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We investigate hadron production as well as transverse hadron spectra from proton-proton, proton-nucleus,
and nucleus-nucleus collisions from 2A GeV to 21.3A TeV within two independent transport approaches, i.e.,
hadron-string dynamics(HSD) and ultrarelativistic quantum molecular dynamics(UrQMD) that are based on
quark, diquark, string, and hadronic degrees of freedom. The comparison to experimental data on transverse
mass spectra frompp, pA, and C+C(or Si+Si) reactions shows the reliability of the transport models for light
systems. For central Au+AusPb+Pbd collisions at bombarding energies above,5A GeV, furthermore, the
measuredK± transverse mass spectra have a larger inverse slope parameter than expected from the default
calculations. We investigate various scenarios to explore their potential effects on theK± spectra. In particular
the initial state Cronin effect is found to play a substantial role at top Super Proton Synchrotron(SPS) and
Relativistic Heavy Ion Collider(RHIC) energies. However, the maximum in theK+/p+ ratio at 20–30A GeV
is missed by 40% and the approximately constant slope of theK± spectra at SPS energies is not reproduced
either. Our systematic analysis suggests that the additional pressure—as expected from lattice QCD calcula-
tions at finite quark chemical potentialmq and temperatureT—should be generated by strong interactions in the
early prehadronic/partonic phase of central Au+AusPb+Pbd collisions.
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I. INTRODUCTION

The phase transition from partonic degrees of freedom
(quarks and gluons) to interacting hadrons is a central topic
of modern high-energy physics[1]. In order to understand
the dynamics and relevant scales of this transition, laboratory
experiments under controlled conditions are presently per-
formed with ultrarelativistic nucleus-nucleus collisions. Had-
ronic spectra and relative hadron abundances from these ex-
periments reflect important aspects of the dynamics in the
hot and dense zone formed in the early phase of the reaction.
Here, different quark flavorssu,d,s,c,bd—as constituents of
the final hadrons—provide valuable information on the early
high density phase due to the substantially different mass
scales for the lightsu,dd, strangessd, and charmscd or bot-
tom sbd quarks. Furthermore, as has been proposed earlier by
Rafelski and Müller[2], in particular the strangeness degree
of freedom might play an important role in distinguishing
hadronic and partonic dynamics.

Lattice QCD calculations at vanishing quark chemical po-
tential and finite temperature indicate critical energy densi-
ties for the formation of a quark-gluon plasma(QGP) of
,0.7–1 GeV/fm3 [3], which might already be achieved at
alternating gradient synchrotron(AGS) energies of
,10A GeV for central Au+Au collisions[4–6]. Moreover,

the recent lattice QCD calculations at finite quark chemical
potentialmq [7] show a rapid increase of the thermodynamic
pressureP with temperature above the critical temperatureTc
for a phase transition(or crossover) to the QGP. The problem
is how to relate these numbers to observables from nucleus-
nucleus collisions. Estimates based on the Bjorken formula
[8] for the energy density achieved in central Au+Au colli-
sions suggest that the critical energy density for the forma-
tion of a QGP of,0.7–1 GeV/fm3 is by far exceeded dur-
ing a few fm/c in the initial phase of Au+Au collisions at
relativistic heavy ion collider(RHIC) energies[1]. Accord-
ingly, a phase transition(or crossover) might already happen
at much lower bombarding energies.

Experimentally, relativistic nucleus-nucleus collisions
have been studied at beam energies from 0.1 to 2A GeV at
the SchwerIonen Synchrotron(SIS), from 2 to 11.6A GeV
at the AGS and from 20 to 160A GeV at the super proton
synchrotron(SPS) [9,10]. This program has been extended
[1] at RHIC with Au+Au collisions at invariant energiesÎs
from ,20 to 200 GeV(equivalent energies in a fixed target
experiment: 0.2–21.3A TeV).

Whereas many previous experimental studies have fo-
cused on longitudinal rapidity distributions for hadrons, the
transverse mass(or momentum) spectra of hadrons are pres-
ently in the center of interest. On the one hand, a significant
suppression of high transverse momentum hadrons in Au
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+Au collisions compared topp is observed at RHIC energies
of Îs=200 GeV[11–14]. This suppression is often attributed
to the energy loss of highly energetic particles in a hot col-
ored medium(QGP) [15,16]. In fact, the recent observation
by the PHENIX [12], STAR [13], and BRAHMS[14] col-
laborations, that a similar suppression is not observed ind
+Au interactions at midrapidities at the same energy, sup-
ports this idea. On the other hand, the measured transverse
mass fmT=spT

2+m2d1/2g spectra of hadrons(heavier than
pions)

1

mT

dN

dmT
, expS−

mT

T
D , s1d

at AGS, SPS, and RHIC energies show a substantialharden-
ing in central Au+Au collisions relative topp interactions
(cf. [10,17]). This hardening of the spectra[or increase of the
inverse slope parameterT in Eq. (1)] for low transverse mass
or momentum is commonly attributed to a strong collective
flow, which is absent in the respectivepp or pA collisions.

The authors of[18] have proposed to interpret the ap-
proximately constantK± slopes above,30A GeV—the
“step”—as an indication for a phase transition. This interpre-
tation is also based on a rather sharp maximum in theK+/p+

ratio at ,20 to 30A GeV in central Pb+Pb collisions(the
“horn” [18]). However, the present body of experimental
data and our theoretical understanding does not allow for a
stringent conclusion based only on the step and horn phe-
nomena. In this paper we will address some further theoret-
ical issues, but would like to point out that more experimen-
tal data, for example on collisions in the energy range of
20øÎsø200 GeV and on weakly interacting hadrons, will
be needed to clarify these issues from the experimental side.

We will demonstrate in this work, that neither the pressure
needed to generate a large collective flow—to explain the
hard slopes of theK± spectra with a “plateau” at SPS
energies—nor the experimental sharp maximum in the
K+/p+ ratio at ,20–30A GeV is produced in the present
transport models by the interactions of hadrons in the expan-
sion phase of the hadronic fireball. Some aspects of this work
have been published in Refs.[19,20] before; however, we
here extend the previous studies to RHIC energies and con-
sider a wide variety of dynamical scenarios. In particular we
will explore two distinct effects:(i) initial state Cronin en-
hancement and(ii ) heavy resonance formation on the trans-
verse mass spectra of pions and kaons at all bombarding
energies from lower AGS to RHIC energies.

In our studies we use two independent relativistic trans-
port models that employ hadronic and string degrees of free-
dom, i.e., ultrarelativistic quantum molecular dynamics
(UrQMD) [21,22] and hadron-string dynamics(HSD)
[23,24]. They take into account the formation and multiple
rescattering of hadrons, and thus dynamically describe the
generation of pressure in the hadronic expansion phase. This
involves, also, interactions of leading prehadrons that contain
a valence quark(antiquark) from a primary “hard” collision
(cf. Refs.[19,25]). In the parton language, the two transport
models employed do not include gluon degrees of freedom
explicitly nor gluon-gluon and gluon-quark(antiquark) inter-

actions. We will use these models to test, whether the de-
scription of nucleus-nucleus reactions in terms of prehad-
ronic, hadronic, and string degrees of freedom and their
interactions is sufficient to explain the experimental data.

