆,π) are also taken into account in the statistical
model within the grand canonical ensemble. In Fig. 2 we
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Figure 2: Differential distribution in mass for nucleons and
∆ resonances for a bombarding energy 1 A GeV at ρ = ρ0.

show the differential distributions in mass for nucleons and
∆ resonances in the long time limit of the transport (box)
calculations in comparison to the statistical model (dashed
lines) for a bombarding energy of 1 A GeV. We find that
the transport theoretical treatment yields nearly the same
distributions in mass as the thermodynamical model, when
for the latter the same spectral functions as in the trans-
port calculation are employed. A temperature of 97 MeV
(deduced from a transverse mass analysis of the particle
spectra) has been used here. This result indicates that the
actual realization of the off-shell dynamics guarantees the
correct stationary solution in the long time limit.
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Probing the nuclear equation of state by K+ production in heavy ion
collisions
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From the very beginning kaons have been considered as one of
the best probes to study dense and hot nuclear matter formed
in relativistic heavy ion collisions. In particular at incident en-
ergies below the corresponding production thresholds in free
space K+ mesons are created in the early and high density
phase of such reactions and – due to strangeness conservation
– are not reabsorbed by the nuclear environment. Furthermore,
there exist strong evidences that kaons change their properties
inside the nuclear medium as predicted by effective chiral mod-
els. The aim of the present work is to study if decisive informa-
tion on the nuclear EOS can be extracted from subthreshold
kaon production by new high precision data [1]. The KaoS Col-
laboration has performed systematic measurements of the K+

production far below threshold in heavy (Au+Au) and light
(C + C) systems [2]. Looking at the ratios built from heavy
and light systems possible uncertainties which might still ex-
ist in the theoretical calculations should cancel out to a large
extent which allows to draw reliable conclusions. Furthermore,
far below threshold the kaon production is a highly collective
process and a particular sensitivity to the compression of the
participant matter is expected. The present investigations are
based on the Quantum Molecular Dynamics (QMD) transport
model. For the nuclear EOS we adopt soft and hard Skyrme
forces corresponding to a compression modulus of K=200 MeV
and 380 MeV, respectively, and with a momentum dependence
adjusted to the empirical optical nucleon-nucleus potential.
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Figure 1: Excitation function of theK+ cross section inC+C
and Au+Au reactions. The calculations are performed with
in-medium kaon potential and using a hard/soft nuclear EOS.
For C + C also results without in-medium kaon potential are
shown.

In Fig. 1 the K+ excitation function for Au + Au and
C + C reactions starting from 0.8 A·GeV which is far below
threshold (Ethr = 1.58 GeV) are shown. The calculations are
performed for a soft/hard EOS including the in-medium kaon
potential. For both systems the agreement with the KaoS data
[3, 2] is very good when a soft EOS is used. In the large system

there is a visible EOS effect which is absent in the light system.
To estimate the influence of the in-medium kaon potential for
C +C also calculations without potential are shown. Already
in the light system the K+ yield is reduced by about 50% by
the influence of the potential which is essential to reproduce the
yields [3]. The comparison to the new KaoS data [2] is made
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Figure 2: Excitation function of the ratio R of K+ multiplic-
ities obtained in inclusive Au + Au over C + C reactions.
The calculations are performed with in-medium kaon potential
and using a hard/soft nuclear EOS and compared to the exper-
imental range of R (shaded area) given by the data from the
KaoS Collaboration [2].

in Fig. 2. Here only calculations including the kaon potential
are shown since it is already clear from Fig. 1 that without the
potential one is not able to reproduce the experimental yields.
The calculations are performed under minimal bias conditions
with bmax = 11 fm for Au+Au and bmax = 5 fm for C +
C and normalised to the experimental reaction cross sections
[3, 2]. Both calculations show an increase of R with decreasing
incident energy down to 1.0 A·GeV. However, this increase is
much less pronounced using the stiff EOS. In the latter case
R even drops for 0.8 A·GeV whereas the soft EOS leads to an
unrelieved increase of R. Using the light system as reference
frame there is a visible sensitivity on the EOS. Results for the
K+ excitation function in Au + Au over C + C reactions
as measured by the KaoS Collaboration, strongly support the
scenario with a soft EOS. The ratio itself is rather independent
on the existance of the in-medium potential, but the potential
is necessary to reproduce the total yields.
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Kaon Production via High Mass Resonances in UrQMDB,G
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The investigation of strange matter in heavy ion colli-
sions is of great interest, as the s and s̄-quarks are not
present in the initial projectile and target matter. There-
fore the measurement of strange particles might yield deep
insight into the reaction dynamics during the high density
phase.
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Figure 1: pp → pΛK+ cross section in UrQMD compared
to data.

For our investigation, we use the Ultrarelativistic Quan-
tum Molecular Dynamics model (UrQMD) [1]. UrQMD
provides a good description of NN and A+A collisions
over a wide range of energies from a few hundred MeV/A
up to hundreds of GeV/A. The production threshold for
the lightest strange particle (K+) via the process NN →
NΛK+ is 1.58 GeV. Particularly for SIS energies, the cor-
rect description of the production cross section near the
threshold is very important. In contrast to most other
models, UrQMD treats the elementary K+ production via
two-step processes

pp → pB∗ → pΛK+, pp → pB∗ → pΣK

B∗ are the high mass resonances N∗
1650, N∗

1710, N∗
1720,

N∗
1990 and ∆

∗
1920. For the decay into the hyperon-kaon

channel we use the experimental branching ratios, where
available.
Figure 1 shows the cross section for the reaction pp →

pΛK+ as a function of energy above threshold. The dotted
lines are contributions of the five resonances to the total
cross section (solid line). With this approach we are able
to describe the experimental data (dots) reasonably well,
even a few MeV above the threshold (COSY data [2])
The pp → pΣ0K+ and the pp → pΣ+K0 channel can

be described as well with this approach. Figure 2 shows
these channels in UrQMD compared to data.
For higher collision energies, kaon production via string

fragmentation becomes important. Figure 3 shows an ex-
citation function of theK+ to K− ratio for central Pb+Pb
‡ Duke University and RIKEN BNL Research Institute, USA
§ LBL Berkeley, USA (Lynen-Fellow of the Humboldt-Foundation)
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Figure 2: pp → pΣ+K0 and pp → pΣ0K+ cross section in
UrQMD compared to data.

events calculated with the UrQMD model. The dots are
experimental data from E802, E866/E917 [3] and NA49
[4, 5]. The model shows a good overall agreement with
the experiments, except for the preliminary 40 GeV mea-
surement from NA49 [5] which is slightly underestimated.
Interestingly this good agreement for the K+ to K− ra-
tio with the data can be obtained without invoking any
medium dependent effects, such as in-medium masses.
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Collective flow in heavy ion collisions from SIS to SPS energies

E. Zabrodin, C. Fuchs, L. Bravina, and Amand Faessler, University of Tübingen

Collective effects, such as the transverse flow of particles
produced in ultrarelativistic heavy ion collisions, are very
important for the study of the nuclear equation of state
(EOS) and for the search of a predicted transition to the
quark-gluon plasma (QGP). At present the transverse flow
is believed to be one of the most clear signals to detect
the creation of the QGP in heavy-ion experiments. This
explains the great interest of both experimentalists and
theoreticians in the collective flow phenomenon [1].
The distribution of the particles in the azimuthal plane

can be presented as [2]

dN

dφ
= a0

[
1 + 2

∞∑
n=1

vncos(nφ)

