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We present a systematic study of the kaon to pion multiplicity ratios/¢r* andK ™/« ") in heavy-ion
collisions from AGS to RHIC energy using the relativistic quantum molecular dynaiRi@d/D) model. The
model describes reasonably well the available experimental dd€a bm™ andK ~/«r~. Within the model, we
find that the strong increase of the ratios with the number of participants is mainly due to hadronic rescattering
of produced mesons with ingoing baryons and their resonances. The enhancenként of heavy-ion
collisions with respect to elementagy+ p interactions is larger at AGS than SPS energy, and decreases
smoothly with bombarding energy. The total multiplicity ratios at RHIC energy are predicted by RQMD to be
K*/7*=0.19 andK /7~ =0.15.

PACS numbegs): 25.75—-q, 24.10.Lx

I. INTRODUCTION while in the hadronic gas such pairs are produced via pairs of
strange hadrons at a higher production threshold. Therefore
Nuclear matter at high-energy density has been exterthe time needed for a hadronic gas system in kinetic equilib-
sively studied through high-energy heavy-ion collisionsrium to reach chemical equilibration is significantly longer
[1,2]. The primary goal of these studies is to observe thehan the life time of a heavy-ion collision which is typically
possible phase transition from hadronic matter to quarken the order of 10 fn8,16,17. This idea, however, has been
gluon plasmaQGP [3,4], in which quarks and gluons are challenged because it neglects preequilibrium dynamics of
deconfined from individual hadrons forming an extended rethe initial stage which may considerably speed up chemical
gion. The phase transition is predicted by lattice QCD calcu€quilibration[18]: Initial interactions between produced par-
lations to occur at a temperature 140—170 MeV and an erficles and ingoing baryons are “harder” than in kinetic equi-
ergy density on the order of 0.5-1.5GeVHn5]. It is Iibrjum. This is confirmed by detaileq transport calculations
believed that the QGP state existed in the early univers@/hich can reproduce the early experimental dataorar *

shortly after the big banf#], and may also exist in the cores 18-21. I L .
of neutron starg6]. Even on the level of equilibrium physics, it is not entirely

If a QGP is produced in a heavy-ion collision, the colli- clear which difference to expect in a comparison of the sce-

sion system will evolve in stages from deconfined quarks an{@nos with and without phase transition. Strangeness in a

gluons to interacting hadrons, and finally to freeze-out par_chemically equilibrated hadronic gas might be as high as or
ticles which are detected. In order to extract the informatio higher than in a QGP16,17,23. In fact, thermal hadron gas

hodel requires a so-called strangeness suppression factor to

about the postulated quark-gluon plasma stage of heavy-lom to experimental particle ratios; this has been interpreted as

collisions, systematic studies of multi-observables at freezeéome indication of nonequilibrium transition from QGP to

out as a function of the collision volume and bombardinghadron gag23]. In this picture, a “lower” than expected
energy are necessary. These observables include strangenR§§T ratio is a s;ignature of the ’QGP

production(7,8], charm productior{9], lepton production Recently several measurementskofr have been made

[10], jet quenchind11], elliptic [12], and other types of flow ; ;
" ! at both the AGS and SPS by different experimd2#&—28.
[13]. For a critical review of these observables, see Reff. There has been renewed interest in the interpretation of the

In this article, we constrain ourselves to one of the abovemeasuredK/w ratios [23,29. Interestingly, the Giessen

observables, namely, strangeness _prpductlorj. In p""rt'CUI""gr]’roup found the strongest deviations of their hadronic model
we focus on the kaon to pion multiplicity ratio& (= for

both charge sigdssince the bulk of strangeness produced .n(HSD) calculations from experimental data not at SPS en-
hea —iongcollligiosnsl, are carrigd b kaong Prost | ergy but at the lower AGS energgo]
VY y o . Despite this, th&/# ratios may still be valuable observ-
It is not clear how much thé&/s ratios in heavy-ion

reactions reflect the properties of the phase transition b ables to be studied not only to address questions of the phase

tween QGP and hadronic matter. Originally it was argue ransition but also to obtain a better understanding of the
. ' 9 y g reequilibrium dynamics, the hadronization processes, and
that K/7r may serve as a signature of the QGP, and indee

ynamics of hadrons in the medium. In these studies, the
early measurements at the BNL AGS anEI C ERN $PS beam energy is an essential control parameter whose varia-
showed a significant enhancementkf /7" in heavy-ion

lisi o int " The id that. in th tion allows us to modify two important variables: the initial
collisions overp-p Interactions. The idea was that, in the baryon and energy densities. Both densities are of impor-