Our work is organized as follows. In Sec. II we briefly
recall the ingredients of the HSD and UrQMD transport ap-
proaches and point out the extensions incorporated in
UrQMD (versions 2.0 and 2.1). In Sec. III the calculated
excitation functions for pions,K± mesons and hyperons for
central Au+Au (or Pb+Pb) collisions from 2 to
21 300A GeV are shown(in comparison to the experimental
data) as well as selected particle ratios. Sec. IV is devoted to
transverse mass spectra of pions andK± mesons frompp to
pA and centralAA reactions in the same energy range. In
Sec. V we will discuss various alternative scenarios within
the transport calculations to explore their sensitivity to the
hadron transverse mass spectra. Sec. VI is devoted to a study
of the “Cronin effect” in central Au+Au collisions, which
we attribute to a “prehadronic” initial state scattering effect
that also shows up inpA reactions. Sec. VII includes a com-
parison of the thermodynamic Lagrange parametersT andmB
extracted from the UrQMD transport model in the central
overlap regime of Au+Au collisions with the experimental
systematics on chemical freeze-out configurations in the
T,mB plane as well as recent lattice QCD results. Sec. VIII
closes this study with a summary and discussion of open
problems.

II. TRANSPORT MODELS—HSD AND URQMD

We use two independent relativistic transport approaches
for our study that employ hadronic and string degrees of
freedom, i.e., UrQMD[21,22] and HSD[23,24,26], in order
to obtain an estimate of systematic uncertainties within the
transport models. Both approaches take into account the for-
mation and decay of strings as well as the multiple rescatter-
ing of hadrons in the expansion phase. These models can be
considered as appropriate descriptions, at least for the final
stage of an ultrarelativistic nucleus-nucleus collision, where
the strongly interacting hadrons dominate. The open question
is, however, if these transport models also incorporate the
proper degrees of freedom in the very early phase of heavy
ion collisions. We stress that transport calculations allow for
a systematic study of the change in the dynamics from el-
ementary baryon-baryon or meson-baryon collisions to
proton-nucleus reactions or from peripheral to central
nucleus-nucleus collisions in a unique way without change in
parameters. This is of central importance since the assump-
tions of thermal and chemical equilibrium—as used in hy-
drodynamical or statistical models[27]—do not necessarily
hold in all these reactions and the transport studies allow us
to explore the amount of(thermal or chemical) equilibrium
reached[28–30].

The default UrQMD 1.3 transport approach[21,22] in-
cludes all baryonic resonances up to masses of 2 GeV as
well as mesonic resonances up to 1.9 GeV as tabulated by
the particle data group[31]. For hadronic continuum excita-
tions a string model is used with meson formation times of
the order of 1–2 fm/c depending on the momentum and
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energy of the created hadron. For the present study—and the
particular aim to address also jet production and fragmenta-
tion at RHIC energies—we additionally have incorporated
PYTHIA (v 6.1) [32] in UrQMD 1.3 similar to HSD. This
extended version we denote as UrQMD 2.0.

Moreover, to explore the physical consequences of higher
mass states as implemented in the relativistic-quantum-
molecular-dynamics model(RQMD) [33], we have intro-
duced in UrQMD additional high mass resonances that are
explicitly produced and propagated ins-channel processes
with invariant masses up toÎs,3 GeV. We do not assume
these states to be excited in baryon-baryon collisions.
In practical terms: If the mass of the produced mesonic or
baryonic resonance is above,2 GeV,1 i.e, in the continuum,
the formed resonance state is not fragmented as a string ob-
ject like in UrQMD 1.3 or UrQMD 2.0. We recall that a
string of invariant mass 2øM ø3 GeV essentially decays to
a few pions, a vector meson +pions, etc. Instead, this high
mass state is treated as a quasiparticle that decays according
to the branching ratios of the resonances with a mass of
1.9–2.0 GeV(as implemented in UrQMD). We recall that
baryon resonances,1.9 GeV dominantly decay to thep
+N channel and, with some lower probability, to thersvd
+N final state. In this way light meson emission is sup-
pressed by about 25% compared to a string of the same
invariant mass. We note that this recipe is still in line with
the availablepp→pX data on pion multiplicities. Further-
more, since the high mass resonances decay isotropically in
their rest frame, this leads to an enhancement of transverse
flow (cf. Sec. V E). Furthermore, we use isotropic angular
distributions for elastic meson-baryon interactions below
Îsmb=6 GeV. In this work we will denote this scenario as
UrQMD 2.1.

In the HSD approach nucleons,D’s, N*s1440d, N*s1535d,
L, S and S* hyperons,J’s, J* ’s and V’s as well as their
antiparticles are included on the baryonic side whereas the 0−

and 1− octet states are included in the mesonic sector. Inelas-
tic hadron–hadron collisions with energies aboveÎs
.2.6 GeV are described by the FRITIOF model[34] (incor-
porating PYTHIA v 5.5 with JETSET v 7.3 for the produc-
tion and fragmentation of jets[32]), whereas low energy
hadron–hadron collisions are modeled in line with experi-
mental cross sections[23,24,35].

Both transport approaches reproduce the nucleon-nucleon,
meson-nucleon, and meson-meson cross section data in a
wide kinematic range[19,21,22]. Therefore, we expect that
the “hadronic” scattering mechanisms are sufficiently under
control. However, in nucleus-nucleus reactions, further elas-
tic and inelastic processes on the parton level might occur
that—beyond the interactions of “leading”
quarks/diquarks—are not included in the studies below. We
mention that(pQCD-like) partonic scattering is incorporated,
e.g., in the multiphase transport model(AMPT) [30], which
is currently employed from upper SPS to RHIC energies, but
is not suitable for lower energies.

III. EXCITATION FUNCTIONS

Whereas the underlying concepts of the transport theoret-
ical models are very similar, the actual realizations differ

considerably. A systematic analysis of results from both
models and experimental data for central nucleus-nucleus
collisions from 2 to 160A GeV has shown that the “longitu-
dinal” rapidity distributions of protons, pions, kaons, antika-
ons, and hyperons are quite similar in both models and in
reasonable agreement with available data[19]. We here ex-
tend the latter studies to RHIC energies, but focus on total
and midrapidity hadron yields as well as particle ratios. For
completeness we include the results from Ref.[19] in Figs.
1–3.

A. Pion and strange particle yields

Figure 1 shows the excitation function ofp+,p−,K+,K−,
and L+S0 yields from 5% central(AGS energies, SPS at
160A GeV and at RHIC energies), 7% central(20, 30, 40,
and 80A GeV), 10% central forL+S0 at 160A GeV Au
+Au (AGS and RHIC) or Pb+Pb(SPS) collisions in com-
parison to the experimental data from Refs.[36–38] (AGS),
[9,39,41] (SPS), and [42–44] (RHIC) for midrapidity (left
column) and rapidity integrated yields(right column). The
solid lines with open squares show the results from HSD, the
dashed lines with open triangles indicate the calculations
with UrQMD 1.3, and the long dashed lines with crosses
depict the UrQMD 2.1 results.

