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Strangeness production in proton and heavy-ion collisions at 14.6 A GeV
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Rapidity and transverse momentum distributions of ~, K —,and p have been computed for p+ Be,
p+Au, and Si+Au collisions at 14.6A GeV with the Monte Carlo quark-gluon string model (QGSM).
The calculations are compared to experimental data at the same energy. The QGSM reproduced the
shapes and approximately absolute values of the minimum bias rapidity distribution for all particles ex-
cept the pions in p+Au data. The model also reproduced the rapidity distribution for protons and K+
in the central Si+Au collisions. However, we overestimated the enhancement at low p, for pions and
negative kaons. As a consequence, the QGSM also produces an excess of pions and K in the rapidity
distribution below y =2, and predicted an overall K+/n+ enhancement by a factor of 1.4—1.9 as corn-
pared to pp data, instead of a factor of 4 as obtained by the E802 Collaboration.

I. INTRODUCTION

Heavy-ion experiments at relativistic and at ultrarela-
tivistic energies have largely been motivated by the
search for a quark-gluon plasma (QGP), a macroscopic
state of matter where quarks and gluons are free to move
in a large volume. At Brookhaven National
Laboratory —Alternating Gradient Syncrotron (AGS), full
stopping is realized [1—4], showing a behavior close to
the Landau model [5] and to relativistic Iluid dynamics
[6], and the energy density can reach values comparable
to the critical values for QGP formation. At CERN-SPS
energies, the situation is rather different: the projectile
and target would penetrate through each other, and the
nucleus becomes more transparent. However, different
CERN experiments (NA35, WA80) demonstrate a sub-
stantial stopping power (60%, NA35), and estimates from
particle production density (WA80) indicate energy den-
sities above critical values.

Monte Carlo quark-gluon string model (QGSM) calcu-
lations agree well with transverse energy spectra observed
at AGS energies [7,8] and for CERN-SPS energies [9,10],
the QGSM also predicts a high level of collectively and
thermalization for heavy systems and even observable
transverse flow for Pb+Pb reactions [10].

Several observables have been proposed as signals for
QGP formation, such as strangeness enhancement, dilep-
ton production, direct photons, J /P suppression, and
others, which probe different stages of the reaction
[11—14]. A series of experiments has recently been per-
formed to investigate strangeness enhancement. The col-
laborations NA35 and WA85 at SPS-CERN and E802 at
AGS-BNL all claim to see an increased strangeness pro-
duction as compared to p +p data. But they all have to
be carefully examined before specific conclusions can be
made.

In order to make detailed predictions for the case of

purely hadronic matter, we will analyze these experi-
ments with the QGSM [15—18]. In this article we
present rapidity and transverse momentum distributions
of protons, pions, and kaons in p+Be, p+Au, and
Si+Au collisions at 14.6A GeV and compare our calcu-
lations to E802 [19,20] and E810 [21] AGS-BNL experi-
ments. We present also K+/m+ and K /m ratios, pre-
dicted by the QGSM as a function of impact parameter in
Si+Au at 14.6A GeV.

II. MONTE CARLO
QUARK-GLUON STRING MODEL

The QGSM is a detailed, realistic microscopic model
[15—18] based on string phenomenology which does not
assume QGP formation. In hadron —hadron (h +h),
hadron-nucleus (h+ A), and nucleus-nucleus (A + A)
collisions, one or more strings are formed, which later de-
cay via secondary-hadron formation. The parameters of
the model were adjusted to known h +h and h + A data.
In the QGSM the string decay product can rescatter.
Another important new physical feature is the interaction
of strings (treated in an approximate way by allowing the
diquarks in a string, which have not yet hadronized, to
rescatter). There are other models which also include
similar features such as VENUS by Werner [22] and rela-
tivistic molecular dynamics (RQMD) by Sorge and co-
workers [23,24].