]
, (1)

where φ is the azimuthal angle between the momentum
of the particle and the reaction plane. The first two co-
efficients, v1 and v2, colloquially known as directed and
elliptic flow, are the amplitudes of the first and second
harmonics in the Fourier expansion of the azimuthal dis-
tribution, respectively. The directed and elliptic flow of
hadrons in heavy-ion collisions is very sensitive to the EOS
of the nuclear medium. The formation of small domains
of a QGP phase might happen already at the SPS energies
or even below. Accompanied by the hadronization this en-
forces a softening of the EOS due to the dropping pressure.
Thus, the disappearance of the directed flow in midrapid-
ity range can be considered as an indication of a new state
of matter. This conclusion is supported by hydrodynamic
simulations with and without the QGP phase.
Microscopic models, which do not imply the QGP for-

mation, describe the dynamics of nuclear collisions at en-
ergies up to

√
s ≈ 2A GeV in terms of reactions between

hadrons and their excited states, resonances. At higher
energies additional degrees of freedom, strings, should be
taken into account to describe correctly the processes of
multiparticle production. We employ the quantum molec-
ular dynamics (QMD) model [3] at the SIS energies, while
at the AGS and SPS energies the quark-gluon string model
(QGSM) [4] is applied. For the simulations at 1A GeV,
11.6A GeV, and 160A GeV, we choose light (S+S) and
heavy (Au+Au and Pb+Pb) symmetric systems [5].
The deviations of the nucleon directed flow from the

straight line behavior start to develop already at AGS en-
ergies (Fig. 1) due to the shadowing effect, which plays a
decisive role in the competition between normal flow and
antiflow in (semi)peripheral heavy-ion collisions. Hadrons,
emitted with small rapidities at the onset of the collision
in the antiflow area can propagate freely, while their coun-
terparts will be absorbed by the flying massive spectators.
The signal becomes stronger with the rise of the impact
parameter and with the rise of the incident energy. In the
latter case the spectators are more Lorentz-contracted and
more hadrons can be emitted unscreened with small rapidi-
ties in the direction of antiflow. This effect should appear

-0.4

-0.2

0

0.2

0.4

-0.4

-0.2

0

0.2

0.4

0 1 2 3 4 0 2 4 6

 v
1

 v
1

yy

N
π

Au+Au 11.6AGeV Pb+Pb 160AGeV

S+S 11.6AGeV S+S 160AGeV

Figure 1: vN,π1 (y) in min. bias events at AGS and SPS.

in semicentral collisions with b ≤ 3 fm at RHIC energies,
and can mimic the softening of the EOS of hot and dense
nuclear matter. However, the disappearance of directed
flow due to shadowing is more distinct for light systems,
such as S+S or Ca+Ca, while in the QGP case the effect
should be more pronounced in heavy systems. Thus, one
can distinguish between the two phenomena by the com-
parison of the directed flow of nucleons in the midrapidity
range in light and heavy-ion collisions.
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The elliptic flow of nucleons and pions is found to change
its orientation from out-of-plane at 1A GeV to in-plane
at 11.6A GeV (Fig. 2). The effect can be explained by
stronger Lorentz-contraction of colliding nuclei. Also, at
higher colliding energies the contracted spectators leave
the reaction zone faster, thus giving space for the growth
of elliptic flow in the reaction plane [5].
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Microscopic Interactions and Flow in Heavy Ion CollisionsB
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Relativistic heavy ion collisions have been extensively in-
vestigated to determine the equation-of-state (eos) of nu-
clear matter using phenomenological e�ective �elds of the
non-relativistic Skyrme or the relativistic Walecka type.
It is found generally that a soft eos with momentum de-
pendence can decribe much of the data in the SIS energy
range. It is, however, of fundamental interest to test also
microscopic �elds derived from NN- interactions by many-
body theory. We have previously used self energies from
relativistic Brueckner calculations (DB) and have shown
that these satisfactorily explain the data for ow observ-
ables [1], however, only if non-equlibrium e�ects are con-
sidered, i.e. taking into account that the momentum dis-
tribution is not equilibrated during a large part of an ener-
getic heavy ion collision, which changes the e�ective �elds.
The non-equlibrium e�ects e�ectively soften the eos.

However, di�erent approximations have been used in DB
calculations, which may lead to similar saturation proper-
ties and results for �nite nuclei but to di�erent behaviours
for higher density and momentum. It may thus be possible
to distinguish di�erent DB models in heavy ion collisions.
Here we have tested two particular DB models: one from
the Groningen group (DBHM)[2], and a more recent one
from the T�ubingen group (DBT) [3]. The latter takes care
to eliminate spurious contributions from negative energy
states, and leads to a softer eos at higher densities and to
less repulsion at higher momenta.

We have performed a detailed study of ow observables
in Au + Au collisions [4], which have been investigated
extensively by the FOPI collaboration [5]. We discuss dif-
ferential ow observables: stopping or longitudinal ow
and transverse in-plane and out-of-plane ow. We have
used the common description in terms of the Fourier co-
e�cients of the azimuthal distributions: v1 (ow) and v2
(elliptic ow), as functions of the normalized rapidity Y (0)

and the total transverse momentum p
(0)
t
. As an example in

�g.1 we show for forward rapidities and di�erent fragments
the ow as a function of the transverse momentum. It is
seen that the two DB models yield di�erent results and
that the DBT model reproduces preliminary FOPI data
[5] better, which was not so clearly seen in global observ-
ables, like the directed ow (not shown here [4]). Similar
in �g.2 we show an excitation function of the elliptic ow
compared to data from di�erent sources. We see that the
DBT model reproduced the data considerably better, in
particular the recent FOPI data between 400 Mev and 1
GeV. Similar results are found for other ow observables:
above 400 MeV the softer and less repulsive DBT model
seems to be preferred, below in some cases the DBHM
model has advantages.

Thus we generally �nd that microscopic �elds succeed
also to reproduce more exclusive ow variables, thus lead-
ing to a rather uni�ed picture of nuclear �elds for nuclear
matter, �nite nuclei and heavy ion collisions. In the more

detailed comparisons it was shown that di�erent DB ap-
proximations can indeed be distinguished by looking at
di�erential ow observables.
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Directed Flow of Baryons in Heavy-Ion CollisionsG

Yu.B. Ivanov, E.G. Nikonov, W. Nörenberg, A.A. Shanenko and V.D. Toneev
GSI Darmstadt

The collective motion of nuclear matter observed in heavy-ion
interactions is essentially caused by the pressure gradients aris-
ing during the time evolution in the collision, and hence opens a
promising way for obtaining information on the equation of state
(EoS) and, in particular, on a possible phase transition. We ana-
lyze the collective motion of nucleons from high-energy heavy-ion
collisions within a relativistic two-fluid model for different equa-
tions of state [1].

Our consideration is essentially based on the recently proposed
Mixed-Phase (MP) model [2]. The underlying assumption of
the MP model is that unbound quarks and gluons may coexist
with hadrons forming a homogeneous quark/gluon–hadron phase.
Since the mean distance between hadrons and quarks/gluons in
this mixed phase may be of the same order as that between
hadrons, the interaction between all these constituents (unbound
quarks/gluons and hadrons) plays an important role and defines
the order of the phase transition. For the case of quarks of two
light flavors at zero baryon density (nB = 0), the MP model is
consistent with lattice QCD data providing a continuous phase
transition of the cross-over type with a deconfinement tempera-
ture Tdec = 153 MeV. In a two-phase approach based on the bag
model a first-order deconfinement phase transition occurs with a
sharp jump in energy density ε at Tdec close to the value obtained
from lattice QCD. A particular feature of the MP model is that,
for nB = 0 the softest point of the EoS, defined as a minimum of
the function p(ε)/ε, is not very pronounced and located at com-
paratively low values of the energy density: εSP ≈ 0.45 GeV/fm3 ,
which roughly agrees with the lattice QCD value. In contrast, the
bag-model EoS exhibits a very pronounced softest point at large
energy densities εSP ≈ 1.5 GeV/fm3.

We have studied experimental consequences of these differences
in EoS within the hydrodynamic approach. We use the 3D rela-
tivistic two-fluid model with a finite stopping power [3]. These two
fluids, initially associated with target and projectile nucleons, are
described by a set of hydrodynamic equations with the coupling
term, which characterizes friction between the counter-streaming
fluids. The friction term originates from both elastic and inelas-
tic NN collisions and gives rise to a direct emission of mesons in
addition to the thermal mesons in the fluids [3].