deconfined state, strange quark pass)(may be copiously tance as to whether the system enters into the quark-gluon
produced through gluon-gluon fusiongg—ss) [8,16], phase or remains hadronic all the time. If the ‘“strange-
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ness content” of the hadronic matter is substantially differ-and the Spanish version of DP[5]), strings fuse into color
ent from a QGP, discontinuity might be expected in the“ropes” if they overlap in transverse and longitudinal con-
excitation function of thek/# ratios. With data from RHIC figuration space; the transverse dimension of strings is on the
emerging in the near future, where QGP is likely to beorder of 0.8 fm[20]. The strongss enhancement in the co-
formed, the first thlngs to look for are Changes in the Obsetherent rope fields is a conseguence of the |arge chromoelec-
ables departing from what have been observed at low enefric field strength, because quark pair production rates de-
gies. pend strongly on the ratio between the squared quark mass
In this paper we present a systematic study of Kler  and the field strengtf36]. It has been shown that the rope
ratios using the relativistic quantum molecular dynamiCSrnechanism strong|y enhances mu|tistrange baryon produc-
(RQMD) model[30-32. For simplicity, we only consider tjon [20,37,38. However, its effect on single-strange hadron
the equal and large mass nucleus-nucleus collisions. Thgroduction is small once particle rescattering is considered,
goal of this paper is to provide an understanding of the unresulting in negligible change in tHé/« ratios[32].
derlying mechanisms foK/7 enhancement by comparing  On the other side, rescattering between hadrons and reso-
model results with available experimental data at various €NMnances Changes Considerab|y the ratio between produced
ergies. We also present predictions of thém ratios at  strange and nonstrange quarks. This change is about 80% for

RHIC energy. Throughout the papét/w stands for the in-  central Pb-Pb collisions at SPS ener§$2]. Multistep pro-
tegrated total multiplicity ratios unless otherwise notified. cesses such as

The paper is organized as follows. In Sec. Il, we give a
brief description of the RQMD model. In Sec. Ill, we dem- T+ N T+
onstrate that the calculated pion and kaon multiplicities are
in good agreement with experimental data in elemengary \ /
+p interactions. In Sec. IV, we present our resultskanr
ratios in calculated heavy-ion collisions. This section is di- A+o
vided into five parts. Part A presents a systematic study of
K/ as a function of the number of participants, parts B and 1
C investigate the effects of particle rescattering and rope for-
mation on the ratios, part D considers excitation functions of A*
K/ spanning AGS, SPS, and RHIC energie&+5, 17,
and 200 AGeV, respectivelyand part E derives thK/
enhancement factors. Section V summarizes our findings. are of essential importance for strangeness production, be-
cause intermediate resonances act as an “energy store.”
Such multibody interactions are only frequent in a system of
sufficient density of roughly 1 fm®, because the lifetime of
RQMD is a semiclassical microscopic model which com-the intermediate states is typically 1-2 m39]. Therefore,
bines classical propagation with stochastic interact{@§. strangeness enhancement via rescattering is not expected to
The degree of freedom in RQMD depends on the relevangccur in the late dilute stages of the reactions.
length and time scales of the processes considered. In low- Since feed-down effects the extracted particle yields, let
energy collisions 1 AGeV), RQMD reduces to solving Us finally mention which hadrons are kept stable when we
transport equations for a system of nucleons, other hadrorg@lculate theK/m ratios. Members of the baryon octet
and resonances interacting in binary collisions or via meafmainly A,=,Q), and theKO,KE,n, and ¢ mesons are not
field. At high beam energiess(10AGeV), color strings and decayed in the model. In reality, all these particles decay into
hadronic resonances are excited in elementary collisiongions via single and/or multistep channefss and(}’s de-
their fragmentation and decay lead to production of particlescay into kaons in addition. Unless notified otherwise, these
Overlapping strings do not fragment independently but formdecay products are not included in the charged pion or kaon
“ropes” [20,31-33. The secondaries which emerge from multiplicity. According to RQMD, thez-decay contribution
the fragmenting strings, ropes and resonances may reinteratd. the charged pion multiplicities is 2—4 %,-g multiplicity
For all the results presented here, the so-called “cascads, to a good approximation, one half of the charged kaon
mode” is used in RQMD(no “mean field”). multiplicity, therefore theK2-decay contribution to pion
In order to calculate heavy-ion collisions at RHIC energy,multiplicities can be deduced frol™/#* andK /7~ ; the
the RQMD code evolved from version 2.3 to 2.4. The phys-contributions from all other sources " (7~ ) multiplicity
ics is the same in the two versions. The change of versiogre less than 3%5%) and 5% (7—15 %, respectively, for
was due to technical reasons. We use version 2.3 in calculgyr+p and heavy-ion collisions; and thé¢-decay contribu-
tions for all results presented in this paper, except for heavytions are a couple to 10% iK™ and 7—15% inRK = multi-
ion collisions at RHIC energy version 2.4 is used. We havepicity in all collisions studied.
checked our AGS and SPS results with those from version
2.4 and our RHIC results of peripheral heavy-ion collisions
with those from version 2.3; consistencies were found.
Let us note about the “rope” mechanism implemented in  Figure 1(top panel shows the inclusiver*, 7—, K*,
the model. In RQMD[20,31,32 (and also in QGSM34] and K~ multiplicities in p+ p interactions as a function of