At low incident energies, when strings have a short
lifetim. e or the initial energy is not enough to create
strings, our Inodel can be regarded as an extension of the
intranuclear cascade model [25], where we have taken
into account the resonance creation, interaction, and de-
cay, as well as direct meson creation such as NN —+mNN.
During a nucleus-nucleus collisions at ultrarelativistic en-
ergies, the different kinds of hadrons can be produced.
The new hadrons can interact with each other. Our mod-
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el for hadron-hadron inelastic interaction is quarkbased;
thus we can simulate any hadron collision in a similar
manner [18]. To compute the statistical weights for the
di6'erent subprocesses and to determine the interaction
between hadrons, we used the experimental total, elastic,
and annihilation cross sections.

For lack of experimental cross sections, we invoke iso-
topic invariance or additive quark model relations (for
example, to compute the meson-meson collision cross
sections). The resonance cross sections are assumed to be
identical to the stable particle cross sections with the
same quark content. An exception was made for the 6
resonance nucleon cross sections at low initial momen-
tum, where we used the one-pion-exchange model as was
described in Ref. [26]. We have also used the detailed
balance relations to separate the AN —+NN reaction cross
section and have taken into account 6 resonance produc-
tion from pion and nucleon and the vector-meson pro-
duction from two mesons. The probability for 6 produc-
tion is determined from the relativistic Breit-Wigner dis-
tribution [26]. Delta production and the reaction
4N~NN are the main processes for the pion absorption
inside a nucleus in the QGSM.

The QGSM has several possibilities to account for
strangeness production and transverse momentum distri-
butions. The strange particles are produced by decay of
strings with strange and nonstrange quarks at their ends.
The production rate is determined by the strange quark
content of the colliding hadrons and by the strangeness
suppression probability at string breakup. Few-particle
reactions of hadrons are particularly important for
strangeness production and absorption at 14.6A GeV.
The details of the model are described in [18] where one
can 6nd comparisons of calculated partial cross sections
for nonstrange and strange particle production in pp and
pp at laboratory projectile energy around 1 —10 GeV.
The good agreement obtained for these processes was
also obtained for meson-nucleon partial cross sections.
This is illustrated by the partial cross sections for E p re-
actions in Fig. 1.

The transverse distribution is essentially governed by
the quark transverse distribution

2f (p )=foe
where fo and P corresponding, respectively, to the nor-
malization constant and to a slope parameter. They are
difT'erent in cases of string breaking and intrinsic quark
transverse momentum, P=6.25 and 8.2 (GeV/c), re-
spectively [27]. An additional source of transverse
momentum creation arises from rescattering of the secon-
daries or rescattering of the leading diquarks of the
strings which have not yet hadronized completely. Final-
ly, a further source of the transverse momentum is the
original transverse Fermi motion of the nucleons in the
projectile and target. This transverse motion is inherited
by the valence quarks and diquarks. Hence the original
strings formed by the valence quarks or diquarks of the
initial projectile and target nucleons are not completely
parallel to the beam axis.

It should be mentioned that for the AGS energy most
of the strings have a low mass and can decay only as two
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FIG. 1. Partial cross sections of different subprocesses, as a
function of the E + projectile momentum, in E—

p interactions
computed with the QGSM (histograms) and compared to exper-
imental data [29]. Labels from top to bottom: (a) solid line,
E +p ~pm+E; dashed line, K+p ~p~+vr E+; dot-dashed
line, E+p —+pm++ E; dotted line, E:+pampa+m. ~ E; {b)
solid line, K p~Am; dashed line, E p~pm. K; dot-dashed
line, E p —+pm m K; dotted line, K p~n~+~ E .

hadrons, if the string mass is less than the resonance mass
M++0. 35 GeV, (where the resonance corresponds to the
flavor content of the string). We call such strings clus-
ters, which are allowed to decay isotropically in our mod-
el. The momenta of cluster decay products are deter-
mined by the cluster mass. We would need considerable
amount of data to acquire the necessary knowledge for
the transverse distributions in cluster decays.
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III. COMPARISON TO EXPERIMENTS A. Minimum-bias events

The QGSM provides a tool to predict rapidity and p,
distributions for strange (and nonstrange) mesons and
baryons,

It should be mentioned that in Ref. [24] an explanation
of E+ enhancement without the QGP scenario was sug-
gested by an analysis of p, spectra with the RQMD mod-
el. However, the calculated spectra were shown only for
the experimental [19]range and without absolute normal-
ization. In a recent report RQMD spectra with absolute
normalization show an overall (except for the proton ra-
pidity distribution in central collisions) general agree-
ment with the data [28].