The average directed flow is defined by

〈Px〉 =

∫
dpxdpydy px

(
E

d3N

dp3

)
∫

dpxdpydy

(
E

d3N

dp3

) ,

where the integration in the c.m. system runs over the rapidity
region [0, ycm]. The calculated excitation functions for 〈Px〉 of
baryons within different models are shown in the figure for Au+Au
collisions at the impact parameter b = 3 fm. As shown in the
upper panel, conventional one-fluid (1F) hydrodynamics for pure
hadronic matter [4] results in a very large directed flow due to
the inherent instantaneous stopping of the colliding matter. This
instantaneous stopping is unrealistic at high beam energies. If
the deconfinement phase transition (PT), based on the bag-model
EoS [4], is included, the excitation function of 〈Px〉 exhibits a deep
minimum near Elab ≈ 6 A·GeV, which is a manifestation of the
strong softest-point effect in the bag-model EoS.

The result of two-fluid (2F) hydrodynamics with the MP EoS
noticeably differs from the one-fluid calculations. After a maxi-

mum around 1 A·GeV, the average directed flow decreases slowly
and smoothly. This difference is caused by the fact that the soft-
est point of the MP EoS is washed out for nB ∼> 0.4 and also
by dynamical reasons, i.e. the finite stopping power and direct

pion emission change the evolution pattern. The latter point is
confirmed by comparison to three-fluid calculations with the bag
EoS [5] plotted in the lower panel of the figure. As seen, the min-
imum of the directed flow excitation function, predicted by the
one-fluid hydrodynamics with the bag EoS, survives in the three-
fluid (nonunified) regime, but its value decreases and its position
shifts to higher energies. If one applies the unification procedure
of [5], which favors fusion of two fluids into a single one, and
thus making stopping larger, three-fluid hydrodynamics gives re-
sults, which are very similar to those of the one-fluid model, and
predicts in addition a bump at Elab ≈ 40 A·GeV.

Recent experimental results confirm that the excitation function
of the directed baryonic flow is a smooth function in the 2-8 A·GeV
energy range [6], which is in agreement with our MP EoS.
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Around 30 A·GeVB,G
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Strangeness production in heavy ion collisions at rela-
tivistic energies provides one of the key information about
the reaction mechanism and could indicate the onset of
new phenomena.
The attempts to describe the measured particle ratios

including strange hadrons at AGS and SPS and recently
also at RHIC using a strangeness fugacity are very suc-
cessful [1, 2, 3, 4, 5]. However, the usual grand-canonical
treatment of strangeness conservation is not sufficient, if
the number of strange particles is small [6]. This requires
local strangeness conservation which is done in the statis-
tical model using the canonical formulation of strangeness
conservation [7].

Figure 1: K+/K− ratio is independent of the number of
participating nucleons at incident energies from 1.5 A·GeV
up to RHIC energies. The dashed lines show the values of
the statistical model.

The canonical approach describes the measured particle
ratios at SIS energies and is able to explain the different
excitation functions of K+ and K− in heavy ion collisions
which – when plotted as a function of

√
s −
√
sthreshold

– cross around 1 A·GeV [8]. The canonical description
also explains that M(K+)/Apart rises linearly with Apart
as observed in Au+Au collisions at 1 A·GeV [7, 9] which
is in contrast to the behavior of M(π)/Apart which is in-
dependent of Apart. This difference is due to the volume
term in the canonical description [7]

nK+ ∼ exp

(
−
EK+

T

)[
gΛV

∫
d3p

(2π)3
exp

(
−
(EΛ − µB)

T

)]

which takes care of the fact that strange particles are pro-
duced associately with another strange particle (e.g. a K+

together with a Λ). The volume term V , however, drops
out when studying the ratio of K−/K+ as for the produc-

Figure 2: K+/π+ ratio obtained around midrapidity as a
function of

√
s from the various experiments. The dashed

line shows the calculation with the statistical model.

tion of K− an analoguous formula holds

nK− ∼ exp

(
−
EK−

T

)[
gK+V

∫
d3p

(2π)3
exp

(
−
EK+

T

)]
.

Indeed, the measured ratios do not vary with the number
of participating nucleons in Ni+Ni collisions [10]. This
feature is found at all incident energies from 1.5 A·GeV
up to RHIC energies as shown in fig. 1 [11, 12, 13]. The
above result is especially interesting since between 1.5 and
2.5 A·GeV K+ production is above while K− production
is below the corresponding NN thresholds.
The enhancement of multi-strange baryons from p+A to

A+A collisions might be explainable by a transition from
canonical to grand-canonical description as demonstrated
in [14].
Recently, the evolution of theK+/π+ ratio as a function

of
√
s has attracted great interest as a maximum seemed

to appear around 40 A·GeV. Figure 2 shows this ratio
obtained at midrapidity from SIS energies up to RHIC
[12, 13, 15]. Indeed, a maximum around the data point ob-
tained at 40 A·GeV is seen. In general, statistical-model
calculations should be compared with 4π integrated re-
sults. Then the maximum is even more pronounced. The
extrapolation to 4π is, however, in some cases not well
established.
The fact that the statistical model based on the gen-

eral freeze-out curve [16] (dashed line in Fig. 2 exhibits
a maximum, too, might appear surprising. Intuitively,
one expects that the fraction of strange particles increases
with increasing incident energy. So, the question arises
whether the maximum is caused by the distribution of
strange quarks among the hadrons at freeze out or whether



- 76 -

- 76 -

10
0

10
1

10
2

10
3

√s (GeV)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

λ s

AGS Au-Au
Pb-Pb

SIS Au-Au

λ
s
=2<s

_
s>/<u

_
u + d

_
d>

p-p

e
+
-e

-

p-
_
p

SPS S-S
S-Ag

Figure 3: The Wroblewski ratio λS as a function of
√
s.

The points refer to measured values (not measured particles
species with generally rather small cross sections are added
according to the statistical model). The solid lines shows
the statistical model results for PbPb and pp collisions.

less strange quarks are produced in total above a certain
incident energy.
To clarify this point, we study next the Wroblewski ra-

tio [17], which is a measure of the strangeness content pro-
duced in the collisions. It is defined as

λS =
2N(ss̄)

N(uū) +N(dd̄)

where N(qq̄) is the number of produced quark-antiquark
pairs of the given species. The Wroblewski ratio varies
from 0 at low incident energies, where no strange particle
are produced to a upper limit of 1 for infinite temperature
where the difference in masses can be neglected.
Figure 3 shows the values of λS extracted from the ex-

perimental data. The solid lines in Fig. 3 are the results
of the statistical model based on the general freeze-out
curve [16]. The results for pp, pp̄, e+e− are also included.
The lower values of λS in elementary compared to AA col-
lisions are due to canonical suppression [18]. From Fig. 3
we conclude that around 30 A·GeV the strangeness con-
tent in heavy ion collisions reaches a maximum and de-
creases slightly towards higher incident energies. This is
evidenced in Fig. 4 which shows contour lines of constant
λS in the T − µB plane. As expected λS rises with in-
creasing T . With decreasing µB, µS decreases and hence
λS . Following the general freeze-out curve, shown as full
line in Fig. 4, λS rises quickly at SIS and AGS energies,
reaches then a maximum around 30 A·GeV.
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A model for dilepton production from an expanding fireball

R.A. Schneider, T.Renk and W. Weise, TU München

The search for the quark-gluon plasma (QGP) at CERN
and RHIC requires a detailed understanding of the prop-
erties of hot QCD. It has become clear over the last years
that a perturbative approach to thermal QCD is insuffi-
cient to calculate properties of the QGP because of the
occurrence of infrared divergences and gauge dependen-
cies of physical quantities. Even the Hard Thermal Loop
resummation is likely to be applicable only for very large
temperatures far outside the scope of present and future
experiments. Clearly, nonperturbative input, e.g. from
lattice simulations of QCD is needed to improve the situ-
ation.
Lattice results indicate that the equation of state (EOS)

of a QGP can be fit with a relatively simple quasiparticle
model, where quarks and gluons acquire thermal masses.
For these quasiparticle masses, the ansatz mth ∼ g(T )T
is used, where the coupling g(T ) is fit to the lattice data.
One finds effective quark masses of ∼ 300 MeV.