Il. THE RQMD MODEL

Ill. RQMD RESULTS FOR p+p INTERACTIONS
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' ‘ . IV. RQMD RESULTS FOR HEAVY-ION COLLISIONS
op-g g EEEET 1 -
1 E ws2: 8838 E We have calculated AtAu collisions at lab beam ener-
_1 mmmE gies 8, 11, 14.6, 20, and 20GeV (ys=4.3, 4.8, 5.4, 6.3,
> 10 gt E and 7.6A GeV), Pbt-Pb collisions at lab beam energies 40,
2 ',"’h,n“a 60, 80, 100, 120, 140, 158, and 18GeV (\/s=8.8, 10.7,
g oy Jf E 12.3, 13.8, 15.1, 16.3, 17.3, and 18.&GeV), and Au-Au
3 / collisions at RHIC energy\@z 200A GeV). The compari-
i S : ; : E sons ofK"/7* between RQMD and lower-energy data are
012 ] reported elsewherg38]. By studying these collisions, we
0.1f ] shall try to identify the underlying physics within RQMD for
o 008 . oo K the enhancement iK/ 7 ratios at the AGS and SPS energies,
g .} oo ""o_:f’.—?—-? ......... m ] and present RQMD predictions for the ratios at RHIC en-
0.04 .””,,-‘6"'9‘- . eroy:
0.02 | ,,".',(;’6 ] A. K/ 7 systematics versus centrality
04 "(; 10 15 20 25 In this section, we studiK/ ratios as a function of the
E [GeV] collision centrality. We choose the number of participants
s |Ge

(Np) as a characterization of the collision centrality, consid-

FIG. 1. RQMD results op+ p interactions at various center-of- €fing thatN, is experimentally accessible via forward energy
mass energies\G). Top panel: 7+ (filled circles, =~ (open =~ Measurements. For RQMD resultd, is taken to be the
circles, K* (filled squarel andK ~ (open squaregotal multiplici- ~ humber of initial nucleons that interact at least once with
ties. Bottom panel:K*/«* (filled circles and K /=~ (open  Other particles.
circles ratios. All statistical errors on the RQMD results are smaller ~ Preliminary experimental data on the centrality depen-
than the symbol size. The dashed curves are parametrizations dence ofK/# are available from AGS E86FR24] and SPS
experimental datf40]. The shaded areas around the curves in theNA49 [28]. Before discussing the RQMD results at various
top panel reflect 15% experimental uncertainties. Those in the boenergies, we compare the RQMD results at AGS and SPS
tom panel reflect the propagated 21% uncertairipedy one half of  energies to the available data in Fig. 2. In order to facilitate
the experimental uncertainties &/« is shown for clarity. the comparison, contributions from, ¢, K2, and strange

(antjbaryon decays are included in the RQMD results. These
contributions reduce the RQMR "/ #™ ratio by 5%(and is

the center-of-mass energy/§) from AGS to SPS energy. Negligible fork "/ ) at AGS energy, and by 10% for both
The K*/#* and K™/#~ ratios are shown in the bottom K'/7" and K™/m~ at SPS energy. Good agreement is

panel. The symbols are results of RQMD calculations. Thdound between the RQMD results and the AGS datihin

dashed curves are parametrizations of the experimgntal 2079 RQMD systematically overpredicts the ratios at SPS

+ p data[40], with experimental uncertainties shown in the enletr_gy Ibyl 10_300/:' Th? agreementﬂi}s fgirtwitg regar? t%the d
shaded areas. Good agreement is found between the RQI\/@a IVely large Systematlic errors on Ihe data. See parts b an

) . for further discussion.
results and the experimental data, especially fds Figure 3(left pane) showsK */=* calculated by RQMD
>6 A GeV. We note that similar degrees of agreement hav

. . 8@s a function ofN,, in heavy-ion collisions at various bom-
also been achieved fgo+A collisions [19,41,42. These barding energiesk /=" increases withJs and increases

agreements provide a realistic base for RQMD calculationg;q, peripheral to central collisions. For all collision ener-

of heavy-ion collisions. ies studied except RHIC energy, the dependence of the ratio
It should be noted that the agreement between the RQMId, N is similar. The increase in the value Kft /7 is of

results and the experimentahp data is not granted auto- the same magnitude from peripheral to central collisions.