(a) :

I-i ~

Rapidity distributions in the range 0.7&y &2.7 are
shown in Fig. 2 for p, m, and K+ at 14.6A GeV for two
reactions: minimum-bias p +Be and p +Au. The
QGSM rapidity distributions are presented in Fig. 2 for
the full rapidity range. As seen from Fig. 2, we approxi-
mately reproduced not only the shapes, but also the abso-
lute values of dN/dy for different particles in the p +Be
reaction. This indicates a satisfactory approximation of
elementary hadron collisions. For p +Au we reproduced
the shapes and absolute values for protons and kaons, but
we overestimated the maximum values of pions. Howev-
er, we also include low p, pions, which are only extrapo-
lated in most experiments. For lack of experimental data
for pions with low transverse momentum, we cannot
make a definite conclusion regarding the fit to the pion
rapidity distribution.

In p+Be reactions the pion and kaon distributions
peak nearly at the nucleon-nucleon c.m. , indicating that
in these reactions meson production is dominated by the
initial nucleon-nucleon collisions. In the p +Au col-
lisions the pion and kaon distributions peak closer to the
target rapidity, at y =0.5 and 0.8, respectively, indicating
the importance of rescatterings and the approach toward
equilibrium. The higher peak rapidity for kaons com-
pared to pions shows that relatively more kaons than
pions are created in initial nucleon-nucleon collisions.
On the other hand, the kaon rapidity distribution is ob-
servably wider in p+Au, Ay =1.6, than in p+Be, sig-
naling that multiple scatterings inAuence the kaons also.

B. Central Si+Au events

-2 1. Rapidity and transverse momentum distributions
in E810
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FIG. 2. Rapidity distributions dN/dy for identified particles
per trigger in two different reactions (a) p +Be and (b) p +Au,
at E&,b/A =14.6 GeV. Different symbols are the results of
E802 Collaboration [19,30,20]. Histograms are the QGSM pre-
dictions. The solid line and solid squares correspond to m

(multiplied by 10), dashed line and solid circles to p, dot-dashed
line and open squares to K+, and dotted line and open dia-
monds to E

At first, we compare the QGSM predictions for rapidi-
ty distributions to E810 data because these include parti-
cles in a large transverse momentum range. In experi-
ment E810 negative and positive particles with low trans-
verse momenta were measured in the rapidity range
y) 1.7. We used the criteria for central Si+Au col-
lisions that all protons except one should participate.
This should be compared to the trigger condition by
E810, which requires a maximum signal of Z & 1.5 in the
veto counter. The obtained rapidity spectra for negative
pions and for protons are compared to experimental data
[21] for negatives and positives minus negatives, respec-
tively, in Fig. 3. We reproduce the negative-particle data
at y )2.0, but the QGSM proton distribution disagrees
substantially with the experimental results.

This indicates that our selection of events is not identi-
cal to the E810 experimental trigger condition, which
will be discussed further in connection with the analyses
of the E802 data.

Both the pion and kaon rapidity distributions peak
around y = 1, unlike in the p +Au collision where there
was a rapidity difference between the two peaks of about
0.3. This indicates a further increase of thermalization.
The widths are about the same as in the p+Au case.
Fluid-dynamical calculations predict a peak at y =0.8
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FIG. 3. Rapidity distributions dX/dy divided by 28 in cen-
tral Si+Au reactions at Ebb/3 =14.6 GeV. Different symbols
are the results of E810 Collaboration [21] for negative and posi-
tive minus negative, while the histograms are the QCxSM predic-
tions for negative pions and protons, respectively. Notation is
the same as in Fig. 2.

(1.0) for hadronic (QGP) EOS's (equation of states), re-
spectively, in a S+Pb reaction at the same energy [6].
The width and amplitude of the pion distribution are
about the same in the Quid-dynamical model and QGSM.
Although from the peak position one could infer the soft-
ness of the EOS [6], the sensitivity at this energy is small,
and we cannot draw a definite conclusion concerning the
EOS.