We note in passing, that the corrections to the pion and
kaon yields due to the weak decay of resonances have not
been included in our calculations in line with the experimen-
tal analysis of the NA49 Collaboration(cf. Refs. [9,10]).
However, the experimental subtraction of weak decays is
problematic and might have an impact on the measured kaon
to pion ratio as pointed out in Ref.[45]. This uncertainty has
to be kept in mind throughout the following analysis.

As already demonstrated in Ref.[19] the agreement be-
tween the transport models HSD(solid lines) and UrQMD
1.3 (dashed lines) is rather good, as well as with the data
available. The exception are the pion yields at the highest
AGS energy and lower SPS energies, which are overesti-
mated by both approaches(cf. [19]). This is demonstrated in
more detail in Fig. 2, where thep± andK± yields (as in Fig.
1) are displayed in the energy range up to 80A GeV on a
linear scale. The overestimation of the pion yields(in 4p) in
this energy range is slightly more pronounced for UrQMD
1.3 than for HSD especially at the higher SPS energy. On the
other hand, both transport models fall slightly low in theK+

yields at 30 and 40A GeV. The results from version
UrQMD 2.1 (long dashed lines) differ from UrQMD 1.3 es-
sentially in the following aspect: The pion multiplicity at
AGS and SPS energies is reduced by about 25%(cf. Sec. II)
due to the specific decay scheme of higher mass resonances
(and is now in better agreement with the data). On the other
hand, UrQMD 2.1 gives a lower amount of kaons and espe-
cially antikaons(in 4p) than the “default” HSD and UrQMD
1.3 approaches.

At RHIC energies the UrQMD 1.3 calculations show a
,30% higher pion yield at midrapidity than HSD while the
differences between the 4p integrated yields are of the order
of 10%, both between the models and compared to the data.
The implementation of higher mass states in UrQMD 2.1(cf.1The explicit value depends on the type of resonance.
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Sec. II)—together with the jet production described by
PYTHIA—leads to an overestimation of pions, kaons, and
hyperons at RHIC energies.

Note that the maximum in theL+S0 yield at midrapidity
(lower left part of Fig. 1) for ,30A GeV is reproduced by
both transport approaches. However, this maximum disap-
pears in the 4p integrated yields in line with the data(cf.
lower right part of Fig. 1). Within the transport models the
maximum in theL+S0 yield at midrapidity can be attributed
to a large extent to a change from baryon-dominated dynam-
ics at AGS energies to meson-dominated dynamics at the
higher SPS energies.

B. K+/p+,K−/p−, and „L+S0
… /p ratios

In Fig. 3 we present the excitation function of the particle
ratiosK+/p+,K−/p−, andsL+S0d /p from 5% central(AGS

energies, SPS at 160A GeV and at RHIC energies), 7% cen-
tral (20, 30, 40, and 80A GeV), 10% central forL+S0 at
160A GeV Au+Au (AGS and RHIC) or Pb+Pb(SPS) colli-
sions in comparison to the experimental data from Refs.
[36–38] (AGS), [9,39–41] (SPS), and [42–44] (RHIC) for
midrapidity yields (left column) and rapidity integrated
yields (right column). The solid lines with open squares
show the results from HSD, the dashed lines with open tri-
angles indicate the UrQMD 1.3 calculations, whereas the
long dashed lines with crosses correspond to the UrQMD 2.1
results. The deviations between the transport models and the
data are most pronounced for the midrapidity ratios(left col-
umn) since the ratios are very sensitive to actual rapidity
spectra. TheK+/p+ ratio in UrQMD 1.3 shows a maximum
at ,8.4A GeV and then drops to a roughly constant ratio of
0.12 at top SPS and RHIC energies. UrQMD 2.1 follows the

FIG. 1. (Color online) The ex-
citation function of p+, p−, K+,
K−, and L+S0 yields from 5%
central (AGS energies, SPS at
160A GeV and at RHIC energies),
7% central (20, 30, 40, and
80 A GeV), 10% central for L
+S0 at 160A GeV Au+Au (AGS
and RHIC), or Pb+Pb(SPS) col-
lisions in comparison to the ex-
perimental data from Refs.
[36–38] (AGS), [9,39–41] (SPS),
and[42–44] (RHIC) for midrapid-
ity (left column) and rapidity inte-
grated yields(right column). The
solid lines with open squares
show the results from HSD
whereas the dashed lines with
open triangles and the long dashed
lines with crosses indicate the re-
sults from UrQMD 1.3 and
UrQMD 2.1, respectively. The
lower theoretical errorbars at
RHIC energies correspond to the
yields for 10% central events.
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results from UrQMD 1.3 at AGS and SPS energies, but then
increases slightly up to RHIC energies. In case of HSD, a
continuously rising ratio with bombarding energy is found
for the midrapidity ratios. This rise up to the full RHIC en-
ergy is essentially due to an underestimation of the pion yield
at midrapidity(cf. Fig. 1 in Ref.[48]). The 4p ratio in HSD,
which is approximately constant from top SPS to RHIC en-
ergies, is larger than the ratio from UrQMD 1.3 due to the
lower amount of pion production and a slightly higherK+

yield (cf. Fig. 1). We note that the lower amount of pions in
HSD is essentially due to an energy-density cut(in the local
rest frame), which does not allow hadron formation when the
energy density is above 1 GeV/fm3.

Despite this seemingly good description of the separate
particle yields, the experimentally observed maximum in the
K+/p+ ratio at 20–30A GeV is not reproduced in the mod-
els. Due to strangeness conservation, the same arguments
hold for thesL+S0d /p ratio, where the pronounced experi-
mental maxima are underestimated due to the excess of pions
in the transport models at top AGS energies(for HSD) and
above,5A GeV (for UrQMD 1.3). Here UrQMD 2.1 per-
forms better in the ratios due to the lower amount of pions
produced by the high resonance decays. Since theK− yields
are well described by all approaches(cf. Fig. 1) the devia-
tions in the K−/p− ratios at SPS and RHIC energies in
UrQMD 1.3 indeed can be traced back to the excess of pions.

This suggests that the entropy production, which is reflected
in the pion to baryon ratio at these energies, is overestimated
in UrQMD 1.3 (and HSD) above,5A GeV in central Au
+Au collisions. Note that in UrQMD 2.1 the entropy produc-
tion is reduced by the generation of high mass states ins
channels, which essentially decay by emitting a lower
amount of pions.