matically by inputs into RQMD, such as parametrizations ofconsequently, the relative increaseKri/=* from periph-

exclusive cross sections. Depending on energy, resonancegal to central collisions is larger at lower energies.

or strings are excited in the elementary inelastic nucleon- Figure 3(right pane) showsK ~/7~ as a function oN,.

nucleon collisiongsee Refs[32,43 for detaily. While the K ~/#~ has similar dependence oM, asK* /=" for colli-

resonance parameters are taken from the data tables, the Rfons at energies between AGS and SPS. At each centrality,

rameters of string fragmentation are fixed from the propertieghe ratio increases witk's. Unlike K*/#*, the absolute in-

of strings created ire"e” —qq annihilations. One of the crease inK~/x~ from peripheral to central collisions is

most important differences concerning particle production inlarger at higher energies.

e*e” versus hadron-hadron interactions is the fragmentation At RHIC energy as shown by Fig. 3, thé, dependence

of the ingoing valence quark®.g., the leading-particle ef- of K*/«* is distinctly different from those at the low AGS

fect[41]). It is treated in a constituent quark spectator frag-and SPS energies. Here, a saturation of the ratio seems to

mentation approach which keeps track of the gluonic “junc-appear in central collisions. Consequently, the absolute in-

tion” connecting all three quarks of a nucleon. This is crease in the ratio from peripheral to central collisions is

important for the stopping of nucleons on a nuclear target. smaller. On the other hand /7~ continues to increase
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FIG. 2. Comparison of the kaon to pion total multiplicity ratiés! /7" (left pane) andK /7~ (right pane), between RQMD results
and preliminary data from At Au/Pb+Pb collisions at AGS and SPS energies as a function of the number of participghtd e RQMD
results are shown in the small symbols connected by the lines. The filled circles are preliminary data from AGBIEG®® open squares
are preliminary data from SPS NA428]. In order to facilitate the comparison, the RQMD results are scaled down to include decay
contributions. Errorgeither shown or smaller than the symbol giaee statistical only for both the RQMD results and the E866 data. Errors
on the NA49 data are a quadratic sum of statistical and 5% systematic errors.

with N, similar to those observed at the lower energies. The What makeK* andK ™ different is, of course, the pres-
absolute value oK /7~ at RHIC energy is significantly ence of the net baryon number. The effect of the fixed net
higher than the low energy values. It is also interesting tddaryon number is larger at lower energies. As a result, asso-
note that the absolute value f'/«* is lower at RHIC than ~ ciate production oK via NN—NK™Y (whereY=A orX)

SPS energy in central collisions. dominates over that d€ ~ via NN—NK Y. Note that pair
0ppjBte 119 75 31 bim st3_ 1@ 7§ 31 bim
158 0.16 | 1
" 80 RHIC
0.2 . 40
30 0.14 .
0.18 8
20 0.12 8
0.16 y = 158
11 0.1 1
" (AGeV) . a 80
S ] £
g 014 ¢ 0.08 1
40 |
0.12 . ]
0.06 30
0.1 ) 004 [yl T et 20
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0 N A e ° 11
0.08 . 002k ' I PR o ©--mo ° (AGeV)
¢ orememen
0'06 1 1 L 1 L L L 1 0 L L L 1 1 L 1 1 ]
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Number of Participants Np Number of Participants Np

FIG. 3. RQMD results of the kaon to pion total multiplicity ratids; /=" (left pane}) andK ™/~ (right panel, in Au+Au/Pb+Pb
collisions at various bombarding energies as a function of the number of participgptsThe lines are labeled by the lab beam energies
except for RHIC whera/s=200A GeV. Errors are statistical only, either shown or smaller than the symbol size. The top axis indicates the
average impact parametdr)(for Au+Au collisions at RHIC energy from default RQMD. The average impact parameters for other energies
have a systematic variation a¢f0.5 fm from these values.
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FIG. 4. RQMD results of the kaon to pion total multiplicity ratiss /= (left pane) andK /=~ (right pane), in Au+Au collisions at
AGS energy and in PbPb collisions at SPS energy as a function of the number of participails Ehown are the RQMD results with
meson-induced interactions and rope formation both turne¢tofted ling, with meson-induced interactions turned off but rope formation
included (dashed lings with meson-induced interactions included but rope formation turneddoffdashed ling and with the default
setting(solid lines. The AGS results are shown with the open circles, and the SPS results are shown with the solid squares. Rope formation
has negligible effect at AGS energy. Errors are statistical only, either shown or smaller than the symbol size. The shaded areas indicate the
corresponding ratios ip+ p interactions calculated by default RQMD at A@Swer) and SPSuppe) energies. The top axis indicates the
average impact parametdr)(for Pb+Pb collisions at SPS energy from default RQMD. The average impact parameters for AGS energy and
for the other settings have a systematic variation=@.5 fm from these values.