In Fig. 4 we present the transverse momentum spectra.
Because of scaling behavior observed in pp collisions,

zo 1

0.0 0.2 0.4 0.6 0.8 1.0
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FIG. 4. Transverse mass spectra for central Si+Au col-
lisions. The squares are measured negative particles [21] by
E810 for y =2.2-2.4. The histogram is the result of the QCxSM
for m

these spectra are usually plotted as a function of the
transverse mass m, or transverse kinetic energy
T=m, —mo for a particle of mass mo. The squares in

Fig. 4 correspond to central Si+Au data for negative
particles measured by E810 [21] for the rapidity interval

y =2.2 —2.4. The E810 data show a curved m, spectrum
for the Si+Au case. In Fig. 4 we present also the trans-
verse kinetic-energy spectra for negative pions obtained
by the QGSM in the same rapidity interval. As seen
from Fig. 4, the main reason for the disagreement be-
tween the experimental and QGSM rapidity distributions
(shown in Fig. 3) is the overprediction of the low p,
enhancement for negative particles at T & 0.2 GeV/c.

The enhancement of negatives at low p, may be de-
creased by including additional collective absorption pro-
cesses to the b, resonance process (rrNN~bN~NN)
mentioned in Sec. II. For example, meson absorption is
possible on a correlated pair of nucleons also [25]. Furth-
ermore, if the formation of a mean field is considered in
the model, as in Ref. [23], the nuclear compression has
to be realized by the use of compressional energy, which
is in turn missing for meson production, leading to a
lower m. multiplicity.

On the other hand, in our opinion we could also de-
crease this disagreement by better understanding and
simulation of experimental trigger conditions.

2. Rapidity and transverse momentum distributions
in E802

Because of our lack of knowledge of the experimental
conditions, we cannot reproduce the E802 central trigger
as well as the E810 trigger in these simulations. Thus we
performed a series of calculations at fixed impact parame-
ters. The calculated rapidity distributions at b =2, 4. 5,
and 7 fm are shown in Fig. 5. Based on theoretical con-
siderations, the rapidity distributions are approximately
the same at impact parameters b & 3 fm. By comparing
QGSM and experimental E802 proton spectra, we con-
clude that central events in the experiment should rough-
ly correspond to b & 3 fm. The proton rapidity distribu-
tion in Fig. 5 from the E802 collaboration is substantially
different from the positive-negative difference in Fig. 3.
A comparison of the yields of both experiments to the
theoretical impact-parameter dependence of the proton
distribution from the QGSM indicates that the experi-
ments sample events in different impact-parameter
ranges. In our opinion the E810 trigger included impact
parameters up to b -6 fm and cannot be represented by a
simple impact parameter cut in contrast to the high cen-
trality of the E802 result.

The E802 Collaboration concluded [19] that the
K+/m+ ratio in central Si+Au collisions is enhanced at
least by a factor of 4 as compared to pp interactions,
whereas there is no clear evidence in E802 results for
EC /n enhancement. Experimental relative yield ratios
for central Si+Au collisions [19,20] in this region are
K /m+ =0.2 and K /m =0.04, while corresponding
values in proton-proton interactions at similar energies
are E+/m+ =0.5 and K /m =0.03.

For comparison we calculated the relative yield ratios
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for the QGSM in different rapidity ranges. For central
Si+Au collisions at b ( 5 fm, we find
K+/~+ =0.07—0.09 and K /m =0.025 —0.035, while
between b =5 and 9 fm the IC+ /m. + ratio drops smoothly
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FIG. 6. Transverse mass spectra for central Si+Au col-
lisions. Symbols correspond to data [19]from E802 measured at

y =1.2—1.4. The histograms are results of the QCxSM predic-
tions at b =2 fm. Notation is the same as in Fig. 2.
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to 0.04. Compared to pp collisions, this means an in-
crease in the K+/m. + ratio by 1.4—1.9, but no increase
for the K /m ratio.

