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I. INTRODUCTION

The collision of two heavy ions at AGS energies is
complex process that involves the multiple collisions of ha
rons, transferring energy from the initial longitudinal motio
into both the production of particles and transverse moti
The very dense system formed in these collisions may re
information on the possible existence of the baryon-r
quark-gluon plasma~QGP! @1# and/or the possible medium
dependence of hadronic masses@2#. The search for such new
physics requires a solid understanding of the reaction
namics, the roles played by multiple collisions, excited re
nances, and the balance between absorption and initial
duction of particles. This foundation is necessary beca
any signatures of new physics will be sitting in the domina
environment of hadronic rescattering.

Such a foundation is provided by measuring the spe
and yields of produced particles as a function of centrality
the reaction. As an example, the yield of kaons is enhan
in centralA1A reactions compared toA times the yield in
nucleon-nucleon collisions@3#. The enhancement is possib
explained@4–6# by secondary collisions in the heavy-ion r
action, where each hadron can undergo several collisi
and each collision has a certain probability of producing
kaon. This mechanism is aided by many of the second
collisions being between one or two hadronic resonan
with the energy of the resonances available for kaon prod
tion. The role of these secondary collisions in particle p
duction can be probed by measuring how the spectra
yield of kaons vary with centrality.

This paper reports on the systematics of kaon produc
in Au1Au collisions at 11.6A GeV/c. The Collaboration
has also reported on particle production inp1A @7# and Si
1A @8# reactions at AGS energies. This wide range of m
surements provides a comprehensive data set of particle
duction at AGS energies.

From our previous studies@9#, the measured proton
dN/dy in Au1Au central collisions has a maximum a
midrapidity, consistent with the formation of a dens
baryon-rich system. Hadronic cascade models predict
the inner region of the collision zone may reach greater t
five times normal nuclear density@5,6#. Approximately one-
third of the colliding matter is predicted to be in such a den
environment@6#. Experimentally it is a challenge to chara
terize dense hadronic matter and then to find any evide
whether such matter has been converted to a baryon
quark-gluon plasma.

One method is to measure the systematics of kaon
duction as a function of the centrality of a heavy-ion rea
tion. The kaon production rate from a QGP has been p
dicted to be larger than the hadronic production rate@10#.
The more central the collision, the larger the volume of ve
dense matter. A small but increasing volume of QGP mi
be observable as an additional increase in kaon produc
beyond the hadronic enhancement from multiple collisio
Separating these two effects will be experimentally difficu

There are several predictions@11# that at densities from
one to three times normal nuclear density, kaons mi
change their properties. In these modelsK2 are predicted to
interact attractively with baryons. In nuclear matter, the
interactions can be implicitly accounted for by either an
-
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tractive mean-field@12,13# or by decreasing theK2 effective
mass with density@11#. Experiments with kaonic atoms@14#
confirm the existence of an attractiveK2 nuclear potential
but do not provide detailed information on its strength. The
same models predict thatK1 have a repulsive interaction
with baryons@12,13#. In heavy-ion reactions, these mode
suggest that the spectra ofK1 and K2 may be shifted in
opposite directions@15,12#, pushing theK1 to higher trans-
verse momentum and pulling theK2 to lower values of
transverse momentum. The measuredK1 andK2 spectra as
a function of centrality provide a test for the predicted i
medium properties of kaons.

The following section describes experiment E866 at
AGS and the methods used to analyze the data. Sectio
contains the experimental results, the invariant transve
spectra ofK1 andK2 as a function of centrality, the rapidity
density and the inverse slope distributions as a function
centrality, and the integrated yields of kaons per event.
Sec. IV the differences betweenK1 and K2 emission are
discussed. TheKp ratios measured in Au1Au are compared
to results from previous AGS measurements in Sec. V. T
conclusions are presented in Sec. VI.

II. EXPERIMENT AND DATA ANALYSIS

The E866 experiment at the AGS measured Au1Au re-
actions at 11.6A GeV/c in the fall of 1994. The apparatu
@9,16# consists of event-characterizing global detectors a
two magnetic spectrometers as is shown in Fig. 1.

The Au beam impinged on a Au foil 975 mg/cm2 thick; a
thickness that provides approximately a 2% interaction pr
ability. The intensity of the Au beam was kept less than
3105 particles per spill, for a spill duration of 1 s.

A set of counters upstream of the target defined a ‘‘goo
beam particle. The charge~Z! and time of arrival of the beam
particle were measured with a quartz Cerenkov radia
Beam pile-up was rejected if two beam nuclei were with
0.5ms and by a tight gate onZ57963 on this counter. A
counter with a 1 cmdiameter hole 1 m upstream of the targe
rejected beam halo.