Figure 1: Different quasiparticle scenarios [2] in compari-
son to the CERES Pb-Au data
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We employ this model for the calculation of the dilepton
production in a fireball produced by a heavy ion collision
and compare to data taken by the CERES collaboration
at the SPS. The relevant degrees of freedom in the model
above the phase transition temperature TC are now quarks
and antiquarks as thermal quasiparticles which couple to
the photon with the standard quark charge, whereas all
QCD corrections are already incorporated in the quasi-
particle masses. Several scenarios are discussed for the
quasiparticle masses close to TC . In some models, these
thermal masses appear to become heavy near TC . On the
other hand, chiral restoration at TC would imply that the
quark masses drop close to the transition. We therefore
investigate three cases as to their influence on the spectra
of the produced dileptons: a ’heavy’ mass scenario (H),
a ’light’ one (L) which simulates the dropping of effective
quark masses near TC and a ’constant’ one (C) in which
the quasiparticle mass is kept at ∼ 300 MeV at all tem-

peratures.

Figure 2: Time evolution of the dilepton production yield
under CERES conditions in the ’light’ quasiparticle sce-
nario, as function of the e+e− invariant mass M .

We use a model specified in [1] for the expansion of the
fireball. For the hadronic phase below TC , we use an im-
proved Vector Meson Dominance model with ρ, φ and ω
as the dominant degrees of freedom, combined with pio-
nic excitations carrying the same quantum numbers. We
assume factorization of finite baryon density effects and
thermal effects and calculate the spectral function using
perturbative methods.
The result describes the CERES data nicely (Fig. 1).

The simple model for the fireball allows detailed insight
into the expansion including its time evolution, this is
shown for the ’light’ scenario in Fig. 2. The low-mass
region between 0.3 - 0.7 GeV is quite insensitive to the
detailed parametrization of the thermal quark masses.
In conclusion, we have shown that a quasiparticle model

of the QGP phase and, at T < TC , a hadronic theory with
finite density and temperature effects lead to a successful
description of the CERES data, whereas a purely hadronic
description fails in the low invariant mass region as well as
in the high mass region.
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The high center of mass energies at RHIC and LHC will
allow one to study the Drell-Yan(DY) process in a kine-
matical region, where the dilepton massM is much smaller
than the center of mass energy

√
s. This region is the DY

analog to small Bjorken-xBj DIS. In addition, coherence
effects due to multiple scattering in proton-nucleus (pA)
collisions can also be studied.
We developed an approach [1, 2], in which the DY cross

section is expressed in terms of the same color dipole cross
section as DIS. Our approach is formulated in the rest
frame of the target, where DY dilepton production looks
like bremsstrahlung of massive photons, rather than par-
ton annihilation, fig. 1. The projectile quark is decom-
posed into a series of Fock states,

|q〉 =
√

Z2|qbare〉+Ψγ∗q|γ∗q〉+ . . . . (1)

The cross section for production of a virtual photon in
quark-proton scattering reads then [1, 3]

dσ(qp → γ∗X)
d lnα

=
∫

d2ρ |Ψγ∗q(α, ρ)|2σqq̄(αρ). (2)

Here, σqq̄ is the cross section for scattering a qq̄-dipole off
a proton which depends on the qq̄ separation αρ. The
photon-quark transverse separation is denoted by ρ and α
is the fraction of the light-cone momentum of the initial
quark taken away by the photon.
This approach is especially suitable to describe nuclear

effects, since it allows one to apply Glauber multiple scat-
tering theory. At very high energy, the transverse sepa-
ration between γ∗ and q in the |γ∗q〉 state is frozen dur-
ing propagation through the nucleus, due to Lorentz time
dilatation. Therefore, partonic configurations with fixed
separations in impact parameter space are eigenstates of
the interaction and one can generalize (2) to nuclear tar-
gets by replacing σqq̄(αρ) with

σA
qq̄(αρ) = 2

∫
d2b

{
1− exp

(
−σqq̄(αρ)

2
T (b)

)}
. (3)

Here T (b) is the nuclear thickness at impact parameter b.
The frozen approximation (3) is however not well justi-

fied at presently achievable fixed target energies, where the
size of the |γ∗q〉-state may fluctuate on length scales of the
order of the nuclear radius. In pA scattering, this leads to
transitions between states which are eigenstates in proton-
proton (pp) scattering. We go beyond the frozen approx-
imation by summing over all possible trajectories of the
quark in the |γ∗q〉-state. This summation can be formu-
lated in terms of the Green function for a two dimensional
Schrödinger equation with an imaginary potential propor-
tional to σqq̄(αρ) [3, 4]. In the limit of very high energy of
the projectile quark, one recovers the frozen approxima-
tion (3). The formulae are however too complicated to be
displayed here.

+

-
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Figure 1: In the target rest frame, DY dilepton production
looks like bremsstrahlung. A quark or an antiquark inside
the projectile hadron scatters off the target color field and
radiates a massive photon, which subsequently decays into
the lepton pair. The photon can also be radiated before
the quark hits the target.

Before calculating nuclear effects, we checked that the
dipole approach is in agreement with DY data from pp
collisions. We are able to reproduce E772 data well, with-
out K factor [5]. The transverse momentum distribution
of DY pairs in pp collisions is also calculated. The result
does not diverge at zero transverse momentum due to the
saturation of the dipole cross section at large separations.
Note that first order pQCD leads to a divergent result.
The shadowing for DY in pA collisions at large

Feynman-xF measured at FNAL is then also well repro-
duced [4]. Nuclear effects on the transverse momentum
distribution of the pairs are studied, too. While shad-
owing is predicted for dileptons with low transverse mo-
menta, an enhancement at intermediate transverse mo-
mentum q⊥ ∼ 2 GeV is expected. Nuclear effects vanish
at very large q⊥ For pA collisions at RHIC energies, con-
siderable shadowing of DY dileptons is predicted for the
whole xF -range.
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H. Stöckera, W. Greinera
a Institut für Theoretische Physik J.W. Goethe Universität, D-60054 Frankfurt am Main

b Riken BNL Research Center, Brookhaven National Lab, Upton, New York 11973

Ideal gas model calculations have been used for a long
time to calculate particle production in relativistic heavy
ion collisions, (see e.g. [1, 2] and references therein). Fit-
ting the particle ratios as obtained from those noninteract-
ing gas calculations to the experimental measured ratios
at SIS, AGS and SPS for different energies and different
colliding systems yields a curve of chemical freeze-out in
the T − µ plane. Now the question arises, how much the
deduced temperatures and chemical potentials depend on
the model employed. Especially the influence of changing
hadron masses and effective potentials should be investi-
gated, as has been done for example in [3, 4, 5, 6]. This is
of special importance for the quest of a signal of the for-
mation of a deconfined phase, i.e. the quark-gluon plasma.
As deduced from lattice data [7], the critical temperature
for the onset of a deconfined phase coincides with that
of a chirally restored phase. Chiral effective models of
QCD therefore can be utilized to give important insights
on signals from a quark-gluon plasma formed in heavy-ion
collisions.

