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Ratios of hadronic abundances are analyzedpferand nucleus-nucleus collisions gk = 20 GeV
using the microscopic ultrarelativistic quantum molecular dynamics transport model. Secondary inter-
actions significantly change the primordial hadronic composition of the system. A strong dependence
on rapidity is predicted. Without assuming thermal and chemical equilibrium, predicted hadron yields
and ratios agree with many of the data/(p, d/p, p/p, A/A, E/A, etc.). [S0031-9007(98)07647-9]

PACS numbers: 25.75.Dw, 12.38.Mh, 24.10.Lx, 24.85.+p

Hadron abundances and ratios have been suggestedisgsy—its collision term treats 55 different isospi’)(
possible signatures for exotic states and phase transitiomiegenerate baryomB] species (including nucleon, delta,
in dense nuclear matter. In addition they have beemnd hyperon resonances with masses up to 2 GeV) and
applied to study the degree of chemical equilibration in32 different T-degenerate mesom( species, including
a relativistic heavy-ion reaction. Bulk properties like (strange) meson resonances as well as the corresponding
temperatures, entropies, and chemical potentials of highlgntiparticles. A detailed overview of the model, including
excited hadronic matter have been extracted assumintfje elementary cross sections and string excitation scheme,
thermal and chemical equilibrium [1-7]. as well as an in-depth analysis of particle production and

The present Letter confronts the conclusions of a serieBeeze-out, has been published in [12,13].
of publications which have attempted to fit the available The first question remains as follows: Is a microscopic
data obtained at the BNL Alternating Gradient Synchrotrortransport model able to describe hadron production yields
[8] and at the CERN Super Proton Synchrotron (SPS) [9hnd ratios? Hadron production in elementary high energy
on hadron yields and ratios. The latter have been done eproton-proton or nucleon-nucleon reactions is modeled in
ther in the framework of a hadronizing quark-gluon plasmaJrQMD via a string excitation scheme. The parame-
(QGP) droplet [7,10] or of a hadron gas in thermal andters are chosen such to yield the best possible agreement
chemical equilibrium [6] (including elementagy + p in-  with available data (for a compilation of availalpe+ p
teractions [11]). It has been shown that the thermodynamidata, we refer to [11]). In most cases the fit yields good
parameterd” and up imply that these systems have beenagreement to hadron yields and momentum distributions.
either very close to or even above the criti@alup line  Notable exceptions are thg production which is underes-
for QGP formation [6,7]. timated by a factor of 2.A + 30 as well as the\ + 3°

Here, in contrast, the nonequilibrium microscopic ultra-production are overestimated By50%. Problems in the
relativistic quantum molecular dynamics transport modebktrangeness sector are common to most string models and
(UrQMD) [12,13] is used to calculate hadron ratios with- indicate that strangeness production is not yet fully under-
out thermalization assumptions. We tackle the followingstood on the elementary level [17].

questions. Figure 1 compares the UrQMD hadron ratios with
(1) Is this microscopic model able to describe hadrorexperimental measurements [9]. We use a data compi-
production (including yields and ratios)? lation which has been published in Ref. [6]. The open

(2) To what extent do the hadron ratios depend ortircles represent the measurements whereas the full circles
rapidity? How strong is their sensitivity to experimental show the respective UrQMD calculation for-SAu at
acceptance cuts? 200 GeV/nucleon and impact parameters between 0 and

(3) Do isospin and secondary interactions (rescattering).5 fm. For each ratio, the respective acceptance cuts, as
play a major role or is the hadronic makeup of the systenfisted in [6], have been applied. The crosses denote a fit
fixed after the first primordial highly energetic nucleon- with a dynamical hadronization scheme, where thermody-
nucleon collisions? namic equilibrium between a quark blob and the hadron

For our analysis we employ the ultrarelativistic quan-layer is imposed [7]. A good overall agreement between
tum molecular dynamics model [12,13] which is basedthe data and UrQMD is observed, similar in quality to that
on analogous principles as the (relativistic) quantum moef the hadronization model. Large differences, however,
lecular dynamics model [14—16]. The UrQMD model are visible in the¢ /(p + w), K¢/A, and Q/E ratios.
is ideally suited to study questions involving hadrochem-Those discrepancies can be traced back to the elementary
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FIG. 2. Rapidity dependence of hadron ratios in the UrQMD
model for the system S- Au(W, Pb) at CERN'SPS energies.

FIG. 1. Comparison between the UrQMD model (full circles) The ratios vary by orders of magnitude, yielding differght
and data (open circles) for the system+SAu(W,Pb at  andus values for different rapidity intervals.
200 GeV/nucleon. Also shown is a fit by a microscopic

