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Centrality dependence of kaon yields in Si1A and Au1Au collisions at relativistic energies
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I. INTRODUCTION

Strange particle production has long been considered
useful experimental probe of heavy-ion collisions beca
strange particle yields are thought to be sensitive to phy
resulting from the high baryon densities attained in hea
ion collisions at AGS energies@1#. In particular, quark-gluon
plasma formation is expected to result in enhanced stra
ness production@2–6#. Such an enhancement was observ
by BNL Experiment 802 in Si-induced collisions as an i
crease in theK1 yield in central collisions relative to the
pion yield @7,8#. However, secondary interactions amo
hadrons have been proposed to explain the observed stra
ness enhancement, and cascade models implementing
secondary interactions can approximately reproduce the k
yields measured in Si1A collisions @9–12#. Because there
are, in principle, many mechanisms that can increase
yield of strange particles in heavy-ion collisions, the pr
cess~es! responsible for the observed strangeness enha
ment have not experimentally been clearly identified. Ho
ever, with the present high statistics Si1A and Au1Au data,
the systematics of strangeness production can now be stu
as a function of the system size from very small system
very large systems, thus, providing more stringent c
straints on theoretical explanations of strangeness enha
ment.

In this paper, semi-inclusiveK1 and K2 spectra mea-
sured by E-859 in Si1Al and Si1Au collisions at
14.6A GeV/c and by E-866 in Au1Au collisions at
11.1A GeV/c at the BNL AGS are presented. Both the
1A and Au1Au measurements were made by the E-8
Collaboration using the Henry Higgins spectrometer@13#.
Previous measurements of kaon production in Si1A colli-
sions have been presented by E-802@7,8,14#. Kaon data from
Au1Au collisions at slightly higher beam energy are pr
sented by E-866 in Ref.@15#.

This paper is organized in the following way. First, d
scriptions of the experimental apparatus and data collec
are given in Sec. II. Then, the data analysis is describe
Sec. III. Results on kaon spectra are described in Sec.
followed by discussions on the centrality dependence of
kaon production rates in Sec. V. Finally, conclusions
drawn in Sec. VI.

II. EXPERIMENTAL APPARATUS
AND DATA COLLECTION

E-859 was an upgraded experiment from E-802 at
BNL AGS. The upgrade consisted of an addition of tw
multiwire proportional chambers for triggering purpose
the E-802 spectrometer@13# between the Henry Higgins di
pole magnet and the time-of-flight wall, and an implemen
tion of a level-2 trigger@16#. The level-2 trigger linked hits
from one of the trigger chambers and the time-of-flight w
by straight lines to be verified on the other trigger chamb
Verified combinations were assumed to originate at the
get and particle momenta were obtained. Particle ma
were then obtained from the momenta and the time-of-flig
and were used for event selection. Event selection
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achieved on-line by looking up a series of tables pre-loa
in LeCroy CAMAC modules. For most of the data present
here, the level-2 trigger rejected events not containing aK1,

K2, or p̄. K1 and K2 ~or p̄) were defined as particles fo
which the calculated masses fall in the range of 0.3,m
,0.7 GeV/c2 and 0.3,m,1.5 GeV/c2, respectively.
Events were also taken with an override on the level-2 tr
ger decision to check biases in the level-2 trigger selec
criteria.

E-866 was an upgraded experiment from E-859 desig
for measurements of the Au1Au collisions. The main up-
grade was the addition of a spectrometer for forward an
measurements@1,17,18#. The upgrade relevant to this pap
included rebuilding the global detectors for event charac
ization, replacing the drift chamber closest to the target,
an addition of two highly segmented multiwire chambe
@15,17,19# in front of the Henry Higgins magnet. The add
tion of the wire chambers was driven by the expected h
multiplicity of central Au1Au events and the need to elim
nate background tracks. Both wire chambers had drift-ti
read-out. Typical resolution of 200mm was achieved for
both chambers.

The E-859 data were taken during the 1991 and 19
Si-beam runs at the AGS, and were an improvement over
original E-802 data mainly due to increased statistics
forded by the level-2 trigger and the improved acceptanc
low momentum. The data were obtained using a beam
nominal intensity 106 ions/s with Al and Au targets of thick-
ness 817 and 944 mg/cm2, corresponding to a 3 and an 1 %
Si interaction rate, respectively. The data were obtained
ing 10° steps in spectrometer angle covering the ra
5° –58° and using fields of62,64 KG in the spectromete
magnet@20,21#.