It has been discussed in the community[49], that the
maximum in theK+/p+ ratio might be due to isospin effects
in Au+Au sPb+Pbd collisions arising from a different rapid-
ity dependence ofu and d quarks inpp, pn, and nn colli-
sions. We here address this issue and show in Fig. 4 the
influence of isospin effects on the kaon to pion ratio. The left
part of Fig. 4 displays the excitation function of the
kp−l / kp+l ratio from central Au+AusPb+Pbd collisions cal-
culated within HSD (solid line with open squares) and
UrQMD 1.3 (solid line with open triangles). The right-hand
panel shows both the isospin-sensitivekK+l / kp+l ratio (open
symbols) and the (approximately) isospin-insensitive
2kK+l / skp+l+kp−ld ratio (solid symbols). The HSD results
are shown as squares connected by solid lines while the
UrQMD 1.3 results are represented as dashed lines with tri-
angles. The larger solid symbols indicate the experimental
results forkK+l / kp+l from Refs.[9,36,41,42] and the large
open triangles correspond to the ratio 2kK+l / skp+l+kp−ld
from Ref. [47]. As seen from Fig. 4, the calculated(as well

FIG. 2. (Color online) The excitation function
of p+, p−, K+, andK− mesons(as in Fig. 1), but
up to 80A GeV on a linear scale.
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FIG. 3. (Color online) The ex-
citation function ofK+/p+, K−/p−,
and sL+S0d /p ratios from 5%
central (AGS energies, SPS at
160A GeV and at RHIC energies),
7% central (20, 30, 40, and
80 A GeV), 10% central for L
+S0 at 160A GeV Au+Au (AGS
and RHIC), or Pb+Pb(SPS) col-
lisions in comparison to the ex-
perimental data from Refs.[36,38]
(AGS), [9,39–41] (SPS), and
[42–44] (RHIC) for midrapidity
(left column) and rapidity inte-
grated yields(right column). The
solid lines with open squares
show the results from HSD
whereas the dashed lines with
open triangles and the long dashed
lines with crosses indicate the re-
sults from UrQMD 1.3 and
UrQMD 2.1, respectively.

FIG. 4. (Color online) The excitation function of thekp−l / kp+l (left-hand side) and kK+l / kpl ratios (right-hand side) from central Au
+Au (or Pb+Pb) collisions. Left part: the HSD results are shown by the solid line with open squares, whereas the UrQMD 1.3 calculations
are displayed in terms of the solid line with open triangles. The experimental data have been taken from Refs.[9,37,42,46]. Right part: the
solid line with solid squares(triangles) (cf . Fig. 3) corresponds to the HSD(UrQMD 1.3) calculations forkK+l / kp+l (as well as the
experimental data from Refs.[9,36,41,42], while the solid with open squares(triangles) shows the calculated 2kK+l / skp+l+kp−ld ratio in
comparison to the experimental data(open triangles) from Ref. [47].
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as experimentally measured) isospin-insensitive ratio
2kK+l / skp+l+kp−ld is only slightly lower than the isospin-
sensitivekK+l / kp+l ratio. This result is due to the approxi-
mately constantkp−l / kp+l ratio above,6A GeV [left-hand
side(l.h.s.) of Fig. 4] in the transport calculations as well as
in the data. We thus conclude that isospin effects cannot be
responsible for the maximum in thekK+l / kpl+ ratio [right-
hand side(r.h.s.) of Fig. 4].

IV. TRANSVERSE MASS SPECTRA

Despite the relatively good agreement of data and trans-
port calculations in the longitudinal direction[19], signifi-
cant deviations are found in the transverse direction as

pointed out in Ref.[20] before. This demonstrates that lon-
gitudinal rapidity distributions are less sensitive to the had-
ronic interaction channels employed in the transport models.
We here present a more complete and systematic analysis up
to the full RHIC energy ofÎs=200 GeV and investigate al-
ternative scenarios. We start with benchmark tests for the
transport calculations forpp andpA reactions.

A. pp and pA reactions

Our results for the transverse mass(or momentum) spec-
tra of pions and kaons frompp reactions are presented in
Fig. 5. The upper part includes the comparison of the differ-
ential cross sections forp+,p−, andKS

0 from pp reactions at

FIG. 5. (Color online) Upper part: comparison of the differential cross sections forp+, p−, andKS
0 from pp reactions at 12 and 24 GeV/c

from HSD (solid lines) and UrQMD 1.3s=UrQMD 2.0d (dashed lines) with the data from Ref.[50]. Lower part(left): the transverse mass
spectra at midrapidity forp−, K+, andK−s30.1d from pp reactions at a bombarding energy 160 GeV from HSD(solid lines) and UrQMD
1.3 (dashed lines). The thin lines correspond to fits of the experimental slope parameters 163±10 MeV forp−, 172±17 MeV forK+, and
164±16 MeV forK− from Ref. [68]. Lower part(right): the transverse mass spectra at midrapidity forp− and K− from pp reactions at
Îs=200 GeV from HSD(solid lines) and UrQMD 1.3(dashed lines, multiplied by a factor 2) as well as UrQMD 2.0s=UrQMD 2.1d (long
dashed lines). The full symbols indicate the data from the STAR Collaboration[44].
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12 and 24 GeV/c from HSD (solid lines) and UrQMD 1.3
(dashed lines) with the data from Ref.[50]. The lower left
part of Fig. 5 shows the transverse mass spectra at midrapid-
ity for p−, K+, and K−s30.1d from pp reactions at a bom-
barding energy of 160 GeV from HSD(solid lines) and
UrQMD 1.3 (dashed lines). The thin lines here correspond to
fits with the experimental slope parameters 163±10 MeV for
p−, 172±17 MeV for K+, and 164±16 MeV forK− from
Ref. [68]. The lower right part of Fig. 5 displays the trans-
verse mass spectra at midrapidity forp− and K− from pp
reactions atÎs=200 GeV from HSD(solid lines), UrQMD
1.3 (dashed lines, multiplied by a factor 2), and UrQMD 2.0
(2.1) (long dashed lines). The full symbols, furthermore,
stand for the data from the STAR Collaboration[44]. The
description of the transverse mass spectra for pions and ka-
ons is reasonably good in both approaches up toÎs
=200 GeV. We note in passing that the inclusion of PYTHIA
(v 6.1) in UrQMD 2.0 and UrQMD 2.1 is essential in order
to achieve a good description of the data since the contribu-
tion from jet fragmentation is essential at RHIC energies.
Without jet production and fragmentation the UrQMD model
(version 1.3) underestimates the high momentum spectra se-
verely (similar to the relativistic quantum molecular dynam-
ics (RQMD) model [33,51]).

We continue withpA reactions and show in the left part of
Fig. 6 the results for the inverse slope parametersT in (1) for
p± ,K+, andK− mesons at midrapidity frompA reactions at
14.6 GeV/c (A=Be, Al, Cu, Au), whereas the right part in-
cludes the results at 450 GeV/c (A=Be, S, Pb). The inverse
slope parameters from HSD are shown as open symbols con-
nected by solid lines and from UrQMD 1.3(2.0) by open
symbols(with crosses) connected by dashed lines. The full
symbols (l.h.s.) correspond to the midrapidity dataskylabl
=1.5,1.7,1.9d from the E802 Collaboration[52] while the
NA44 data [53] at 2.4øylabø3.5, pTø0.84 GeV/c for
K+,K− and at 2.4øylabø3.0, pT=0.3/1.2 GeV/c (full dia-
monds) and 3.1øylabø4.0, pTø0.64 GeV/c (full squares)
for p+ are given on the right-hand side.