production results in the same numbelkof’'s andK ~’s. On  particle rescattering turned off. To be specific, we include
the other hand, the difference between associate productiamly the primary interactions of the ingoing nucleofis-
of K andK™ becomes negligible at RHIC energy; particle cluding rope formationwhile the projectile and target pass
production from string and rope decays becomes importanthrough each other, but turn off the meson-induced interac-
Therefore K™/ andK /7~ display a more similar shape tions. The results oK */#* andK /7~ are shown in the
and magnitude at RHIC than SPS energies, as shown in Figashed curves in Fig. 4 for heavy-ion collisions at AGS and
3. SPS energies. The RHIC energy results are shown in Fig. 5.
For comparison, the default RQMD results are also shown.
B. Effect of particle rescattering The top axis indicates the average impact paranietanre-

It is shown in Refs[18,19, within the framework of sponding toN,. Theb values in Fig. 4 are extracted from
RQMD, that the increase iK"/7" in heavy-ion collisions Pb+Pb collisions at SPS energy, and in Fig. 5 from-Aau
at AGS energy with respect o+ p andp+A is largely due  collisions at RHIC energy. Note that the averdgdas a
to secondary rescattering among the particles. Therefore, wystematic deviation of- 0.5 fm for collisions at AGS en-
shall study theK/ s ratios as a function of the average num- ergy and with different setting&lefault versus no rescatter-
ber of collisions ¢,) suffered by each nucleom, includes ing and/or no rope
both nucleon-baryon and nucleon-meson interactions. Inter- Referring to Figs. 4 and 5, thé¢" /7" andK "/« ratios
estingly, v, shows little variation with bombarding energy; it obtained with no particle rescattering show a shallow in-
depends mainly on the collision geometry. creasd(if not constantwith N, in heavy-ion collisions at all
For bothK™/#" andK /7™, thev, dependence displays three energies. Thus meson-induced interactions are respon-
a similar feature seen in Fig. 3. These similarities are nogible for the significant increase in the ratios whl, ob-
surprising because the average values,pndN, are cor-  tained with the default RQMD, especially at AGS energy.
related (although the distribution o, versusN, is fairly ~ This confirms the early results obtained in Ref$8,19.
broad. For largev,, however,K "/« " appears to saturate Meson-induced interactions mainly increase the kaon pro-
for nuclear collisions at high/s including those in the SPS duction rate; they do not change the pion multiplicity signifi-
energy regime. cantly. The changes in the pion multiplicities due to rescat-
To elaborate further the effect of particle rescattering ontering are—20%, —10-0 % and+20% at AGS, SPS, and
the K/ ratios, we calculate the ratios using RQMD with RHIC energies, respectively. Likewise, the corresponding
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FIG. 5. RQMD results of the kaon to pion total multiplicity ratids! /7" (left pane) andK /7~ (right pane), in Au+Au collisions
at RHIC energy as a function of the number of participaits)( Shown are the RQMD results with meson-induced interactions and rope
formation both turned offdotted ling, with meson-induced interactions turned off but rope formation inclydedhed ling with meson-
induced interactions included but rope formation turned(dét-dashed ling and with the default settingsolid line). Errors are statistical
only, either shown or smaller than the symbol size. The shaded areas indicate the corresponding patipsniteractions calculated by
default RQMD. The top axis indicates the average impact param}efio( Au+Au collisions at RHIC energy from default RQMD. The
average impact parameters for the other settings have a systematic variatidhSofm from these values.