The E-866 data were taken during the Fall 1993 Au-be
run at the AGS. The typical beam intensity was 105 ions/s.
For the data presented in this paper, a 975 mg/cm2 thick Au
target was used, corresponding to a 1.5% Au interaction r
The data were obtained using 5° steps in spectrometer a
covering the range 21° –58° and using fields of62 KG in
the spectrometer magnet.

Both data sets were obtained using a global level-1 trig
that selected interactions by vetoing on the presence o
beam-charge ion in the bulls eye trigger@13,22# downstream
of the target, with the additional requirement in the spe
trometer of at least one hit on the time-of-flight wall and a
on either of the two trigger chambers. A plastic scintillat
was used in the bullseye for the Si1A data taking with a
threshold, corresponding to a cut on the remaining charg
the projectile of approximatelyZ,12.6. For the Au1Au
data taking, the bullseye was redesigned and rebuilt a
Čerenkov radiator. The new bullseye had roughly the sa
geometrical area as the old one, and used quartz as its r
tor. A bullseye threshold, corresponding to a cut on the
maining charge in the projectile of approximatelyZ,73,
was used. The cross section for events satisfying this cut
measured to be 5.35 b.~The total cross section of Au1Au
reaction is 6.8 b@15,23#.! Further filtering of data was per
formed by the level-2 trigger, when enabled, to enhance
4-2
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sample of particular particle species in the data as discu
above.

III. DATA ANALYSIS

In the offline analysis, cuts were applied to the be
counter and bullseye data to remove pile-up and to refine
online bullseye cut. The refined bullseye cut corresponde
a remaining charge ofZ,11 in the projectile for the Si1A
data, andZ,69 in the projectile for the Au1Au data, re-
spectively. The cross section for events passing this cut
1.37 b for Si1Al, 3.68 b for Si1Au, and 5.23 barn for Au
1Au. For all events satisfying the pile-up and bullseye cu
tracks were reconstructed and identified in the spectrome
For the Si1A data, track segments were reconstructed fr
hits in the drift chambers behind the magnet, and projec
through the magnetic field to the front of the spectrome
The projections were verified by hits in the front drift cham
bers which were refit to give final track parameters. For
Au1Au data, the track reconstruction behind the magnet w
done as for Si1A, and an independent track reconstructi
was performed in front of the magnet@19#. The front track
reconstruction used the highly segmented wire chamber
define narrow regions~on order of a few wire pitches, or 1
cm! for track candidates. Front drift chamber hits found
these regions were then used, together with the wire cham
hits with drift time information included, to obtain track se
ments in the front. The track segments in the front and in
back were then matched through the magnetic field. A la
fraction of background tracks did not have both the front a
the back segments, therefore the matching algorithm ef
tively rejected background tracks. Good tracks were requ
to project within 2 cm around the nominal target positio
further reducing background tracks.

The Au1Au particle identification was performed usin
data from the time-of-flight wall, since the spectrometer w
operated at larger angles where particle momenta are
cally small. A particle was identified as a kaon if its me
sured inverse velocity 1/b, was within63s of the expected
value and over 3s away from the expected values of oth
particle types. The expected values for various particle ty
were calculated from the time of flight, track path length
to the time-of-flight wall, and the corresponding partic
masses. The typical track path length up to the time-of-fli
wall was 660 cm. Thes was a combination of time-of-fligh
resolution and deviation of track trajectory from straight li
due to multiple scattering. The time-of-flight resolution w
measured to be 130 ps. Hence, kaons were identified up
momentum of 1.74 GeV/c. For the Si1A data both the time-
of-flight wall and the segmented Cˇ erenkov counters@13#
were used for particle identification. The time-of-flight res
lution was measured to be 120 ps for these data. Kaons w
identified up to a momentum of 3 GeV/c. For both data sets
the contamination of theK1 andK2 samples was found to
be below 1 and 3 %, respectively, averaged over the s
trometer acceptance@19#.

In order to study the centrality dependence of kaon p
duction, the data were divided into bins in centrality. For t
Si1A data the centrality selection was made using the E-
04490
ed

e
to

as

,
er.

d
r.

e
s

to

er

e
e
d
c-
d

,

s
i-

-

s

t

a

-
re

c-

-

9

Target Multiplicity Array ~TMA !, and for the Au1Au data
the selection was made using the zero-degree calorim
~ZCAL!. The Si1A cuts were made in multiplicity becaus
of a rate-dependent worsening of the zero-degree calorim
resolution during the high beam intensity E-859 run@21#.
The zero-degree calorimeter data was used to determine
correlation between multiplicity and zero-degree energyE
calculated for events in each multiplicity bin. The results a
shown in Table I. The centrality cuts applied to the data s
are also listed in Table I along with the cross sections
interactions satisfying the cuts.