The overall reproduction of the transverse slope param-
eters at AGS and SPS energies for targets from Be to Pb by
both transport models is sufficiently accurate. The inverse
slope parameters from UrQMD 1.3 and HSD differ for pions
and antikaons by about 10% at AGS energies. These differ-
ences can be traced back to the different production channels
in the transport models at lower energies: in HSD the mesons
are essentially produced by string decays, which are strongly
forward peaked in momentum, whereas in UrQMD 1.3 they
partly stem from high mass resonance decays with an isotro-
pic decay in momentum space. At SPS energies the meson
production in both models proceeds via string formation and
decay and leads to very similar results. This also holds for
RHIC energies where, additionally, jet production and frag-
mentation contributes with increasing bombarding energy.

We note in passing that when including the initial state
“Cronin effect” (cf. Sec. VI), the inverse slope parametersT
in Fig. 6 increase by less than 5% even for the Pb target at
450 GeV/c. At 14.6 GeV/c there is no effect(within statis-
tics) for all targets from Be to Au.

B. A+A reactions

We continue with nucleus-nucleus collisions and recall
that the experimentalmT spectra(at midrapidity) from cen-
tral C+C and Si+Si collisions at 160A GeV [68] are well
described by HSD and UrQMD 1.3. This holds for thep−,
K+, as well asK− spectra(cf. Fig. 1 in Ref.[20]).

This situation changes for central collisions of heavy nu-
clei like Au+Au or Pb+Pb. In Fig. 7 we display the calcu-
lated transverse mass spectra at midrapidity from HSD(solid
lines) and UrQMD 2.0 (dashed lines) for p± , K+, and
K−s30.1d from central Au+AusPb+Pbd reactions at 4, 6, 8,
11, 20A GeV (left part) and at 30, 40, 80, 160A GeV and
Îs=200 GeV(right part) with the data(full and open sym-
bols) from Refs.[10,36,37,42–44].2 At the lowest energy of
4A GeV the agreement between the transport approaches and
the data is still acceptable, however, severe deviations are
visible in theK± spectra at top AGS, SPS, and RHIC ener-
gies. Note that thep± spectra are reasonably described at all
energies, while the inverse slopeT of theK± transverse mass
spectra is underestimated severely by about the same amount
in both transport approaches(within statistics). The increase
of the inverseK± slopes in heavy ion collisions with respect
to pp collisions, which is generated by rescatterings of pro-
duced hadrons in the transport models, is only small because
the elastic meson-baryon scattering is strongly forward
peaked(in HSD and UrQMD 2.0), and therefore gives little
additional transverse momentum especially at midrapidity.

V. TESTING ALTERNATIVE SCENARIOS

In this section we will investigate different hadron/string
scenarios, which might contribute to the increase of the in-
verse slope parameter of theK± mesons in central Au+Au
collisions and are not included in the “default” versions of
the transport approaches.

A. In-medium potentials

The question comes up whether the discrepancies shown
in Fig. 7 might be due to conventional hadronic medium
effects. In fact, themT slopes of kaons and antikaons at SIS
energiess1.5–2A GeVd were found to differ significantly
[54]. As argued in[24] the different slopes could be traced
back to repulsive potentials of kaons with nucleons, which
lead to a hardening of theK+ spectra, and attractive antikaon-
nucleon potentials, which lead to a softening of theK− spec-
tra. However, the effect of such potentials was calculated
within HSD and was found to be of minor importance at
AGS and SPS energies[24] since the meson densities are
comparable to or even larger than the baryon densities at
AGS energies and above.

Additional self-energy contributions stem fromK± inter-
actions with mesons, which become increasingly important
for higher bombarding energies; however,s-wave kaon-pion
interactions are weak due to chiral symmetry arguments, and
p-wave interactions such asp+K↔K* transitions are sup-

2Note that all data from the NA49 Collaboration at 30A GeV have
to be considered as “preliminary.”
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pressed substantially by the approximately “thermal” pion
spectrum. A recent study on the kaon potentials in hot pion
matter gives kaon mass shifts of about −52 MeV and vector
potentials of,+49 MeV [55] for a pion gas at temperature
T=170 MeV. We have employed even slightly largerK± po-
tentials in dynamical HSD calculations and achieved a hard-
ening of theK± spectra by less than 10%.

B. Overlapping strings

Furthermore, we have pursued the idea of Refs.[33,56]
that theK± spectra could be hardened by string-string inter-
actions, which increase the effective string tensions and
thus the probability to produce mesons at highmT [30,56]. A
related suggestion has been put forward in[57].

FIG. 6. (Color online) Inverse slope parametersT for p±, K+, andK− at midrapidity formpA reactions at 14.6 GeV/c (A=Be, Al, Cu,
Au)—left part and at 450 GeV/c (A=Be, S, Pb)—right part, from HSD(open symbols connected by solid lines) and UrQMD 1.3(2.0) (open
symbols with crosses connected by dashed lines). The full symbols in the left part correspond to the midrapidity data(kylabl=1.5, 1.7, 1.9)
form the E802 Collaboration[52], in the right part to the NA44 data[53] at 2.4øylabø3.5, pTø0.84 GeV/c for K+, K− and at 2.4øylab

ø3.0, pT=0.3–1.2 GeV/c (full diamonds) and 3.1øylabø4.0, pTø0.64 GeV/c (full squares) for p+.
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FIG. 7. (Color online) Comparison of transverse mass spectra at midrapidity from HSD(solid lines) and UrQMD 2.0(dashed lines) for
p±, K+, andK− (30.1) from central Au+AusPb+Pbd reactions at 4, 6, 8, 11, 20A GeV (left part) and at 30, 40, 80, 160A GeV andÎs
=200 GeV(right part) with the data(full and open symbols) from Refs.[10,36,37,42–44].
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In order to estimate the largest possible effect of string-
string interactions we have assumed that for two overlapping
strings, the string tensions is increased by a factor of 2, for
three overlapping strings by a factor of 3, etc. Here the over-
lap of strings is defined by geometrically assuming a trans-
verse string radiusRs, which according to the studies in Ref.
[58] should beRsø0.25 fm. Additionally, an overlap of the
strings in longitudinal direction is required which, however,
does not involve any new parameter since the dynamics of
the string ends is directly available from the HSD transport
calculations. Based on these assumptions(and Rs=0.25 fm
as in Ref.[57]), we find only a small increase of the inverse
slope parameters at AGS energies, where the string densities
are low [dashed lines in Fig. 8 in comparison to the default
calculations(solid lines)]. At SPS and RHIC energies the
model gives a hardening of the spectra by about 15% which,
however, is still too low in comparison to the data in Fig. 7.
Despite of the large number of initial strings in central Au
+Au collisions at SPS or RHIC energies, their average eigen-
volume (in the rest frame at breakup) is low s<0.3 fm3d
compared to the eigenvolume of a nucleons<2 fm3d due to
the fast string fragmentation process. Consequently the criti-
cal density of color neutral strings may be about 7 times
higher than the critical density of nucleons with respect to a
phase transition induced by percolation[59].