Rapidity distributions were obtained by E802 using an
exponential extrapolation to p, =0. Transverse momen-
tum spectra are measured by E802 in an interval centered
at about midrapidity (y =0.7 —2.0), and for transverse
momenta p, )0.3 (0.4) GeV/c for pions and kaons (pro-
tons) in a high-resolution spectrometer.

In Fig. 6 transverse mass spectra for negative pions,
protons, and A + mesons are shown. The symbols in Fig.
6 correspond to central Si+Au data for different parti-
cles measured by E802 for the rapidity interval
y =1.2—1.4. In Fig. 6 we present also the transverse
kinetic-energy spectra (histograms) obtained by the
QGSM at impact parameter b =2 fm. In the model low

p, spectra show a clear increase above the exponential
function describing the E802 data at p, )0.2 GeV/c. The
low p, enhancement is due to the long time (we followed
about 30 fm/c) evolution of the hadronic system. This in-
cludes such sources of low-momentum hadrons, as the
decay of resonances, mostly deltas to pions.

It should be mentioned that our model underpredicted
the slope of the experimental distributions for central
Si+Au. This disagreement could be resolved, if ap-
propriate experimental h +h data were available. Then,
by fitting the experimental transverse momentum distri-
butions at the hadronic level and changing model param-
eters accordingly, we could expect a better agreement
with heavy-ion experiments also.

FICx. 5. Rapidity distributions dX/dy divided by 28 for
identified particles in central Si+Au reactions at E~,b/A = 14.6
GeV at b = (a) 2 fm, (b) 4.5 fm, and (c) 7 fm. Experimental data
are from E802 central events [30]. Notation is the same as in
Fig. 2.

IV. THEORETICAL CONCLUSIONS

The QGSM gives a quantitative prediction of rapidity
and transverse momentum distribution of pions, protons,
and kaons for minimum-bias p +Be, p +Au, and central
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Si+Au at 14.6A GeV/c in the absence of QGP. The
QGSM reproduced the shapes and approximately abso-
lute values of the minimum-bias rapidity distribution for
all particles except pions in p +Au.

The QGSM gives predictions for IC'+/m+ and IC /vr
as a function of impact parameter in Si+Au at 14.6A
GeV. The model yields an enhancement of K+ by a fac-
tor of 1.4—1.9, whereas there is no enhancement for
K /rr . If the QGSM IC'+ yield in Fig. 5 is divided by
the experimental data for negatives, the K /m. + ratio
gives 18%%uo, while dividing with the QGSM pion distribu-
tion, which fits the data in the range y & 2.0 well, yields a
ratio of 7.5%. (We assume, based on QGSM results, that
the tr+ and n yields are identical. )

Furthermore, the QGSM overestimated the observed
enhancement of the low p, spectrum for negative-charged
particles obtained by the E810 Collaboration. As a
consequence, the QGSM also overestimated the rapidity
distributions of negative mesons below y =2.0. However,
the rapidity distribution for negative mesons is repro-
duced by the QGSM at y )2.0.

The shape of the proton rapidity distribution is strong-
ly dependent on the impact parameter. The shoulder of
the positive-negative rapidity distribution in the E810 ex-
periment at y =3 is not reproduced by the QGSM (Fig.
3). This indicates that the experiment contains events
with large impact parameters (like b )4 fm in Fig. 5). On
the other hand, we obtained good agreement between the

QGSM results for the proton distribution at b =2 fm and
the identified proton yield by the E802 Collaboration.

We also reproduced the experimental rapidity distribu-
tion for K+ mesons. However, our analysis of the E802
results shows that there are still open questions about the
claimed overall enhancement of K+ /m+ ratio by a factor
of 4 compared to p +p data.

The disagreements between the data and our calcula-
tions imply that description of ~ and K absorption pro-
cesses should be improved in the theoretical model.

Finally, we conclude that the QGSM satisfactorily
reproduces most basic features of the Si+Au data; thus
there is no compelling reason to introduce QGP effects to
explain K+ production. This conclusion is in agreement
with earlier Iluid-dynamic estimates [6], which predicted
only a negligible QGP formation (6% of the S volume) in
S+Pb reactions at this energy.
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