Due to the large amount of radiation damage from
high beam intensity run in E-859, the zero-degree calor
eter was rebuilt for the Au1Au run. In the Au1Au analysis,
the zero-degree energy was calibrated run-by-run to acc
for a gradual degradation in the calorimeter response du
radiation damage@19#. The total degradation over the who
run period was 5%. The zero-degree energy resolution
measured to be 1.48 GeV1/2AE. The calibrated and target-ou
subtracted zero-degree energy spectrum for Au1Au events
is shown in Fig. 1. The target-out zero-degree energy w
shifted slightly lower to compensate for the average ene
loss of the beam in the target prior to subtraction. The targ
out interaction rate was 1.1% for Au1Au and 1.0% for Si
1A. Also shown in Fig. 1 as the dotted lines are the cent
ity cuts used for the Au1Au data. The mean zero-degre
energy for each bin are determined from the distribution a
results are shown in Table I.

Total number of identifiedK1’s andK2’s, after all cuts,
were 120 and 44 K for Si1Al, 151 and 69 K for Si1Au, and
28 and 11 K for Au1Au. The statistics were uniformly dis
tributed in available centrality bins. To obtain semi-inclusi
spectra,K1’s andK2’s from events satisfying each centra
ity cut were binned in transverse momentump' , and rapid-
ity y5 1

2 ln@(11bz)/(12bz)#, wherebz is the longitudinal ve-
locity of the particle. Invariant differential yields
azimuthally averaged, per collision within a given central
bin, were obtained according to the formula

E
d3N

dp3
5

d2N

2pm'dm'dy
5

d2N

2pp'dp'dy

5
1

Nevt

DN~y,p'!

p'Dp'Dy

1

A~y,p'!
, ~1!

whereNevt is the number of events that fell within the give
centrality bin, the transverse massm' is defined asm'

5Ap'
2 1m0

2, Dp' , Dy are bin sizes inp' , y, respectively,
DN(y,p') is the number of kaons in the bin, andA(y,p') is
the correction factor. For the Au1Au data, Dp'

550 MeV/c2 for both K1 and K2, Dy50.2 for K2, Dy
50.1 for K1 in all bins except the most peripheral whe
Dy50.2. The binning is comparable to that used in the
1A data set. Only particles with momentum 0.3,p
,1.74 GeV/c were used in the spectra. The correction fa
tor, A(y,p'), accounted for the azimuthal acceptance of
spectrometer, particle decays, multiple-scattering and h
ronic interaction losses, track reconstruction and part
4-3
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TABLE I. Gaussian fit results~total yield NK1 andNK2, and Gaussian widthsK1 andsK2) of the K1

andK2 dN/dy distributions for the Si1A data with centrality bins in calibrated target multiplicity and f
the Au1Au data with centrality bins in calibrated zero-degree energy. The corresponding cross-sections in
mb, average zero-degree energiesE in GeV, and average numbers of participantsNp are also listed. Quoted
errors are statistical only.

System Bin s E Np NK1 NK2 sK1 sK2

0–210 209 155.4 363 23.761.6 3.7660.28 0.9660.06 0.7160.04
210–309 209 259.5 343 21.261.4 3.3060.32 0.9760.06 0.8760.07
309–488 366 398.3 316 18.261.2 2.8060.24 1.0060.06 0.8660.06

Au1Au 488–744 523 616.4 273 14.260.9 2.1560.18 0.9960.05 0.8060.05
744–1099 785 926.4 211 9.3460.56 1.5160.10 0.9660.05 0.6960.03

1099–1615 1569 1384 121 4.1760.27 0.6460.05 0.9160.05 0.6860.03
1615–2300 1569 1754 48 1.1660.17 0.2060.03 0.9860.12 0.6760.07

.115 259 21.8 83.9 6.1360.29 1.1960.04 0.6760.03 0.5660.02
Si1Au 85–115 481 51.7 70.0 5.1160.21 1.0260.06 0.7560.03 0.6760.04

50–85 741 149.6 42.7 3.1760.22 0.6160.03 0.8960.06 0.6460.03
0–50 2222 278.8 17.8 0.7960.13 0.1260.01 1.1660.19 0.6960.05