C. Parton elastic scattering

We have examined another possibility, which we denote
as “parton elastic scattering.” To this end we have included
elastic scattering of unformed hadrons in the initial phase of
the reaction—before they actually evolve to their full had-
ronic size—employing the elastic pion-nucleon cross section
per quark degree of freedom. The results of these simulations
are shown in Fig. 8 by the dotted lines, which give a much
better reproduction of the experimental spectra atÎs
=200 GeV that are even slightly overestimated. The draw-
back on the other side is that the hadron rapidity spectra now
are overestimated by,20% relative to the default calcula-
tion (and the experimental data). The increase in the slope
parameter especially forK± spectra at AGS and SPS ener-
gies, however, is only moderate and a significant discrepancy
remains with respect to the experimental spectra.

D. Isotropic decay of strings from meson-baryon collisions

Following a further idea of Ref.[60] we explore the pos-
sibility that the fragmentation of strings frommB collisions
modifies in the dense and hot medium. An extreme modifi-
cation amounts to assume an isotropic decay ofmB
strings—as employed in the RQMD model[33]—which
leads to a reduction of longitudinal hadron momenta and an
enhancement of their transverse momenta. The results of
these simulations are displayed in Fig. 8 for the transverse
mass spectra of pions, kaons, and antikaons(dotted-dashed
lines). Apparently, this modified fragmentation function leads
to much better results in comparison to the experiment(cf.
dotted-dashed lines in Fig. 8).

The drawback to this scenario, however, is that the ap-
proximate agreement with the longitudinal rapidity distribu-

tions for p−,K+,K−, and protons is destroyed as demon-
strated in Fig. 9 for 5% central Pb+Pb reactions at
160A GeV. Here the solid lines correspond to the default
HSD calculations, whereas the dashed lines stand for the
calculations with an isotropic decay ofmB strings. Obvi-
ously, the latter scenario leads to an enhanced stopping of the
nuclei and larger meson production, which is not supported
very much by the data. We admit that a slightly more isotro-
pic decay of themB strings(with respect to the default cal-
culations) would be favored by the experimental data; how-
ever, we do not aim at fitting data here. We mention—
without explicit representation—that the comparison shown
in Fig. 9 for central collisions at 160A GeV holds qualita-
tively also at AGS and RHIC energies.

E. High mass baryon resonances (UrQMD 2.1)

A further possibility to harden the meson and nucleon
spectra in a coupled-channel transport approach is to intro-
duce higher mass baryon resonances with masses.2 GeV
as in RQMD [33], that decay isotropically and dominantly
couple to thepN channel and not to multipion+nucleon
channels. As described in Sec. II, the version UrQMD 2.1
has been set up to incorporate this possibility and to explore
its consequences. Since the “massive” resonances decay iso-
tropically in their rest frame, this leads to enhanced trans-
verse flow as found in the previous subsection. The penalty
of enhanced hadron production(cf. Fig. 9) is cured in
UrQMD 2.1, since the high mass resonance decays produce
25% less particles as compared to a string of the same in-
variant mass. In this way one can produce larger hadron
transverse momenta in the transport calculations without in-
creasing the meson multiplicities on average. Such a pre-
scription fits the data in the AGS and SPS energy regime
very well (similar to RQMD [33,62]). However, the open
question remains: can such states be identified in meson-
baryon scattering and, furthermore, would they survive in a
dense hadronic medium?

In Fig. 10 we show the transverse mass spectra at midra-
pidity for p−, K+, and K−s30.1d from 5% central Au
+Au sPb+Pbd reactions at 11, 160A GeV andÎs=200 GeV
calculated for different scenarios in UrQMD: the dashed
lines correspond to the default calculations(UrQMD 2.0)
and the solid lines to simulations with high mass baryon
resonances(UrQMD 2.1). Indeed, the description of the pion
and K± improves substantially in UrQMD 2.1 relative to
UrQMD 2.0 (and HSD) at AGS and SPS energies. However,
the penalty here is that now the spectra at the top RHIC
energy are overestimated at high transverse mass for pions
and antikaons.

Moreover, the improvement in the spectral slope for pions
and kaons at AGS and SPS energies in UrQMD 2.1 does not
go along with an improvement in the rapidity spectra as
shown in Fig. 11. Though thep− rapidity distribution can be
well described for 5% central Pb+Pb reactions at 160A GeV
due to the reduction of pion production in the decay scheme
of the high mass states, the rapidity spectra ofK± mesons are
also lower in UrQMD 2.1(solid lines) compared to UrQMD
2.0 (dashed lines) and the data. The proton stopping at
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midrapidity is not much affected by the introduction of the
high mass states since they do not couple to the baryon-
baryon channel.

We conclude that the recipe of high mass states—as in-
corporated in UrQMD similar to RQMD—does not solve the
problem with theK+/p+ ratio.

VI. CRONIN ENHANCEMENT IN pA
AND AA COLLISIONS

The Cronin effect dates back to measurements of trans-
verse hadron spectra frompA collisions at the SPS and ISR

[63,64] and relates to a(moderate) enhancement of trans-
verse momentum spectra with increasing target massA.
Though the microscopic origin of this effect is not fully un-
derstood, most current interpretations are based on semihard
initial state gluon radiation of the propagating quarks in the
medium prior to a hard interaction vertex(cf., e.g.,[65]). In
this way, the initial transverse momentum distribution of par-
tons is extended to a higher averagekkT

2l. We discard a fur-
ther discussion of its physical origin and proceed with effec-
tive simulations following Ref.[25]. In the latter work it was
suggested that such an enhancement of the intrinsic quark
transverse momentum spreadkkT

2l might be simulated in the

FIG. 8. (Color online) The transverse mass spectra at midrapidity forp−, K+, andK−s30.1d from 5% central Au+AusPb+Pbd reactions
at 11, 160A GeV, andÎs=200 GeV calculated for different scenarios in HSD: The solid lines correspond to the default calculations, the
dashed lines to simulations with overlapping strings, the dotted lines reflect calculations including “parton elastic scattering” and the
dotted-dashed lines arise from calculations with an isotropic decay of meson-baryonsmBd strings(see text). The experimental data are the
same as in Fig. 7.
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transport approach by increasing the average transverse mo-
mentum spread of the quarkskkT

2l with the number of previ-
ous collisions of primary nucleonsNprev as

kkT
2l = kkT

2lpps1 + aNprevd. s2d

The parametera<0.4 has been determined in Ref.[25] by
comparing to the experimental data ford+Au collisions
[12,13] at Îs=200 GeV. This assumption is in line with an
independent analysis within the Glauber model by Pappet
al. [66]. Note, thatNprev is not a further parameter of the
model, but calculated dynamically in the transport approach.

Whereas the different alternative scenarios discussed in
Sec. V relate to various model assumptions, which are not
directly controlled by experimental data, the initial state Cro-
nin enhancement is an established experimental fact. Conse-
quently, it should be incorporated in future transport ap-
proaches(as in Ref.[25]). For further details we refer the
reader to the latter publication.