We compare experimental measurements for Pb+Pb col-
lisions at SPS with the results obtained from a chiral
SU(3)×SU(3) model [6, 8]. This effective hadronic model
predicts a chiral phase transition at T ≈ 150MeV. Fur-
thermore the model predicts changing hadronic masses and
effective chemical potentials, due to strong scalar and vec-
tor fields in hot and dense hadronic matter, which are con-
strained by chiral symmetry.
In [2] the noninteracting gas model was fitted to particle
ratios measured in Pb+Pb collisions at SPS. The lowest χ2

is obtained for T = 168MeV and µq = 88.67MeV. Using
these values as input for the chiral model leads to dramatic
changes due to the changing hadronic masses in hot and
dense matter [6] and therefore the freeze-out temperature
and chemical potential have to be readjusted to account for
the in-medium effects of the hadrons in the chiral model.
We call the best fit the parameter set that gives a mini-

mum in the value of χ2, with χ2 =
∑

i
(rexp

i −rmodel
i )2

σ2
i

. Here

rexp
i is the experimental ratio, rmodel

i is the ratio calcu-
lated in the model and σi represents the error in the ex-
perimental data points as quoted in [2]. In all calculations
µs was chosen such that the overall net strangeness fs is
zero. The best values for the parameters are T = 144MeV
and µq ≈ 95MeV. While the value of the chemical poten-
tial does not change much compared to the noninteracting
gas calculation, the value of the temperature is lowered
by more than 20 MeV. Using the best fit parameters a
reasonable description of the particle ratios used in the fit
procedure can be obtained (see fig.1, data from [2]).

This shows, that in spite of the strong assumption of

Figure 1: Particle ratios as predicted by the chiral SU(3) ×
SU(3) model (T = 144 MeV and µq ≈ 95MeV, fs = 0) com-
pared to SPS Pb+Pb data (taken from [2]).

thermal and chemical equilibrium the obtained values for
T and µ differ significantly depending on the underlying
model, i.e. whether and how effective masses and effec-
tive chemical potentials are accounted for. Note that we
assume implicitly, that the particle ratios are determined
by the medium effects and freeze out during the late stage
expansion - no flavor changing collisions occur anymore,
but the hadrons can take the necessary energy to get onto
their mass shall by drawing energy from the fields. Rescat-
tering effects will alter our conclusion but are presumably
small when the chemical potentials are frozen.
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The light-cone QCD approach incorporating the ef-
fects of the nonperturbative interaction between produced
quarks and gluons suggested in [1] is applied in [2] to cal-
culation of nuclear shadowing for longitudinal and trans-
verse photons. This work was motivated by the results
of the HERMES experiment observed unusual shadowing
at small Q2 where perturbative methods cannot be used.
Although an exciting effect of strong dependence of the co-
herence length on the photon polarization was discovered
in [2], data of HERMES remain unexplained.
The strong nonperturbative interaction of radiated glu-

ons leads not only to a substantially weaker shadowing in
heavy ion collisions, but also for the first time explains the
observed smallness of large mass diffraction and allows to
explain in a parameter free way the energy dependence of
elastic scattering of hadrons [3, 4] in a good agreement
with data.
The phenomena related to propagation of fast partons

through medium are important for prediction of the initial
condition in heavy ion collisions and also for the so called
jet quenching probe for the produced matter. Broaden-
ing of the transverse momentum of a quark propagating
through nuclear medium is calculated in [5]. It is found to
be a color filtering effect and expressed in terms of the uni-
versal color dipole cross section which is fitted to data for
the proton structure function. The calculated broadening
of pT for a quark propagating through a nucleus is some-
what larger than what was measured in Drell-Yan reaction
on nuclei.
Energy loss of a quark propagating through nuclear mat-

ter can be also measured in Drell-Yan reaction. The main
problem is to discriminate between this effect and nuclear
shadowing. This is done in [6] employing our experience in
parameter free calculation of shadowing. The analysis of
data for Drell-Yan reaction from the E772 and E866 exper-
iments at Fermilab resulted in a rather large rate of energy
loss dE/dz ≈ −2GeV/fm. This is the first observation of
a nonzero energy loss effect.
It is usually believed that energy loss leads to baryon

stopping in heavy ion collisions. A different point of view
is presented in [7] where it is shown that the dominant
mechanism of stopping is baryon number transfer by glu-
ons. Nearly the same stopping is expected at RHIC as at
SPS, as is confirmed by the preliminary data from RHIC.
Charmonium suppression is considered as one of the

main probes for creation of a hot deconfined matter in rel-
ativistic heavy ion collisions. The conventional base line
for search of new physics relates charmonium suppression
to simple absorption in cold nuclear matter. First of all,
one needs to know the charmonium-nucleon cross section.
It is predicted in [8] quite reliably employing the light-
cone dipole formalism with the realistic charmonium wave
functions and phenomenological dipole cross section fitted
to DIS data. This method is tested comparing to data

on charmonium photoproduction. The important effect
missed in previous calculations is the relativistic spin ro-
tation which increases the production rate of Ψ′ by factor
of 2-3. The cross sections are predicted for J/Ψ, Ψ′ and
χ, and with a proper mixture of these states the effective
absorption cross section in cold nuclear matter is found.
In heavy ion collisions all nucleons which the produced

charmonium interacts with, have already had a chance
to interact with other nucleons and are in color-excited
states. It is found in [9] that the colored 3-quark system
interacts up to about 60% stronger than colorless one. Al-
though this effect is not sufficiently strong to explain the
observed anomalous ET dependence of J/Ψ absorption, it
must be included together with other missed effects in the
interpretation of the experimental results. In particular,
fluctuations of transverse energy should be taken into ac-
count, especially for most central collisions. It is demon-
strated in [10] that they strongly correlate with fluctua-
tion of charmonium suppression by interaction with the
produced medium.
Coherent effects in elastic proton-nucleus scattering are

proved to keep unchanged compared to pp scattering the
ratio of spin-flip to non-flip amplitudes. This allows to use
coulomb-nuclear interference in polarimetry as a basis for
polarimetry. This method suggested in [11, 12] is accepted
for polarimetery at RHIC.
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We study parton-pair production from a space-time de-
pendent chromofield via vacuum polarization by using the
background field method of QCD. The processes we con-
sider are both leading and higher order in gA but first order
in the action. We derive general expressions for the corre-
sponding probabilities. Parton production from a space-
time dependent chromofield will play a crucial role in the
production and equilibration of the quark-gluon plasma in
ultra relativistic heavy-ion collisions at RHIC and LHC.
In ultra relativistic heavy-ion collisions, when two highly
Lorentz contracted nuclei pass through each other a chro-
mofield is formed between them due to the exchange of soft
gluons [1]. The chromofield so formed polarizes the QCD
vacuum and produces qq̄-pairs and gluons via a Schwinger-
like mechanism [2]. As seen in numerical studies [3], the
chromofield acquires a strong space-time dependence due
to a combination of such effects as expansion, background
acceleration, color rotation, collision and parton produc-
tion. In situations like this, the parton production from
a constant chromofield is not justified and one has to find
the corresponding expression for a general space-time de-
pendent chromofield.
The e+e− pair production from a weak space-time de-

pendent classical field is studied by Schwinger [2]. Because
of the same structure of the interaction lagrangian density
the production of a qq̄ pair is similar to the e+e− case ex-
cept for color factors [5]. (N.B.: Only the real parts of the
following expressions are to be taken.) Details are given
in [6]:

dWqq̄

d4xd3k
=

g2m

(2π)5k0
Aa

µ(x) eik·x
∫

d4x2 Aa
ν(x2) e−ik·x2

(i[kµ(x− x2)
ν + (x− x2)

µkν + k · (x− x2)g
µν ]

(
K0(m

√
−(x− x2)2)m

√
−(x− x2)2 + 2K1(m

√
−(x− x2)2)

[
√

−(x− x2)2]3
)

−m2gµν K1(m
√

−(x− x2)2)√
−(x− x2)2

).