.48.5 97 118.3 38.7 2.5660.04 0.6160.03 0.8260.01 0.7160.04
Si1Al 35.5–48.5 180 161.8 32.4 1.9460.04 0.4460.04 0.9060.02 0.7160.04

22.5–35.5 277 229.8 22.4 1.2960.03 0.2960.02 0.9060.02 0.7360.04
0–22.5 831 318.2 9.5 0.4260.01 0.08060.005 1.0460.03 0.7860.05
ce
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identification inefficiency@19#. The spectrometer acceptan
was calculated from the geometry of the detectors. Ot
effects were determined by Monte Carlo simulations. T
particle decay correction for kaons was found to be roug
the same as the theoretical momentum-dependent corre
because very few kaons that decayed before the time
flight wall were actually reconstructed. Track reconstruct
efficiency depended on hit multiplicity in the chambers, a
was 98% with the spectrometer at 44°, dropping to 95%
21° for the Au1Au data @24#. For the Si1Au data, it was
above 90% with the spectrometer at 5° and was bette
larger spectrometer angle settings. For the Si1Al data, it was
better than that for the Si1Au data at the same spectromet
angle settings. Track loss due to hadronic interaction forK1

was 1.1%, independent of momentum; forK2 it was 2.2% at
high momentum (.0.6 GeV/c) and increased to 10% a
momentum 0.3 GeV/c. Track losses due to multiple scatte
ing and particle identification inefficiency were combine
The net effect was the same forK1 andK2, and was 4.5%
for high momentum kaons (.1.4 GeV/c), and increased to
8.3% at momentum 0.6 GeV/c, and 38% at momentum
0.3 GeV/c. The level-2 trigger inefficiency was measured
be less than 1%, and no correction was applied to the spe
Chamber efficiencies were above 95% for all sense w
planes in the chambers. Since not all sense wire planes
required for reconstructed tracks, the effect of hardware
efficiencies was negligible@19#. The overall systematic erro
is estimated at 5–10 %.

For the Au1Au data, the spectra are corrected for t
energy loss of particles in the target and in air. The ene
loss in the target was calculated on average using half th
ness of the target and the particle emitting angle. The ene
loss of minimum ionizing particles was about 2 MeV. Th
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energy loss of a 0.3 GeV/c momentum kaon was 7.5 MeV
corresponding to a momentum shift of 5%.

IV. RESULTS

Sample sets of kaon transverse mass spectra from Si1Au
and Au1Au collisions, each for the most central bin, a
shown in Figs. 2 and 3, respectively. All semi-inclusive i
variant spectra including those shown in the figures are w
described by an exponential falloff withm' . These spectra
are fit to the form

E
d3N

dp3
5

dN

dy

1

2p~m0T1T2!
e2(m'2m0)/T, ~2!

FIG. 1. Calibrated and target-out subtracted zero degree en
spectrum of Au1Au interactions from E866. Centrality bins used
the analysis are labeled 1 through 7.
4-4
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FIG. 2. K1 ~left! andK2 ~right! transverse mass distributions in Si1Au for the most central multiplicity bin. The topmost is absolute
normalized; others are successively divided by 10 for clarity. Data points under the curved line are obtained from particles identified

the time-of-flight and Cˇ erenkov counters. Errors shown are statistical only. Systematic errors were estimated to be 10%.
g
s

ot

d

The
in-
sti-
en
the
e

which implicitly integrates the spectra over the entirem'

range, and allows thedN/dy values and the correspondin
errors to be directly extracted from the fit. Results of the
fits are superimposed on the spectra in Figs. 2 and 3 as d
lines. The obtaineddN/dy values for Si1Au collisions for
all four bins in multiplicity measured in the TMA are plotte
in Fig. 4. For Au1Au collisions, for clarity, only four of the
04490
e
ted

available seven bins in zero-degree energy are shown.
error bars include statistical errors from the fits and 5% b
to-bin systematic errors. The systematic errors were e
mated by comparing yields in the overlap region betwe
spectrometer settings and by studying the sensitivity of
spectra to them' intervals used in the fits. In addition, ther
was 10% overall systematic error in normalization.
-