changes in the kaon multiplicity are 300%, 20-30 %, andisions, we study its effect oK/ in the next section.
60%. Consequently, thi€/ 7 ratios are increased by includ-
ing meson-induced interactions. C. Effect of rope formation
The above results can be understood if one keeps in mind -
that resonances play the most important role in order to over- 1h€ dot-dashed curves in Figs. 4 and 5 show the calcu-
come kaon production threshold. To illustrate this, compard@ted K/ ratios in heavy-ion collisions at SPS and RHIC
7A(1232) and=N collisions at the same relative momen- €nergies, respectively, by RQMD with rope formation turned
tum 700 MeVk in the rest frame. In addition to pion produc- Off (and including particle rescatteringrhe effect of rope
tion, theA collision has a certain probability to produce a formation is negligible at AGS energies. The differences be-
KA pair. On the other hand, theN collision can only pro- tween these results and the default RQMD restislid
duce pions. ThusrN collisions do not contribute directly to curveg are small. The small differences indicate that the
the strangeness enhancement. Only as a part of a many-bo€fifect of rope formation is small oK/ 7 ratios once particle
process do they play a rol@.g., by involving ap as an  rescattering is considered.
intermediate state which subsequently interacts with another It is interesting to investigate the case with both particle
hadron. Similarly, the contribution fromra collisions turns  rescattering and rope formation turned off, as this case cor-
out to be irrelevant. responds to the simple nucleon-nucleon collisions with only
With the meson-induced interactions turned off,is sig-  the complication of initial multiple scattering. The RQMD
nificantly lower than obtained by the default RQMD, be- results for this simple case are shown in the dotted curves in
cause only the nucleon-baryon interactions are counted. Afigs. 4 and 5 for SPS and RHIC energies, respectively. Com-
AGS energy, theK/ ratios are found to be constant over paring these results with the dashed curfveith rope and no
vy, indicating that multiple baryon-baryon interactions do rescattering indicates that rope formation is able to make
not alter theK/ ratios. They increase the individual kaon significant difference t& */#* at both SPS and RHIC en-
and pion multiplicities with similar relative magnitude. At ergies if there is no subsequent rescattering. On the other
the higher SPS and RHIC energies, the physics in RQMD ifand, the effect ot /7~ is small.
different from that at AGS energy: Strings and ropes are Generally speaking, rope formation is an early phenom-
formed and their fragmentation results in particle productionenon in RQMD and particle rescattering takes place later.
Thus, the meaning of, is questionable. Rope formation increaseX™/=*; particle rescattering
Since the rope mechanism is a novel implementation irwashes out these increases. Particle rescattering makes larger
RQMD in an attempt to take into account the string-stringincreases ik /7" without rope formatior{dot-dashed ver-
interactions during the hot and dense stage of heavy-ion cobus dotted curvesthan with rope formation(solid versus
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FIG. 6. RQMD results of the kaon to pion multiplicity ratids, /=" (left pane) andK /7~ (right pane), in Au+Au/Pb+Pb central
collisions as a function of the nucleon-nucleon center-of-mass enef®y The total multiplicity ratios are shown in open circles, and the
midrapidity (1/3<y/Ypeanr<2/3) multiplicity ratios are shown in open squares. Those calculatedfqu interactions are shown in open
diamonds. The curves are parametrizations of experimental data[40]. Data from AGS E86624,25 and SPS NA4427] and NA49
[28] are also shown for the totdfilled squarg and midrapidity(filled triangle multiplicity ratios. These data have been scaled up to
approximately exclude decay contributions. The NA44 data pdimith the large error baysare plotted at a slightly higheys for clarity.
Errors(either shown or smaller than the symbol giaee statistical only for both the RQMD results and the E866 data. Errors on the NA44
data are combined statistical and systematic errors. Errors on the NA49 data are a quadratic sum of statistical and 5% systematic errors.

dashed curvesin other words, particle rescattering and ropesider the default RQMD which include both particle rescat-
formation do not act oK */7r* additively. These observa- tering and rope formation.

tions are understandable if one considers rope formation a

form of “string/parton rescattering” at early stages of heavy- D. K/ excitation functions

ion collisions. o ) )

The K~ /7~ at SPS energy behaves differently from We study the excitation _funcuons &/ in the most
K*/m*. Rope formation seems not to have an effect; thecentral AurAu/Pb+Pb collisions N,>350) with RQMD,
effect of particle rescattering is smaller thani/#*. On @S anecessary theoretical baseline for the search of abnormal
the other handK /7~ at RHIC energy behaves similarly to behavior. The total multiplicity ratios are shown as open
K*/a*. This is expected because the net baryon density i§ircles in Fig. 6 forK™/=" (left pane) andK™/a~ (right
low at RHIC energy. If the net baryon density were zero,pane). The multiplicity ratios in the midrapidity region
thenK* /7t andK /7~ would be identical. (1/3<y/Ypean<2/3) are shown as open squares. The midra-

When both particle rescattering and rope formation arepidity ratios are larger than the total multiplicity ratios.
turned off as shown by the dotted lines in Figs. 4 and 5, the Data from AGS E86€24,25 and SPS NA4427] and
K/ ratios are rather constant ovlli,. Therefore, it is in-  NA49 [28] are shown in the filled squaré®tal multiplicity
teresting to compare these resultspe p. The calculated ratiog and filled triangles(midrapidity ratiog. In order to
p+p results are indicated by the shaded areas in Fig. 4 fogxclude the effect of decay contributions in the data, the
AGS and SPS energies and in Fig. 5 for RHIC energy. NotAGSK* /7" data are scaled up by 5%, and the $€9 7"
that K*/#" is slightly lower in the isospin weighted andK™ /7~ data are scaled up by 10%. The AGS data are
nucleon-nucleon N+ N) interactions thanp+p, while  well reproduced, and the SPS data are slightly overpredicted
K~/a~ is slightly higher[25,44). As seen in the figures, the by RQMD. The overall agreement is good.
heavy-ion results with no rescattering and no rope are con- For comparison, the results fgr+p interactions from
sistent with thep+p values (with two exceptions: the Fig. 1 are replotted in Fig. 6. TH€/ 7 ratios are significantly
K*/a#" at SPS and th& /7~ at RHIC energy. The two larger in heavy-ion collisions than the same enepgyp
exceptions are currently not understood. We remark that thinteractions. Note that the isospin weightlid-N interac-
p+p results are consistent with extrapolations of the meations may be better in comparison to heavy-ion collisions.
sured heavy-ion data shown in Fig. 2. However, comparing heavy-ion resultsfea-p is more fea-