hadronization model (crosses). Both nonequilibrium modelsThere, the ratios would also be symmetric with respect to
agree well with the data. Discrepancies are visible for thehe rapidity of the central source. When fitting a thermal
¢/(p + w), Ks/A, andQ}/E ratios. model to data, one must take this rapidity dependence into
account and correct for different experimental acceptances.
UrQMD input, e.g., the underestimation of tlkemeson The strong rapidity dependence also indicates clearly a
yield. strong dependence of the hadron ratios on the experimental
A thermal and chemical equilibrium model can be evenacceptances. Imposing additional cutsgnmay drasti-
used to fit the hadron ratios of the UrQMD calculation cally change yields and ratios (e.g., in the case okifeA
displayed in Fig. 1. The parameters of the thermal modetatio, the additional cut on thg, of the kaons in the ex-
fit to the microscopic calculation in the,, = 3 = 0.5 periment causes a decrease of the ratio by almost 1 order
region yields a temperature 6f= 145 MeV and a baryo- of magnitude).
chemical potential ofup = 165 MeV. However, the Do isospin and secondary interactions play a major role
assumption of global thermal and chemical equilibrium isor is the hadronic makeup of the system fixed after the first
not justified: Both the discovery of directed collective flow primordial highly energetic nucleon-nucleon collisions?
of baryons and antiflow of mesons in RbPb reactions at  Since even the particle abundances in elementary proton-
160 GeV/nucleon energies [18] as well as transport modeproton reactions may be described in a thermal model
analysis, which show distinctly different freeze-out times[11], one could speculate that the hadronic final state of
and radii for different hadron species [12,19], indicate that nucleus-nucleus collision should not differ considerably
the yields and ratios result from a complex nonequilibriumfrom the primordial “thermal” composition.
time evolution of the hadronic system (see Fig. 4 below). Figure 3 shows the UrQMD prediction for the heavy
A thermal model fit to a nonequilibrium transport model system Pb+ Pb. The ratios around midrapidity (full
(and to the datamay therefore not seem meaningful. circles) are compared to those stemming from elemen-
To what extent do the hadron ratios depend on rapidityary proton-proton reactions (open squares) and those from
and transverse momentum? How strong is their sensitivan isospin-weighted nucleon-nucleon calculation (open
ity to experimental acceptance cuts? The rapidity depertriangles), which is obtained by weighting a cocktail of
dence of individual hadron ratiaB; is shown in Fig. 2:  pp, pn, and nn events such that the proton and neu-
Thep/=*, n/7° K*/K~, p/p, A/p, andK°/A ratios  tron numbers in the Pb nuclei are properly taken into
are plotted as a function af,,. A strong dependence of account (i.e., a first collision ansatzZ)N(Pb + Pb) =
the ratiosR; on the rapidity is visible—some ratios, espe-0.155(pp) + 0.478(pn) + 0.367(nn).
cially those involving (anti-)baryons, change by orders of The correct isospin treatment is of utmost importance,
magnitude when going from target rapidity to midrapidity. as it has a large influence on the primordial hadron ratios.
The y dependence is enhanced by the heavy target whicBecause of isospin conservation, {hép andA/(p — p)
leads to strong absorption of mesons and antibaryons. Thatios are enhanced by30% and ~35%, respectively,
observed shapes d&;(y) are distinctly different from a since it is easier to produce neutral or negatively charged
fireball ansatz incorporating additional longitudinal flow: particles in ann or pn collision than in app interaction.

hadron ratio R;
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FIG. 3. UrQMD prediction for hadron ratios in Pb Pb O . %882z °%%0
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In a heavy system such as RbPb, rescattering effects 2 T T
are even larger than those accounted for by isospin con- {40! ]
servation. Because of the large number of baryons around 5 ‘ ‘ ‘ ‘ ‘ ‘ : ‘
midrapidity, antibaryon annihilation at midrapidity occurs 0 5 10 15 20 25 30 35 40
frequently and therefore ratios involving antibaryons are tem

strongly suppressed. Most prominent examples are theg. 4. Top: Time evolution of they/7*, p/p, A/(p —
= /E (a factor of 20 suppressiony,/p (a factor of 8 sup- p), and A/A ratios at midrapidity for Pbr Pb. At ¢ =
pression), and théfg//_\ (a factor of 3 enhancement) ra- 40 fm/c—at which kinetic freeze-out has occured for 95%

tios. The¢/(p + w) yield is enhanced by a factor of ©f the mesons and 75% of the baryons—th&(p — ) and

. = . .~ A/A ratios have not yet saturated. Bottom: Collision and
+
2. Here, the¢ enhancement vi&™ K~ scattering evi- decay rates. Baryon-baryon interactions dominate the early

dently outweighs the enhancement viar “7r~ scatter- reaction stage, subsequently the system is driven by meson-
ing. Strangeness enhancemeasttherefore also present baryon and meson-meson interactions and the late reactions

in a hadronic transport approach and does not necessarijages are dominated by decays of resonant states.

point towards the formation of a QGP (as predicted, e.g.,

in Ref. [3]). Athermal model fit at midrapidity yields val-

ues of7 = 140 MeV andup = 210 MeV. resonant states, but then increases again by a factor of
How do the ratios evolve from their primordial value 2 during the later reaction stages when resonance decays

(fixed in the first high energy nucleon-nucleon reactionsagain populate the proton states. Saturation occurs close

to the final values and which processes dominate their evde r = 30 fm/c (close to the kinetic freeze-out for pions).

lution? The upper frame of Fig. 4 shows the time evolu-The p/p ratio drops due to massiv@B annihilation by a

tion of the p/7 ™", p/p, A/(p — p), andA/A ratios at  factor of 8. Similarly, theA/A drops also by a factor of

midrapidity for Pb+ Pb. As is to be expected, the ini- 10. Both thep/p and theA/A show an initial increase

tial ratios are identical to the values given by the isospindue to the enhanced production of antibaryons through

weighted nucleon-nucleon calculation. The hot and densmultistep excitation processes in the early, dense reaction

reaction phase lasts only until approximatdly fm/c;  stage [20], which is subsequently countered by massi/e

thereafter the system rapidly expands. No early saturaannihilation.

tion of the ratios in the hot and dense reaction phase is The kinetic freeze-out of the system does not occur at

observed, indicating that the system does not reach the fone particular time, but each particle species exhibits its

nal ratios in that early phase. During the hot and densewn, broad, freeze-out distribution in space-time [12,19]:

phase, thep /7" ratio drops almost by a factor of 3 due at + = 40 fm/c, 95% of the mesons and approximately

to massive pion production and excitation of protons into75% of the baryons have frozen out [12]. Thus, this
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