e
;
y

s

FIG. 3. K1 ~left! and K2

~right! transverse mass distribu
tions in Au1Au for the most cen-
tral zero-degree energy bin. Th
topmost is absolutely normalized
others are successively divided b
10 for clarity. Errors shown are
statistical only. Systematic error
were estimated to be 10%.
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FIG. 4. Rapidity distributions ofK1 ~top! andK2 ~bottom! for Si1Au ~left! and Au1Au ~right! collisions. Filled-in points for Au1Au
are data measured; open ones are data reflected aboutyNN . Errors shown are quadratic addition of statistical errors and 5% systematic e
for Au1Au, and only statistical errors for Si1Au. There are 10% systematic errors in the absolute normalization for both Si1A and Au1Au
data.
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For the purposes of this analysis, rapidity integra
yields were chosen to characterize the kaon production ra
The Si1A dN/dy spectra, were fit to Gaussians and in
grated to get the total kaon yields. The restricted rapid
coverage of the Au1Au data can be compensated for b
exploiting the required symmetry of the Au1Au system
about the nucleon-nucleon center of mass rapidity (yNN
51.59). If we assume that the Au1Au kaon spectra are
well-behaved at midrapidity~as they are in Ref.@15#!, then
the data are sufficient to obtain an estimate of the total k
yield for collisions in each centrality bin.

The Gaussian fits which account for the unmeasured
of the rapidity distributions for both data sets are shown
Fig. 4 as dotted curves, and were integrated over all rapi
to estimate the total kaon yields, the results of which
summarized in Table I. The quoted errors on the kaon yie
04490
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anddN/dy Gaussians ’s are statistical only. Systematic e
rors on the Si1A yields were estimated to be 10%. Compa
sons with data from the E-866 forward spectrometer@15,18#
indicate that the assumption regarding the shape of
Au1Au kaon spectra at midrapidity is reasonable, leading
an estimate that the extrapolation to midrapidity introduce
few percent uncertainty into the present Au1Au total yields.
The fractions of the estimated totalK1 andK2 yields in the
extrapolated tails are typically 30 and 20 %, respective
The systematic error on the extracted total kaon yields
Au1Au is estimated to be of order 10% by comparing t
extracted yields to alternative fits that have different sha
for the tails of the distributions. Using the sum of the me
sureddN/dy instead of the estimated total yields for Au1Au
collisions does not alter the dependence of the yield on
lision centrality except for a scale factor. In order from mo
4-6
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CENTRALITY DEPENDENCE OF KAON YIELDS IN . . . PHYSICAL REVIEW C60 044904
peripheral to most central collision, the sum of theK1

dN/dy measured in rapidity range 0.5–1.3 are 0.29, 1.
2.37, 3.56, 4.54, 5.38, and 6.05; the sum of theK2 dN/dy
measured in rapidity range 0.4–1.4 are 0.076, 0.23, 0
0.74, 0.94, 1.09, and 1.28.

For Au1Au collisions, the integrated yields from th
present data have been compared with those describe
Ref. @15# taken at a slightly higher beam energ
(11.6AGeV/c). TheK1 andK2 yields of the two measure
ments were compared at the 5 centrality cuts from@15#. The
ratios of the yield at the higher energy to that found in t
present work are 1.1260.03 and 1.1960.04 forK1 andK2,
respectively, where the quoted errors are statistical o
From a parametrized fit top1p data@25#, the expected ra-
tios are 1.06 and 1.12 forK1 and K2, respectively. The
differences between the two data sets, when corrected fo
difference in beam energy, are well within the estima
overall systematic error of 10% in the measurements.
results from the 11.1A GeV/c beam energy were used in th
present study because this set contained higher quality
for kaon production in peripheral collisions.

V. DISCUSSION

In order to discuss the centrality dependence of the k
yields, it would be desirable to plot these yields agains
more intuitive variable than the zero-degree energy or m
tiplicity. In the wounded nucleon model, the particle yiel
in heavy-ion collisions are expected to increase roughly
proportion to the number of projectile and/or total parti
pants~participating nucleons! @26,27#. Results from previous
Si1A measurements@8# suggest that kaon yields within
limited fixed rapidity window increase faster than linear
with the number of projectile participants for Si1Cu and
Si1Au, but not for Si1Al collisions. However, this proce
dure treats the target and projectile nucleons very differe
for asymmetric collision systems. Consequently, for t
work we have chosen to useNp , the total number of partici-
pants to characterize collision centrality.