A+A reactions with initial state Cronin enhancement

Our results for the transverse mass spectra at midrapidity
for p−, K+, and K−s30.1d from 5% central Au+AusPb
+Pbd reactions at 11A GeV, 160A GeV andÎs=200 GeV as
calculated within HSD including the Cronin effect(2) (solid
lines) are presented in Fig. 12 in comparison to the default
calculations(dashed lines). The experimental data are the
same as in Fig. 7. The description of the spectra becomes
rather good at RHIC energies, improves substantially at the
SPS energy of 160A GeV, but does not give any significant

change at 11A GeV. Consequently, the “prehadronic” Cronin
effect—as implemented via Eq.(2)—is not responsible for
the dramatic increase of theK± slopes at AGS energies. Our
calculations, however, show that a hardening of the trans-
verse mass spectra should not only be attributed to the pres-
ence of collective flow, but also to the initial state semihard
scattering of fast quarks in a dense medium; the latter effect
becomes more important with increasingÎs. A more detailed
and quantitative analysis on the competition of initial state
Cronin enhancement and collective flow from pressure gra-
dients at SPS and RHIC energies we postpone to an upcom-
ing study.

VII. INVERSE SLOPE PARAMETERS AND ŠpT‹

Our findings are summarized in Fig. 13, where the depen-
dence of the inverse slope parameterT [defined by Eq.(1)]
on Îs is shown and compared to experimental data(partly
preliminary) from Refs. [10,36,41–44,67] for central Au
+Au sPb+Pbd collisions (l.h.s.) and [44,68,69] for pp colli-
sions (r.h.s.). The upper and lower solid lines(with open
circles) on the l.h.s. of Fig. 13 correspond to results from
HSD calculations, where the upper and lower limits are due
to fitting the slopeT itself, an uncertainty in the repulsive
K±-pion potential or the possible effect of string overlaps.
The solid lines with stars correspond to the HSD calculations
with the Cronin effect(2). The dashed lines with open upper
triangles represent slope parameters from UrQMD 1.3, the
dotted-dashed lines with open lower triangles correspond to
UrQMD 2.0 results, which are well within the limits ob-

FIG. 9. (Color online) The rapidity distribution forp−,K+,K−, and protons from 5% central Pb+Pb reactions at 160A GeV. The solid
lines correspond to the default HSD calculations, whereas the dashed lines show the calculations with an isotropic decay of strings frommB
collisions (see text). The experimental data are taken from Refs.[9,61].
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tained from the different HSD calculations without the Cro-
nin enhancement. The dotted lines with crosses show the
UrQMD 2.1 results that incorporate the high mass resonance
states.

The slope parameters frompp collisions(r.h.s. in Fig. 13)
are seen to increase smoothly with energy both in the experi-
ment (full symbols) and in the HSD calculations(full lines
with open circles). The error bars related to our calculations
are due to an uncertainty in extracting the slope parameter
from different mT intervals. The UrQMD 1.3 results are
shown as open upper triangles connected by the solid line
and are systematically lower than the slopes from HSD at all
energies. When including jet production and fragmentation
via PYTHIA in UrQMD 2.0 (dotted-dashed lines with open
lower triangles) the results become similar to HSD above
Îs=10 GeV demonstrating the importance of jets inpp re-
actions at high energy.

Coming back to the slope parameters ofK± mesons for
central Au+Au/Pb+Pb collisions(l.h.s. of Fig. 13) we find
that the Cronin initial state enhancement indeed improves the
description of the data at RHIC energies, however, it does
not give any sizeable enhancement at AGS energies. Here
UrQMD 2.1 (dashed lines with crosses) with the high mass
resonance states performs better forK+ mesons, but overes-
timates theK− slopes at AGS as well as upper SPS energies.

An alternative way of representing the data is provided by
the excitation function for the average transverse momentum
kpTl for pions (l.h.s.) and kaons(r.h.s.) in Fig. 14 for the
different transport models in comparison to the data avail-
able. HSD: upper and lower solid lines with open circles,
UrQMD 2.0: dotted-dashed lines with open lower triangles
and UrQMD 2.1: dotted lines with crosses; the data are from
Refs.[42–44,70,71]. The dotted line with the open diamonds
(r.h.s.) showskpTl for K− from UrQMD 2.1. Furthermore, the

FIG. 10. (Color online) The
transverse mass spectra at midra-
pidity for p−, K+, and K−s30.1d
from 5% central Au+AusPb
+Pbd reactions at 11, 160A GeV,
and Îs=200 GeV calculated for
different scenarios in UrQMD: the
dashed lines correspond to the de-
fault calculations(UrQMD 2.0),
the solid lines to simulations with
high mass baryon resonances
(UrQMD 2.1). The experimental
data are the same as in Fig. 7.
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solid lines with stars correspond to the HSD calculations
with the Cronin effect, which gives a good description of the
averagekpTl in case of pions and significantly improves the
averagekpTl for kaons as a function ofÎs (with respect to
default HSD and UrQMD 2.0 calculations). The UrQMD 2.1
calculations overestimatekpTl for pions at all energies by
10–15 % as well as forK− at AGS and SPS energies in line
with the trends from Fig. 13; however, the averagekpTl for
K+ mesons is rather well described.

VIII. THERMODYNAMICS IN THE T−mB PLANE

This still leaves us with the question of the origin of the
rapid increase of theK± slopes with invariant energy for
central Au+Au collisions at AGS energies and the constant
slope at SPS energies(the “step”), which is missed in all
transport approaches presently employed. We recall that
higher transverse particle momenta either arise from repul-
sive self-energies—in mean-field dynamics—or from colli-
sions, which reduce longitudinal momenta in favor of trans-
verse momenta[4,72]. As shown above in Fig. 13,
conventional hadron self-energy effects and(pre-)hadronic
and hadronic binary collisions are insufficient to describe the
dramatic increase of theK± slopes as a function ofÎs as well
as of the initial state Cronin enhancement. Only when in-
cluding high mass resonances in UrQMD 2.1—with a par-
ticular decay pattern—we may end up with reasonable re-
sults forK+ mesons, however, fail more severely for pions as
well as antikaons. These failures of 10–15 % indicate an
additional mechanism for the generation of the pressure that
is observed experimentally, especially at AGS energies.

We speculate—following the previous study[20]—that
partonic degrees of freedom should be responsible for this

effect already at,5A GeV. Our arguments here are based on
a comparison of the thermodynamic parametersT and mB
extracted from the transport models in the central overlap
regime of Au+Au collisions[28] with the experimental sys-
tematics on chemical freeze-out configurations[73] in the
T,mB plane. The solid line in Fig. 15 characterizes the uni-
versal chemical freeze-out line from Cleymans and Redlich
[73], whereas the full dots with errorbars denote the experi-
mental chemical freeze-out parameters—determined from
the thermal model fits to the experimental ratios—taken from
Ref. [73]. The various symbols(in vertical sequence) repre-
sent temperaturesT and chemical potentialsmB extracted
from UrQMD 1.3 transport calculations in central Au
+Au sPb+Pbd collisions at 21.3A TeV, 160, 40, and
11 A GeV [28] as a function of the reaction time in the cen-
ter of mass(from top to bottom). The open symbols denote
nonequilibrium configurations and correspond toT param-
eters extracted from the transverse momentum distributions,
whereas the full symbols denote configurations in approxi-
mate pressure equilibrium in longitudinal and transverse di-
rection.