The computation of the probability for the production of
gluons is not straight forward and there is no counter part to
this in QED. The processes which in leading order of the action
contribute to gluon pair production are evaluated following the
background field method of QCD [7] which, in a gauge invariant
manner incorporates a classical background field and a quan-
tum gluonic field simultanously. The probability is obtained by
spin-summing the phase-space integral over the absolute square
of the amplitudes. The Feynman rules for the production of two
gluons by coupling to the A-field once or twice can be read from
the Lagrangian density and are given in [8, 6]. To obtain the
correct physical gluon polarizations in the final state we put
the sums over the polarizations of the outgoing gluons equal
to the negative of the metric tensor and afterwards deduct the
corresponding ghost contributions. The vertices involving two
ghosts and one classical field and two ghosts and two classical
fields respectively can again be read from the lagrangian den-
sity and are also found in [8, 6]. We obtain the probability
per unit time and unit volume of the phase space for the pro-

duction of a real gg pair from a space-time dependent classical
chromofield A [6]:

dWgg

d4xd3k
=

1

(2π)5k0

∫
d4x′eik·(x−x′) 1

(x− x′)2

{3

4
g2Aaµ(x)Aaµ′

(x′)[3kµkµ′ − 8gµµ′kνi
(x− x′)ν

(x− x′)2
+ 6

gµµ′

(x− x′)2

+5(kµi
(x− x′)µ′

(x− x′)2
+ kµ′ i

(x− x′)µ

(x− x′)2
) − 12

(x − x′)µ(x− x′)µ′

(x− x′)4
]

−3ig3Aaµ(x′)Acλ(x′)Aa′µ′
(x)fa′acKλgµµ′

− 1

16
g4Aaµ(x)Acλ(x)Aa′µ′

(x′)Ac′λ′
(x′)[24gµµ′gλλ′facxfa′c′x

+gµλgµ′λ′(fabxfxcd + fadxfxcb)(fa′bx′
fx′c′d + fa′dx′

fx′c′b)]}.
As a simple example we choose the field to be

Aa3(t) = Aine
−|t|/t0 , t0 > 0, a = 1, ..., 8.

The exponential decay of the source terms originates from
the decay of the model-field. Their oscillatory behavior is due
to the exponential factor,already present in the general formula.
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Fig. 1 Dimensionless time-integrated source terms for
quarks (dash) and gluons (solid) versus transverse mo-
mentum kT in MeV and rapidity y for the parameters
αS = 0.15, Ain = 1.5GeV , t0 = 0.5fm, kT = 1.5GeV ,
y = 0.

The decay behavior with the transverse momentum kT in
MeV is mostly due to the choice of the field. Only in the sec-
ond contribution to the gluon source term there is already a
factor 1/(k0)2 present in the general formula. As the momen-
tum structure of the general equations is mostly based on the
k0-component, the origin for the typical rapidity y behavior is
mainly linked to the behavior for changing transverse momen-
tum. For this model field, a stronger coupling, a stronger chro-
mofield and/or a slowlier varying field emphasize dominance of
the gluon-pair production over the production of qq̄ pairs even
more.
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Heavy ion collisions at the CERN-SPS are supposed to
reach the transition form hadronic matter to the quark-
gluon plasma. The analysis of collective observables such
as flow allows to speculate that this transition may show
up even down to AGS energies. The description of such a
collision by microscopic models thus must treat properly
the degrees of freedom emerging from soft QCD.
Such a model can be realized by treating quarks as clas-

sical particles interacting according to a two-body color
potential [1]. The Hamiltonian of this quark molecular
dynamics (qMD) reads

H =
N∑

i=1

√
p2

i +m2
i

− 1
2

∑
i,j

Cc
ij

(
3
4

αs

|ri − rj | + κ |ri − rj |
)

where the well known Cornell-potential is used to describe
the quark interaction. Sign and relative strength of the in-
teraction are described by the color factor Cc

ij , depending
on the color combination of each pair. Confining prop-
erties are ensured by the linear increase of V (r) at large
distances. The time evolution of such a system yields col-
orless quark clusters which are mapped to hadrons.
When coupled to a hadronic transport model such as

UrQMD[2] to create the initial quark distribution, the
qMD can provide us with detailed information about the
dynamics of the quark system and the parton-hadron con-
version. Correlations between the quarks clustering to
build new hadrons can be studied [3].
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Figure 1: Hadronization in S+Au collisions at 200 GeV/N :
Mean diffusion path of quarks forming a hadron from the
same initial hadron (solid line) and from different initial
hadrons (dashed line) within qMD. Fitting the decay pro-
files yields diffusion lengths of 2.2 fm and 4.8 fm.

Hadrons of the colliding nuclei are propagated in
UrQMD, producing new hadrons in inelastic collisions and
preformed hadrons in string excitations. Once complete

overlap of the impinging nuclei is reached, all hadrons with
at least one collision or within their formation time are bro-
ken up in their (valence) quark content. These quarks are
then propagated in qMD, finally hadronizing again.
Figure 1 shows (for S+Au collisions at SPS energies

of 200GeV/N) the distribution for the mean path trav-
elled by quarks forming a hadron (a) from the same initial
hadron (solid line) and (b) from different initial hadrons
(dotted line).
A measure of the relative mixing within the quark sys-

tem and thus for thermalization is the relative number of
hadrons formed by quarks from the same initial hadron
versus hadrons formed by quarks from different initial
hadrons. This ratio is r = 0.574± 0.008 for the S+Au col-
lision (spectators are not included). Since a value of r = 1
indicates complete rearrangement of quarks and thus com-
plete loss of correlations in the quark system, one would
expect a much larger value of r, considering the presumed
transition to the quark-gluon plasma in Pb+Pb collisions
at 160GeV/N ,
First results for the excitation function of this ratio in

Pb+Pb collisions, however, shows a different picture (Fig-
ure 2): a nearly constant value of about 0.3 is obtained
for energies in the range from 20 to 160 GeV/N , nearly
independent of the impact parameter. This surprising be-
havior needs clarification by further investigations.
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Decon�nement, Color Screening and Quarkonium Suppression

S. Digal, M. Nardi, P. Petreczky and H. Satz, Universit�at Bielefeld

The study of color decon�nement in strongly interacting
matter leads to challenging problems of theoretical as well
as of more phenomenological nature. How does the tran-
sition from hadronic matter to a quark-gluon plasma take
place - is it a genuine phase transition or some less `sin-
gular' cross-over, and what are the basic properties of the
new decon�ned medium? In the chiral limit (mq = 0) and
in the limit of pure gauge theory (mq = 1) we do have
critical behavior in the classical sense, with well-de�ned
order parameters and singularities in the partition func-
tion and hence in thermodynamic observables. Is there
some way to really `de�ne' the transition in full QCD with
light but not massless quarks? On the other hand, the
aim of high energy nuclear collisions is to investigate the
transition and the predicted new decon�ned state of mat-
ter in the laboratory. What probes exist for these tasks?
Is there an experimentally accessible decon�nement order
parameter, and how can the temperature dependence of
the hot decon�ned medium be tested?

The role of the e�ective quark mass in QCD is similar
to that of an ordering external �eld H in spin theories
[1]. For H = 0, spin systems show at T = Tc the famil-
iar order-disorder transition, which disappears for H 6= 0.
The critical behavior at T = Tc can be described either
in terms of singularities of thermal observables, or equiv-
alently, as singular behavior of suitably de�ned geometric
cluster variables. Such singular cluster percolation fea-
tures persist, however, even for H 6= 0. It is thus of par-
ticular interest to see if the decon�nement transition can
in some way be associated to the onset of percolation of
clusters of decon�ned medium. The answer to this ques-
tion requires a systematic study of percolation in QCD.
First steps had indicated that in the strong coupling limit
Polyakov loop percolation indeed led to the correct decon-
�nement transition in pure Gauge theory [2]. In recent
work it was shown that this conclusion can in fact be ex-
tended to SU(2) gauge theory in general [3]. Studies of
full QCD with dynamical quarks are under way. They
could eventually check if the cross-over line between con-
�ned and decon�ned matter in the mq�T plane coincides
with the line of singular behavior de�ned through cluster
percolation [1].