The energy measured in the zero-degree calorimeter
sults predominantly from projectile spectators, so the av
age number of projectile participants for a given avera
zero-degree energy can be estimated using the formula

Npp5Ap3S 12
E

Ebeam
D , ~3!

whereE is taken as the average zero-degree energy in
centrality bin,Ap is the number of nucleons in the projecti
~28 for Si and 197 for Au!, and Ebeam is the total kinetic
energy of the beam, 383.4 GeV for Si beam and 2000 G
for Au beam@28#, respectively. For the symmetric Au1Au
and nearly symmetric Si1Al collisions, the total number of
participants is, on average, simply twice the number of p
jectile participants. For Si1Au collisions, the total numbe
of participants has been estimated by using nuclear geom
with Woods-Saxon density distribution and the Glaub
model to relate the average number of projectile participa
Npp , to the average number of total participantsNp , in each
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centrality bin. Results of this calculation are consistent w
those obtained in previous analyses@14,29#. The estimated
total number of participants for the centrality bins of th
three systems are listed in Table I. The statistical errors
Np are negligible due to the large number of minimum b
interaction triggers that were accumulated for each of
three systems. The systematic errors onNp for the Si1A
data were estimated to be 10% by using two independ
analyses@8,21#. For the Au1Au data the systematic error
on Np were estimated to be 8%@19#. The target-out interac-
tion rate was subtracted from the ZCAL distribution befo
Npp was calculated adding negligibly to the estimate of t
overall systematic error. The correlation between the ZC
energy and another measure of centrality, the transverse
ergy, has been analyzed by the E802 Collaboration an
discussed in Refs.@29–31#.

The total K1 and K2 yields from Si1Al, Si1Au, and
Au1Au collisions are plotted in Fig. 5 as a function ofNp .
One immediate striking feature of this plot is that the me
sured kaon yields from Si1A and Au1Au collisions have
very different dependence onNp . The kaon yields from Si
1A increase approximately linearly withNp with data from
the two targets following approximately the same line. T
kaon yields from Au1Au collisions, in contrast to those
from Si1A, increase faster than linearly withNp as can be
clearly seen in Fig. 5. On the other hand, in each of the th
systems, theK1 and K2 yields have the same dependen
on Np , differing by only a constant scale factor. This

FIG. 5. TotalK1 ~top! and K2 ~bottom! yields as function of
the total number of participants,Np . Errors shown are statistica
only. Systematic error onNp is 10% for Si1A data and 8% for
Au1Au data. Systematic errors on the yields are 10% for b
Si1A and Au1Au data. Note that, for clarity, the ordinate scal
start from negative values.
4-7
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L. AHLE et al. PHYSICAL REVIEW C 60 044904
illustrated in Fig. 6 where the ratios ofK1 to K2 yield are
plotted againstNp . The ratios show a rather weak depe
dence onNp , and are systematically different for differen
systems.~Note that Si1Al and Si1Au are at the same beam
energy and Au1Au is at a lower beam energy.! The similar-
ity betweenK1 andK2 is surprising given that their produc
tion is expected to proceed through very different mec
nisms, resulting in differentdN/dy shapes. For all three
systems discussed, theK2 dN/dy distributions are system
atically narrower than theK1’s, as seen from Table I.

It is of interest to examine the power-law behavior of t
kaon yield versusNp : NK}Np

a . Fits to the Au1Au data
yield the resultsa51.5460.05 and 1.5260.07, respectively,
for K1 and K2. The power factors forK1 and K2 are es-
sentially the same, consistent with the constantK1 to K2

ratio, and are considerably larger than 1.
Although the Au1Au kaon yields increase faster than lin

early withNp , the absolute yields fall significantly below th
Si1A yields for the same number of participants (Np;50),
which is further shown in Fig. 7 where the kaon yield p
participant is plotted againstNp . In order to compare thes
two data sets, the difference in beam energy for the
projectiles must be taken into account.~The nucleon pair
center of mass energyAs is 5.39 GeV for Si1A, and 4.74
GeV for Au1Au.! The energy dependence of kaon produ
tion in heavy ion collisions is unknown; data from eleme
tary collisions are used to estimate the effect.K1 and K2

yields in p1p collision at 12 GeV/c were measured@32# to
be 0.048 and 0.0075, respectively. Based on a paramet
tion of p1p data at various energies@25#, K1 andK2 yields
in p1p should be scaled, respectively, by 1.27 and 1
from beam momentum 12 to 14.6 GeV/c, and by 0.90 and
0.82 from beam momentum 12 to 11.1 GeV/c. Therefore,
K1 andK2 yields in p1p at 14.6 GeV/c can be estimated
as 0.061 and 0.011, and at 11.1 GeV/c can be estimated a