We now come back to the comparison between data angible because onlp+p data are experimentally available.
the RQMD results at SPS energy. None of the four curves for TheK™/x " ratio in central heavy-ion collisions increases
SPS energy shown in Fig. 4 seem to completely agree witat low energy, partially due to the rapid increase in kaon
the data. We remark that the central collision data favor parproduction near threshold ip+ p interactions[40]. How-
ticle rescattering. In the following two sections, we only con-ever,K*/7* saturates at high energies. Clearly, the continu-
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81 ' ' ] steadily withy/s. For comparison, the E86&5], NA44[27],
 AGS ] and NA49 datg 28,45 are also shown. The data are well
[ l AA central ] reproduced by RQMD.
6 O RQMD .
[ O A Data ] E. K/ enhancement
é St é ] Now let us turn to the enhancement ki 7 ratios. We
= SPS define the enhancement factors as the ratiok ofz* and
g s n l 1 K™/7a~ in central heavy-ion collisions over those [t p
_‘.5 3 g RHIC 1 interactions at the corresponding energy. Note that this is not
= i l ] a perfect definition. One may argue that a division by the
2 DDEII&L . isospin weightedN+ N results is a better definition, but it is
i ] not experimentally preferred.
1r 0 Figure 8 shows the results of the enhancemeitt i *
i ] (left pane) and K™ /#~ (right pane). The enhancement is
0 ‘1'0 1'02 larger at low energy for botl*/7* andK /7. This is
& [GeV] partially due to the effect of kaon production threshold. As

discussed before, meson-baryon interactions involving reso-

FIG. 7. The midrapidity (1/3y/ypear<2/3) kaon multiplicity =~ nances are the primary processes Kdrr enhancement at
ratio K¥/K ™ in Au+Au/Pb+Pb central collisions as a function of AGS energy. At low energies near threshold, particle rescat-
the nucleon-nucleon center-of-mass energ$)( The RQMD re-  tering is most prominent. Take an extreme case that the beam
sults are shown in open squares. Data from AGS E&# and  energy is below the threshold: No kaons can be produced in
preliminary data from SPS NA427] and NA49[28] are shownin  p+p interactions; however, kaons can be produced in
filled triangles. The NA44 data poiritvith the large error baris  heavy-ion collisions by invoking the multistep processes
plotted at a slightly highenr/s for clarity. Except for the NA44  where more than two particles cooperate to overcome the
point, errors are statistical only, either shown or smaller than thﬁproduction threshold. In this extreme case, the enhancement
symbol size. Error on the NA44 data point is combined statisticaljg infinity.
and systematic error. The enhancement ik*/7* drops more quickly at lower

ous increase ok */7* with /s in p+p is not seen in cen- \/s. Over th_e whole range of's studied between AGS and
tral heavy-ion collisions. This is a direct reflection of the SPS €nergies, the enhancement factor decreases smoothly