During the nonequilibrium phase(open symbols) the
transport calculations show much higher temperatures(or en-
ergy densities) than the experimental chemical freeze-out
configurations at all bombarding energiessù11A GeVd.
These numbers are also higher than the tricritical endpoints
extracted from lattice QCD calculations by Karsch[74]
(large open circle) and Fodor and Katz[7] (star with hori-
zontal error bar). Though the QCD lattice calculations differ
substantially in the value ofmB for the critical endpoint, the
critical temperatureTc is closer to 160 MeV in both calcula-
tions, while the energy density is of the order of 1 GeV/fm3

or even below. Nevertheless, this diagram shows that at
RHIC energies one encounters more likely a cross over be-

FIG. 11. (Color online) The ra-
pidity distribution for p−,K+,K−,
and protons from 5% central Pb
+Pb reactions at 160A GeV. The
dashed lines correspond to the de-
fault calculations from UrQMD
2.0, whereas the solid lines show
the calculations with high mass
baryon resonances(UrQMD 2.1).
The experimental data are taken
from Refs.[9,61].
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tween the different phases when stepping down in tempera-
ture during the expansion phase of the hot fireball.

This situation might change at lower SPS or AGS(as well
as at new GSI SIS-300[75]) energies, where for sufficiently
large chemical potentialsmB, the cross over should change to
a first order transition[76], i.e., beyond the tricritical point in
thesT,mBd plane. Nevertheless, Fig. 15 demonstrates that the
transport calculation shows temperatures(energy densities)
well above the phase boundary(horizontal line with error-
bars from Ref.[7]) in the very early phase of the collisions,
where hadronic interactions yield only a pressurep
,0.1–0.14e (with e denoting the energy density). We recall
that for massless partonic degrees of freedom we havep
,e /3 and consequently a much higher pressure. This argu-
ment is well in line with the studies on elliptic flow at RHIC
energies, that is underestimated by,30% at midrapidity in
the HSD approach[48] and by a factor of,2 in the UrQMD

1.3 model [77]. Only strong prehadronic/partonic interac-
tions might cure this problem.

As shown in Ref.[78], in order to describe the elliptic
flow seen experimentally at RHIC in a parton cascade model,
one has to employ parton cross sections up to 45 mb. How-
ever, such strong interactions are incompatible with pertur-
bative QCD, which gives cross sections that are lower by
more than one order of magnitude[78]. We speculate that
such strong nonperturbative interactions on the partonic level
are responsible for the large pressure generation in the very
early phase of intermediate energy nucleus-nucleus colli-
sions.

IX. SUMMARY

Summarizing this work, we point out that baryon stopping
and hadron production in central Au+Au(or Pb+Pb) colli-

FIG. 12. (Color online) The
transverse mass spectra at midra-
pidity for p−, K+, and K−s30.1d
from 5% central Au+AusPb
+Pbd reactions at 11, 160A GeV,
and Îs=200 GeV calculated
within HSD including the Cronin
effect (2) (solid lines) in compari-
son to the default calculations
(dashed lines). The experimental
data are the same as in Fig. 7.
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sions is quite well described in the independent transport
approaches HSD and UrQMD 2.0. Also the longitudinal ra-
pidity distributions of protons, pions, kaons, antikaons, and
hyperons are similar in both models and in reasonable agree-
ment with available data. The exception are the pion rapidity
spectra at the highest AGS energy and lower SPS energies,
which are overestimated by both models[19]. As a conse-
quence, the HSD and UrQMD 2.0 transport approaches un-

derestimate the experimental maximum of theK+/p+ ratio at
,20–30A GeV and UrQMD underestimates also the data at
RHIC energies. This also holds for the new version UrQMD
2.1 introduced here, which incorporates high mass resonance
states above 2 GeV with a particular decay pattern. This
recipe cures the problem of the overestimated pion yield at
AGS and SPS energies, but also reduces theK± yield and
therefore has only little effect on theK+/p+ ratio.

FIG. 13. (Color online) Com-
parison of the inverse slope pa-
rametersT for K+ andK− mesons
from central Au+AusPb+Pbd
collisions (l.h.s.) andpp reactions
(r.h.s.) at midrapidity as a function
of the invariant enegryÎs from
HSD (upper and lower solid line
with open circles), UrQMD 1.3
(dashed lines with open upper tri-
angles), UrQMD 2.0 (dot-dashed
lines with open lower triangles),
UrQMD 2.1 (dotted lines with
crosses) with the data from Refs.
[10,36,41–44,67] for AA and
[44,68,69] for pp collisions. The
upper and lower solid lines in the
left diagrams result from different
limits of the HSD calculations as
discussed in the text while the
solid lines with stars correspond
to HSD calculations with the Cro-
nin initial state enhancement(2).

FIG. 14. (Color online) The excitation function for the average values ofpT at midrapidity for pions(left) and kaons(right) calculated
within HSD (upper and lower solid lines with open circles) and UrQMD 2.0(dot-dashed lines with open lower triangles), UrQMD 2.1
(dotted lines with crosses) in comparison to the data from Refs.[42–44,70,71]. The solid lines with stars correspond to the HSD calculations
with the Cronin effect(2). The dotted line with the open diamonds(right part) gives kpTl for K− from UrQMD 2.1.
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We have found that the inverse slope parametersT for K±

mesons from the HSD and UrQMD 2.0 transport models are
practically independent of system size frompp up to central
Pb+Pb collisions and show only a slight increase with col-
lision energy. The calculated transverse mass spectra are in
reasonable agreement with the experimental results forpp
reactions at all bombarding energies investigated, as well as
at central collisions of light nuclei(C+C and Si+Si) (cf.
Ref. [20]). The rapid increase of the inverse slope parameters
of kaons for central collisions of heavy nuclei(Au+Au or
Pb+Pb) found experimentally in the AGS energy range,
however, is not reproduced by both models in their default
version(see Fig. 13).

We have, furthermore, discussed a couple of scenarios in
Sec. V to improve the description of the experimental data.
However, none of the alternative scenarios leads to a fully
satisfactory reproduction of all the experimental data. It is
worth pointing out that a substantial hardening of theK±

slope results from an initial state Cronin enhancement at
higher SPS and RHIC energies, that should not be attributed
to collective flow (or initial pressure). This Cronin
enhancement—as known experimentally fromp+A reactions
at SPS energies—does not signal a phase transition to a
quark-gluon-plasma.

We thus have argued—in comparison to lattice QCD cal-
culations at finite temperature and baryon chemical potential
mB from Refs.[7,74] as well as the experimental systematics
in the chemical freeze-out parameters(cf. Fig. 15)—that the
missing pressure should be generated in the early phase of
the collision by nonperturbative partonic interactions be-
cause the strong hadronic interactions do not produce it in
the later stages.

The interesting finding of our analysis is, that
prehadronic/partonic degrees of freedom seem to play a sub-
stantial role in central Au+Au collisions already at AGS en-
ergies above,5A GeV. This finding is in line with the ob-
servation that the excitation function of the proton elliptic
flow v2 also indicates a softening of the equation of state
with increasing energy at 4–5A GeV in Au+Au collisions
[79–81]. However, further detailed experimental and theoret-
ical studies also on collective flow properties from nucleus-
nucleus collisions will be necessary to unravel the various
aspects of relativistic many-body systems.
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