The behavior of a decon�ned medium can be tested by
studying the dissociation of quarkonium states through
color screening [4]. A prerequisite for this is an under-
standing of the heavy quark potential in a hot medium,
which can in principle be obtained through �nite temper-
ature lattice studies. Such studies, however, require ex-
tensive computational e�orts which have become possible
only recently; hence the past year has led to pioneering
work in this �eld [5, 6]. The results of this work will cer-
tainly have an impact on the application of quarkonium
dissociation as decon�nement probe in nuclear collisions.

The results of experimental studies of J= production in

nuclear collisions at the CERN-SPS have made this a par-
ticularly interesting as well as challenging probe [7]. While
peripheral Pb�Pb collisions lead only to the pre-resonance
absorption, already seen in pA and light ion interactions,
there appears at a certain centrality a rather sudden on-
set of an additional `anomalous' suppression, and for very
central collisions a second further drop of the production
rate occurs (see Fig. 1). Such a pattern is in fact ex-
pected from sequential charmonium suppression, leading
�rst to the dissociation of the �c state and of its J= decay
products, then to the dissociation of the directly produced
J= [8]. More detailed recent investigations have led to a
behavior which is qualitatively in accord with data [9, 10];
in particular, however, the central second drop appears
to be much stronger than predicted by an onset of direct
J= suppression. The possible e�ects of uctuations must
therefore be taken into account in more detail [9, 11]. Such
work is under way.
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Figure 1: J= production in di�erent interactions
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Quarkonium at Collider EnergiesB+G

L. Gerland, H. Stöcker, W. Greiner
J.W.G. Universität, D-60054 Frankfurt a. M., Germany

There are different time scales relevant for the production of
quarkonium states:
1) the time needed to produce a heavy quark pair in a hard
collision,
2) the time needed for a QQ̄ pair to form a bound state.

The production time of a QQ̄ pair in its rest frame is given
by τp = 1

mQ
. This is 0.13 fm/c for cc̄ and 0.05 fm/c for bb̄.

The Lorentz factor of the pair at midrapidity in the rest frame
of the target is γ ≈ 10, 100 and 3000 for a Quarkonium state
at SPS, RHIC and LHC energies. At SPS fixed target energies
γcτp is smaller than the average internucleon distance in nuclei
rNN ≈ 1.8 fm. Thus, the production of heavy quark pairs is
incoherent. At RHIC the production distance of cc̄ pairs is al-
ready as large as the diameter of a gold nucleus, and for bb̄ pairs
cτp > 1.8 fm, but this is still small as compared to the nuclear
radius. At LHC both production distances exceed the diameter
of a lead nucleus by an order of magnitude. The hadronisation
time tH resp. the coherence length lc of heavy Quarkonium is
lc = c · tH = 1

∆E
≈ γ

∆M
with:

∆E =
√

p2 + (MQQ̄ + ∆M)2 −
√

p2 + M2
QQ̄

≈
(MQQ̄+∆M)2−M2

QQ̄

2p
≈ MQQ̄∆M

p
= ∆M

γ
.

p is the momentum of the Quarkonium in the rest frame of
the target, MQQ̄ is the mass of the QQ̄-pair and ∆M =∫
ψ2(k) k2

MQ
d3k/

∫
ψ2(k)d3k , ψ(k) is the wavefunction of the

Quarkonium state in momentum space, we use here the wave
functions from the refs. [1, 2]. ∆M is the average kinetic energy
of the QQ̄-pair in the bound state and lc/γ = 0.44(0.34) fm for
the J/Ψ (Υ).

Thus, for charm and bottom production at RHIC and LHC
lc > 2·RA (RA is the nuclear radius), lc < 2·RA for fixed target
SPS energies. The applicability of the approach developed in
this paper requires that lc > 2 · RA which is fulfilled at RHIC
and LHC.

We assume here that QQ̄ pairs are produced in AB colli-
sions predominantly in hard collisions. The basic quantity is
the cross section of production of QQ̄ pairs with light cone

momenta zi, ki, which we parametrize as dσ(AB→QQ̄+X)

d2k1dz1dz2d2k2
=

DAB(z1, z2) ·exp(−B(AB)(k2
1 +k2

2)). Here ki {i = 1, 2} are the
transverse momenta of the Q and the Q̄ quark and zi {i = 1, 2}
are the fractions of their longitudinal momenta. Such a factor-
ization does not contradict the data in pp collisions [3].

To evaluate the suppression of hidden heavy flavour produc-
tion resulting from the broadening of the transverse momen-
tum distributions of Q quarks due to final state interaction,
we deduce first a relationship between the slopes for the vari-
ous processes of heavy quark production. In the following we
use the relative transverse momentum kt = k1−k2

2
and the to-

tal transverse momentum pt = k1 + k2 of the pair, writing
dσ(AB→QQ̄+X)

d2ktd2ptdz1dz2
= DAB(z1, z2) exp

(
−B(AB)

(
− p2

t
2
− 2k2

t

))
.

To take into account possible nuclear effects on the longitudi-
nal momentum distribution we make the ansatz DAB(z1, z2) =

D(AB) ·fAB(pz) · exp
(
− k2

z

C2
AB

)
, where pz and kz are the total

and relative longitudinal momentum. We further assume that
fAB(pz) = fpp(pz) , which means that we neglect parton energy
losses of the pair, this effect will be discussed later on. The nor-
malization condition follows from the QCD factorization the-
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Figure 1: The righthandside of eq.(1) vs. the transverse
momentum broadening for the J/Ψ and the Υ is plotted.

orem [4] for the total cross section: D(AB)

B(AB)2·CAB
= AB·D(pp)

B(pp)2·Cpp

The differential cross sections are proportional to the square of
the two body wave functions φ.

The production cross section of bound states of heavy quarks
is proportional to the overlap integral of the two-body wave
function and the wave function of the bound ψ(kt) state to get
d3σ(AB→Quarkonium+X)

d2ptdpz
∝ |〈ψ(kt, kz)|φAB(kt, pt, kz, pz)〉|2 .

Here we neglected the difference between the current quark
mass in the two body wave function and the constituent quark
mass in the wave function of the bound state. With this one
can evaluate the survival probability:
S ≡ σ(A+B→Quarkonium+X)

AB·σ(p+p→Quarkonium+X)
. Our final result is then

S =
B(AB)CAB

B(pp)Cpp

∣∣∣∣∣∣
∫

d3kψ(k) exp(−B(AB)k2
t ) exp

(
− k2

z

2C2
AB

)
∫

d3kψ(k) exp(−B(pp)k2
t ) exp

(
− k2

z

2C2
pp

)
∣∣∣∣∣∣
2

(1)
up to nuclear effects in the parton distribution functions.

Note that if one defines the survival probability as the

ratio of the differential cross section d2σ
d2pt

for nuclear and
nucleon targets their pt dependence would be a factor
exp

(
−B(AB)−B(pp)

2
p2

t

)
. That means that the pt dependence

of J/Ψ suppression is due to the broadening of the transverse
momentum distribution as a result of the final state interactions
of the Q quarks in the nuclear medium.

In fig. 1 the result of eq. (1) is plotted versus the trans-
verse momentum broadening of the J/Ψ’s: ∆p2

t = 2/B(pp) −
2/B(AB). E.g. ∆p2

t = 0.48 GeV2 was found at Fermilab en-
ergies in pAu. C2

AB = C2
pp is used as a first approximation.

S ≈ 1 for the J/Ψ. That means there is practically no change
due to the broadening of the transverse momentum distribu-
tion. The parameters used for the calculation are explained in
ref. [5]. As one can see we obtain even a slight enhancement for
the Υ meson production. This model neglects a lot of effects
that might occur in AB-collisions, but predicts that the J/Ψ
is less suppressed in pA collisions at collider energies than at
fixed target energies.
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Shadowing Effects on Vector Boson Production�

R. Vogt (LBNL and UC Davis)

The Z0 was proposed as an alternative reference process for
quarkonium suppression at the LHC. There are two difficulties
with using the Z0 as a baseline for quarkonium suppression: the
large mass differences, mZ0 � mϒ;mJ=ψ, and the difference in
production mechanisms, predominantly qq for the Z 0 and gg
for quarkonium. Both these differences are important as far as
nuclear effects are concerned. However, the differences that
reduce the value of the Z0 as a baseline process are the same
that make it an interesting object of study itself—the Z 0 pro-
vides a unique opportunity to study quark shadowing at high
Q2. Therefore, we examine the possible effects of shadowing
on Z0 production as well as W+ and W� production which are
also quark dominated. The impact parameter dependence of the
shadowing effect will also be shown.