amount of baryon stopping at different energies. The baryoiith V's. The quick drop at lowys is partially due to the
midrapidity density decreases wittfs [45], which is well threshold effect mentioned above. The shallow ta|_l of the
described by the model. The ratio at midrapidity even denhancement factor at larges result:_s from the flattenlng of
creases with/s at high energies. Maximud*/#* appears K*/7" at high /s in heavy-ion collisions and the continu-
at beam energy-40A GeV. This energy range is currently OUS increase of the ratio witls in p-+p interactions.
being studied at the SPS. As shown in Fig. 8(right pane], the enhancement in
As seen in Fig. Gright panel, K /=~ continuously in- K™/~ drops very quickly at lowys. The behavior is con-
creases with/s. The dependence is distinctly different from Sistent with the higkK™ production threshold. However, at
that of K*/=*. The ratio is larger in heavy-ion collisions large s the enhancement factor is almost constant.
thanp+ p interactions at all corresponding energies, but fol- ~ Since the enhancement factors of bah™/#* and
low the general trend seen i+ p. The increase ik /7~ K~ /@~ have a weak dependence gaat high energies, it is
from p+ p to heavy-ion collisions at the same energy is sig-possible, without RQMD calculations for RHIC energy, to
nificantly smaller than that ik */#7*. The statement can be predict the enhancement factors at RHIC energy by extrapo-
made stronger when taken into account that the charge asyr@tion. In order to do so, we parametrize the enhancement
metry results in a higheK"/7* and a lowerK /7~ in p  factor as a function of/s. We choose to parametrize the
+p than the isospin weighteN + N interactions. K*/7* enhancement factor by the functional for
At RHIC energy, respectively foK /7" and K™ /7, +B/\/s. Fits to the enhancement factors shown in the left
RQMD predicts a total multiplicity ratio of 0.19 and 0.15, panel of Fig. 8(of course excluding that at RHIC enejgy
and a midrapidity multiplicity ratio of 0.19 and 0.17. The yield 1.8+11.2 GeVA/s and 1.8-16.8 GeVA/s, respec-
predictions provide a baseline for comparison to experimentively, for the enhancement in the over&l"/#* and the
tal data which are expected soon. midrapidity K* /7. The xy?/Npg of the fits are on the order
The distinct difference between the /7" andK /7~ of 1.5. The fit results are superimposed in Figledt pane)
excitation functions results from the different productionas the dashed and dotted curves. The two curves essentially
mechanisms folK™ and K~, which are connected to the overlap at RHIC energy, and slightly miss the calculated
presence of the baryon densfR0]. The effect of the baryon results.
density can be made more clearly in the kaon multiplicity Because of the sharp drop of ti& /7~ enhancement
ratio (K */K~) versus./s. Figure 7 shows the midrapidity factor at low energy, we choose to parametrize Khe 7~
ratio of K*/K~ as a function ofys. The ratio decreases enhancement factor by the functional forf+B/(\/s
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FIG. 8. RQMD results of the strangeness enhancement factor, the ratk$/af" (left pane) and K~ /7~ (right pane) in central
heavy-ion collisions over those for the same engreyp interactions, as a function of the nucleon-nucleon center-of-mass engspyThe
enhancement in the total multiplicity ratios are shown in open circles; the enhancement in the midrapidity/y143.<2/3) multiplicity
ratios are shown in open squares. Errors are statistical only, either shown or smaller than the symbol size. The curves are two-parameter fits
to the results excluding those at RHIC energy.

—2.87 GeVY, where 2.87 GeV is the kaon pair production does not change thi/ ratios significantly once particle
threshold inNN— NNK*K ™. Fits to the enhancement factor rescattering is considered.

in the right panel of Fig. &xcluding that at RHIC energy It is found that theK/7 enhancement in central heavy-ion
yield 1.4+6.4GeV/(Js—2.87GeVfy and 1.7 9.1GeV/ collisions overp+ p interactions is larger at AGS than SPS
(/s—2.87 GeVY, respectively, for the enhancement in the energy, and decreases smoothly with bombarding energy.
overallK ~/7~ and the midrapidity< /7. The y?/Npg of ~ This behavior is consistent with the combination of the
the fits are on the order of 2.5. The larg&/Npg is mainly  threshold effect of kaon production p+ p interactions and
due to the lowest/s point. If the lowesty/s point is excluded the dropping baryon density in heavy-ion collisions with in-
from the fits, y2/Npr becomes about 1.5 without essential creasing bombarding energy.

change in the fit results. The fit results are superimposed in The RQMD model reasonably describes the available
Fig. 8 (right pane] as the dashed and dotted curves. TheyK /7" and K™/#~ data in heavy-ion collisions. The ob-
can satisfactorily describe the enhancement factor at RHIGervedK/ s enhancement at the AGS and SPS can be under-

energy as directly calculated by RQMD. stood in the RQMD model with hadronic rescattering and
string degrees of freedom.
V. CONCLUSIONS The RQMDK/ 7 results agree with experimental data bet-

) _ ter at midrapidity in the most central collisions. This is not
We have reported a systematic study of the kaon to pioRyrprising since it is the case where equilibrium is most
multiplicity ratios, K*/7" andK~/x ", in heavy-ion colli- |ikely to be reached. There the details of the description in
sions as a function of the bombarding energy from AGS t0any model are less relevant.
RHIC energy, using the RQMD model. We have demon- The total multiplicity ratios at RHIC energy are predicted
strated that the kaon and pion multiplicity datags-p in- by RQMD to be K*/#"=0.19 andK /7 =0.15. The

teractions are well reproduced by RQMD, validating themidrapidity ratios at RHIC energy are predicted by RQMD
comparison between data and RQMD for heavy-ion colli-tg peK*/#"=0.19 andKk /7 =0.17.

sions.

The RQMD-calculated ratios in heavy-ion collisions are
h|gh<_er than those ip+p interactions at the_s_ame energy, ACKNOWLEDGMENTS
and increase from peripheral to central collisions. By com-
paring the results to those calculated by RQMD with particle We are grateful to Dr. G. Odyniec, Dr. G. Rai, and Dr. H.
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