FIG. 6. Ratio ofK1 to K2 total yield as function of the tota
number of participantsNp . Errors shown are statistical only. Sy
tematic error onNp is 10% for Si1A data and 8% for Au1Au data.
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0.043 and 0.0062.~Typical errors on these yields are 15%!
Since there are significant differences in kaon production
p1p, p1n, andn1n interactions@33#, the isospin averaged
kaon yields should be used. Using the method describe
Ref. @33# and data measured inp1p at 12 GeV/c @32,34#,
the ratios of cross sections for producingK1 in these three
elementary interactions can be estimated asp1p:p1n:n
1n51:0.81:0.62, and those for producingK2 can be esti-
mated asp1p:p1n:n1n51:1.19:1.42.~See appendix of
Ref. @15# for details.! Assuming that these ratios do not va
with beam momentum between 11.1 and 14.6 GeV/c, and
assuming that the heavy-ion collisions are simple superp
tions of nucleon-nucleon (N1N) collisions at the full beam
energy, theK1 andK2 yields perN1N interaction can be
estimated, respectively, as 0.049 and 0.013 for Si1A @35# at
14.6 GeV/c and 0.033 and 0.0077 for Au1Au at 11.1
GeV/c. The typical errors of these estimates are on the or
of 15%. These results are shown in Fig. 7 atNp52 as the
filled square for the Si beam energy and the filled circle
the Au beam energy. Based on these results, the Si1A K1

andK2 yields should be approximately 40 and 90 % larg
than the Au1Au data if the heavy-ion collisions were simp
superpositions ofN1N collisions at appropriate beam en
ergy. However, even after compensating for the energy
ference the Si1A yields are still systematically 100% large
than the Au1Au yields for the sameNp .

The above observed differences among the three sys
could come from the different initial nuclear geometry. A

FIG. 7. TotalK1 ~top! andK2 ~bottom! yields per participant as
function of the total number of participantsNp . Errors shown are
statistical only. Systematic error onNp is 10% for Si1A data and
8% for Au1Au data. Systematic errors on the yields are 10%
both Si1A and Au1Au data. Filled points are those estimated f
N1N interactions atAs54.74 GeV ~filled circles! and 5.39 GeV
~filled squares!.
4-8
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CENTRALITY DEPENDENCE OF KAON YIELDS IN . . . PHYSICAL REVIEW C60 044904
the sameNp , the initial geometry of the three systems is
no means the same. For the sameNp(;50) at which the
Au1Au collision is peripheral, whereas the Si1A collisions
are not, the overlap region in Au1Au collision is less dense
than that in Si1Al or Si1Au collision due to the dilute sur
faces of the nuclei. Therefore, one would naively exp
lower kaon yield in Au1Au than in Si1A collisions at the
same beam energy, due to fewer successiveN1N collisions
per participant in Au1Au than in Si1A collisions. However,
detailed study of the average number of successiveN1N
collisions per participant, based on the Glauber model
the inelasticN1N cross section 30 mb, does not give qua
titative support to this supposition.

For both Si1Al and Au1Au collisions of all centralities,
and for peripheral Si1Au collisions, the kaon yields per par
ticipant increase withNp , as seen from Fig. 7. In nonperiph
eral Si1Au collisions, however, the kaon yield per partic
pant saturates at the value observed in the most ce
Si1Al data. The saturation cannot be explained by
simple nuclear geometry either, as the average numbe
successiveN1N collisions per participant, calculated from
the Glauber model, continues to increase withNp in the
range of the saturation.

Presumably, the kaon yield invery peripheral heavy ion
collisions should behave just as inN1N. As shown in Fig.
7, extrapolations following the trends of theK1 and K2

yields in both Si1A and Au1Au collisions are consisten
with the N1N values.

FIG. 8. Differential production rate forK1 ~top! andK2 ~bot-
tom! as function of the total number of participantsNp . Errors
shown are statistical only. Filled points are the kaon yields
participant inN1N interactions atAs54.74 GeV ~filled circles!
and 5.39 GeV~filled squares!. See text for explanation of the
shaded areas and details on the method of extracting the differe
production rate.
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Another way to characterize the dependence of kaon p
duction with centrality is shown in Fig. 8. Instead of th
average yield per participant displayed in Fig. 7, this figu
shows the differential rate of kaon production with increa
ing Np , i.e., the slopes extracted from the data in Fig.
Values were extracted separately for each of the three
tems. For the Si data, slopes were found using pairs of a
cent points, while for Au1Au data, slopes were obtaine
from straight-line fits to three data points in a row in order
reduce the statistical uncertainties. The lowestNp point in
this figure was found by combining the lowest data point
Fig. 5 with an assumed point of zero yield at zeroNp . These
results are plotted in Fig. 8 at the corresponding averageNp
values. The shaded area shown on each plot indicates
range of the slope extracted from a straight line fit to t
Si1Al data, the Si1Au data, or the Si data including bot
targets shown in Fig. 5. The kaon yields per participant
N1N interactions are plotted atNp52 as filled points, the
same as in Fig. 7. For the Si-induced interactions, the dif
ential rate of kaon production rises rapidly and then st
roughly constant at a value considerably larger than expe
from N1N. For Au1Au, the slope increases more slow
but continuously, and eventually reaches the value found
central Si1A. In other words, for the same increase inNp ,
the increase in kaon yield in central Au1Au is the same as in
central Si1A, in spite of the lower energy of the Au beam
than the Si beam.