The electroweak production and decay channels of the mas-
sive vector bosons make them excellent candidates for shad-
owing studies since no hadronic final-state rescattering is pos-
sible. The Z0 itself, with a 3.37% branching ratio to lepton
pairs, will be easily observable by reconstructing the peak. Full
reconstruction of the leptonic W � decays, W� ! l�ν, is not
possible due to the missing energy given to the undetected neu-
trino but charged leptons with momenta greater than 40 GeV
should be prominent. This technique has been used at the Teva-
tron to measure the asymmetry between W + and W� produc-
tion through their lepton decays since this asymmetry is sen-
sitive to the ratio f p

d = f p
u at intermediate values of x and high

Q2. If the charged leptons from W � decays can be identified in
heavy ion collisions, such asymmetry measurements may also
be employed at the LHC to reduce systematics and obtain a
more meaningful determination of the Q2 dependence of quark
shadowing in the nucleus.

The table gives the total cross sections in the CMS and AL-
ICE central acceptances jyj< 2:4 and jyj< 1 respectively for no
shadowing and with three shadowing parameterizations. The
cross sections are larger than the virtual photon mediated Drell-
Yan cross sections at lower masses. The results, given for
Pb+Pb collisions, are integrated over impact parameter in units
of nb/nucleon pair.

Detector σ1 (nb) σS1 (nb) σS2 (nb) σS3 (nb)
Z0

CMS 15.41 10.87 10.96 14.26
ALICE 6.22 4.35 4.49 5.86

W+

CMS 20.85 14.39 14.54 18.93
ALICE 8.13 5.52 5.73 7.44

W�

CMS 21.84 15.08 15.26 19.83
ALICE 8.35 5.66 5.89 7.64

The figure compares the ratios of Z 0 production in Pb+Pb

collisions with three shadowing parameterizations to Pb+Pb
collisions with no shadowing as a function of rapidity. The
isospin effects wash out the differences between the W + and
W� distributions in the ratios so that the results are essentially
identical for the two charged vector bosons. Therefore the ra-
tios are shown only for the W +. The results are shown for sev-
eral impact parameter bins, the most central bin, b < 0:2R A, an
intermediate impact parameter bin around b � R A, and a pe-
ripheral bin around b � 2RA. It is clear that by neglecting the
impact parameter dependence of shadowing, one may make an
overestimate of the effect in peripheral collisions, an important
point if using the Z0 as a baseline in different transverse energy
bins. Note also that the integration over all impact parameters
is equivalent to the average shadowing.

Once the basic nuclear shadowing effects on vector boson
production have been understood, they can perhaps be used to
study other medium effects in heavy ion collisions by compar-
ing the leptonic and hadronic decay channels. The hadronic de-
cays of the vector bosons, � 70% of all decays of each boson,
may be more difficult to interpret. While the width of the Z 0

decay to l+l� is not expected to be modified in the quark-gluon
plasma, the Z0 has a 2.49 GeV total width and will decay in any
quark-gluon plasma to two jets through Z 0 ! qq! jet + jet in
� 0:1 fm. Therefore, the decay jets could be modified in the
medium which may still be progressing toward thermalization
and will be subject to rescattering and jet quenching. Thus a
comparison of a reconstructed Z 0 in the dilepton channel where
no nuclear effects are expected since leptons do not interact
strongly and medium-modified jets should result in a broader
width for the qq channel than the l+l� channel. In addition, the
Z0 could be used to tag jets through the qq! Z 0g and gq! Z0q
channels to study the jet properties in the quark-gluon plasma.
�Condensed from GSI-Preprint 2000-49, hep-ph/0011242.
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Probing chiral dynamics by charged-pion correlations�

Jørgen Randrup (LBNL)

High-energy nuclear collisions are expected to produce tran-
sient systems within which chiral symmetry is approximately
restored and the matter is partially deconfined. The identifica-
tion and exploration of such a novel matter phase is a major ex-
perimental goal and the efforts have intensified with the recent
commisioning of the Relativistic Heavy Ion Collider at BNL.

Through the past decade, it has been speculated that the
rapid expansion of the collision zone, after an approximate
restoration of chiral symmetry has occurred, may produce
long-wavelength isospin-polarized agitations of the pionic field,
commonly referred to as disoriented chiral condensates (DCC),
which in turn should lead to anomalies in the resulting pion
multiplicity distribution. However, the experimental search for
the phenomenon has been hampered by the lack of signatures
that are practically observable.

The present work identifies a novel observable that may be
particularly suitable as an indicator of the DCC phenomenon,
namely the approximate back-to-back correlation between op-
positely charged soft pions.

The pionic degrees of freedom experience a rapidly chang-
ing environment that can be approximately accounted for by
an in-medium effective mass depending both on the degree of
agitation and on the chiral order parameter. Since the sys-
tem is steadily cooling down while the order parameter reverts
from its initial small value to its large vacuum value in a non-
equilibrium fashion, the effective pion mass has then a corre-
spondingly intricate evolution, displaying an overall decay to-
wards the free mass overlaid by the effect of the rather regular
oscillations by the relaxing order parameter. This time modula-
tion of the effective mass may lead to parametric amplification
those soft pionic modes with an energy near half the σ mass.

The effect is brought out most clearly in the simple case
where the environment, and hence the effective mass, is spa-
tially uniform, as is approximately the case in the interior of
the collision zone. It is then obvious that although the time
dependence of the mass may generate considerable agitation,
this agency cannot add any net momentum. Thus the any pions
produced by the mechanism must be formed pairwise and mov-
ing in opposite directions. Furthermore, by a similar reasoning,
the time dependence of the mass does not add any change, so
the produced pairs must be oppositely charged. Thus, the par-
ticles generated by an arbitrary time dependence in a uniform
medium are charge-conjugate back-to-back pairs. This basic
feature may be exploited as a probe of the chiral dynamcis.

When the environment has a spatial dependence, as is more
realistic, the pions experience forces that tend to erode the clear
back-to-back correlation pattern. We have examined this ef-
fect with a quantum-field treatment of a one-dimensional sce-

nario, using a mass function that emulates the profiles ob-
tained in more elaborate numerical simulations with the linear σ
model. The resulting two-body correlation function for charge-
conjugate pions is shown in the figure. The characteristic corre-
lation structure is seen to be rather robust and so there is reason
to hope that this signature may be experimentally observable.
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Of course, this “signal” is partially obscured or eroded by
a number of other processes and thus any attempt to extract it
from the experimental data must take careful account of such
“background” contributions.

One important issue concerns the possible presence of other
agencies that may lead to a similar signal and thus forge the
DCC signature. While there are many physically different
sources of charge-conjugate pion pairs, fortunately only few
lead to strong back-to-back correlations. Particularly impor-
tant is the decay ρ(770)! π+π� but due to the high ρ mass,
at least one of the pions has a momentum above 360 MeV=c
which is somewhat above the upper limit of the expected effect
(kmax � 300 MeV=c). Moreover, although η(550) and ω(780)
may both contribute soft π+π� pairs, these all arise in three-
body decays and thus they are only rather weakly correlated
and so they should not pose a serious problem.

In conclusion, then, we suggest that the data now being taken
at RHIC be analyzed for indications of the described signature
in the large-angle correlation of soft charge-conjugate pion
pairs. It may also be worthwhile to scrutinize existing SPS
data for this signal. If indeed identified, this signal may offer a
means for probing the degree of chiral restoration achieved and
the subsequent DCC dynamics.

� Condensed from nucl-th/0012020.