Care should be taken in interpreting these results as d
onstrating that each additional participant produces sign
cantly more kaons. IncreasingNp corresponds to decreasin

r

tial

FIG. 9. TotalK1 ~top! andK2 ~bottom! yields per participant,
normalized by those inN1N interactions, as function of the tota
number of participantsNp . Errors shown are statistical only. Se
text for discussion of the systematic errors.
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impact parameter. In a simple geometric model, this imp
that all participants have an increasing probability of m
tiple collisions. Also, other effects such as rescattering
baryons and mesons or the influence of the nuclear med
will be stronger in more central collisions. Figure 7 demo
strates how kaon production averaged over all participa
evolves as a function of centrality while Fig. 8 shows t
evolution of the differential rate of production.

To investigate enhancement of strangeness productio
heavy ion collisions relative toN1N, the heavy ion data in
Fig. 7 are normalized by theN1N values and replotted in
Fig. 9. The filled circle at~2,1! in each plot represent theN
1N interactions. TheK1 yields in central Si1A collisions
are 3 times those inN1N, a result that is consistent with th
previously observed strangeness enhancement in Si1A col-
lisions@7#. The normalizedK1 andK2 yields per participant
in central Au1Au collisions reach higher values than in ce
tral Si1A collisions. TheK1 andK2 yields are enhanced b
factors of 4.060.3(stat)60.5(syst) and 2.760.2(stat)
60.3(syst), respectively, in the most central bin of t
Au1Au data relative toN1N. The enhancement factors a
only 3.060.2(stat)60.4(syst) and 2.260.1(stat)60.3(syst)
in central Si1Au collision for K1 andK2, respectively. The
systematic errors include those in the yields and inNp . Er-
rors in the estimated kaon yields fromN1N, common to all
three systems, are not included in the systematic er
above. The strangeness enhancement, therefore, is more
nounced in central Au1Au at 11.1A GeV/c than in central
Si1Au at 14.6A GeV/c. Note that for each of the thre
systems, there is more enhancement inK1 than inK2.

VI. CONCLUSIONS

In summary, E-859 and E-866 have measured kaon
duction as a function of centrality in Si1Al and Si1Au col-
lisions at 14.6A GeV/c in rapidity range 0.5,y,2.1, and in
Au1Au collisions at 11.1A GeV/c in rapidity range 0.5
,y,1.3. In all three systems with all centralities, the inva
ant transverse mass (m') spectra can be described by
single exponential inm' for both K1 and K2; the rapidity
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distributions can be characterized by Gaussians, with theK1

distributions consistently broader than theK2’s.
The kaon yields in Si1A and Au1Au collisions were

found to have different dependencies on the total numbe
participants. The kaon yields from Si1A collisions increase
approximately linearly with the total number of participan
whereas the kaon yields from Au1Au collisions increase
faster than linearly. For the same number of participa
(;50), the kaon yields in Au1Au collisions are lower than
in Si1A collisions after the beam energy difference in ka
production rate inN1N interactions was accounted for. O
the other hand, theK1 and K2 yields in each of the three
systems have quantitatively the same dependence on the
number of participants, differing only in magnitude by a co
stant factor, in spite of the differentdN/dy distributions.

Strangeness enhancement is observed as an increase
slope of the kaon yield with the total number of participan
as well as the yield per participant. The enhancemen
heavy-ion collisions relative toN1N interactions appears to
turn on quickly in Si1A collisions and saturate at a modera
collision centrality in Si1Au. The enhancement increase
slowly with centrality in Au1Au collisions, and in central
Au1Au collisions, reaches and exceeds the value found
central Si1A collisions. The enhancement factor ofK1 pro-
duction are 3.060.2(stat)60.4(syst) and 4.060.3(stat)
60.5(syst), respectively, for the most central 7% Si1Au
collisions and the most central 4% Au1Au collisions rela-
tive to N1N at the correponding beam energy.
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