Downstream of the target~10.6 m! was a ‘‘bullseye’’
quartz Cerenkov radiator@17# viewed by eight photomulti-
plier tubes. This provided an interaction trigger by rejecti
events with a bullseye signalZ.74. A software cut was
applied off-line that tightened the interaction trigger to reje
events withZ.68. The events selected by the interacti
trigger and software cut had a cross section of 5.1 b. Thi
lower than the full interaction cross section of 6.8 b beca
the most peripheral reactions are not selected by the trig
Target-out runs were used to determine the background
tribution to the interaction cross section and to the spectr
the spectrometers. The target-out contribution to kaon sp
tra was negligible.

The two spectrometers of E866 can independently rot
The spectrometer Henry Higgins~also used in E802 and
E859! has a 25 msr solid angle, withDu;14°. By rotating
the spectrometer, the acceptance covers lab angles
14°–58 °. The Forward spectrometer commissioned
E866 has a 6 msr solid angle, withDu;4 °, and by rotation
covers lab angles of 6°–28°. The acceptances for kaon
these devices are shown in Fig. 2. Data were collected w
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FIG. 1. The experimental layout of E866 in the Fall of 1994 showing the multiplicity array~NMA !, the zero-degree calorimeter~ZCAL!,
the interaction trigger~Bullseye!, and the Henry Higgins spectrometer consisting of drift chambers~T1-T4!, wire chambers~TRF1,2 and
TR1,2!, a time-of-flight wall~TOF! and a gas-Cerenkov detector~GASC!. The forward spectrometer consists of a sweeping magnet~M1!,
analyzing magnet~M2!, drift chambers~FT1-4!, two time projection chambers~TPC1,2! and a time-of-flight wall~FTOF!. A scintillator
array ~PHOS! for particle spectra at back-angles and a hodoscope~HODO! of crossedXY slats complete the detector hardware of E866
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both polarity settings of the dipole magnets, equalizing
acceptance for oppositely charged particles.

Both spectrometers have tracking systems before and
ter a dipole magnet. The Henry Higgins spectrometer us
combination of drift and multiwire chambers to locate t
tracks, whereas the Forward spectrometer uses tracking
tions consisting of a time-projection chamber~TPC! sand-

FIG. 2. The acceptance for kaons in the Henry Higgins sp
trometer~left panel! and in the Forward spectrometer~right panel!.
For the Henry Higgins the area of the boxes indicate the rela
acceptance of each bin, while for the Forward spectrometer
boxes represent the number of measured kaons over all the a
settings.
e

f-
a

ta-

wiched by drift chambers. The TPC data are used for
tracking pattern recognition in the high occupancy enviro
ment and the data from the drift chambers improve the m
mentum resolution.

The experiment was primarily triggered by spectromet
based triggers. For the Forward spectrometer, the trig
used the FT2 and FT3 drift chambers~Fig. 1! located before
and after the momentum analyzing magnet (M2). The trig-
ger was defined as FT2ùFT3, where these symbols repre
sent any hits in one of the first two planes of FT2~FT3!
chambers. For the Henry Higgins spectrometer the trig
was a coincidence between any hit in a multiwire cham
~TR1 in Fig. 1! behind the magnet and any hit in the tim
of-flight ~TOF! wall. The Henry Higgins spectrometer ha
the additional feature of an online particle identification tri
ger ~LVL2 ! @18#. The trigger looped over combinations o
hits in the TOF wall and two multiwire chambers~TR1 and
TR2! behind the magnet. A CAMAC-based series of look
tables was used to veto events that did not have a tr
consistent with a kaon mass. Events were not vetoed if t
contained a high-momentum track (p.1.7 GeV/c) where
the online particle identification may be ambiguous. T
LVL2 trigger enhanced the fraction of events with kaons
tape. The inefficiency of this trigger was measured to be l
than 1 %.

Both spectrometers have a segmented TOF wall of ve
cal scintillator slats. Each slat is instrumented with pho
multiplier tubes at each end. The measured resolutions of
Henry Higgins and Forward spectrometer TOF walls ares
5130 ps, and s575 ps respectively. The momentum
range for identified kaons is 0.3,p,1.74 GeV/c and 0.5
,p,3.0 GeV/c for the Henry Higgins and Forward spec
trometer, respectively.
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3526 PRC 58L. AHLE et al.
The particle identification in the Forward spectrome
was provided by 100 slats of time-of-flight~FTOF! counters
located 6 m from the target. Mass square (M2) of a particle
is calculated from its momentump, time-of-flight t, and path
lengthL asM25p2@(ct/L)221#. Particle identification cuts
were applied inM2 versusp space. Figure 3 shows a scatt
plot of M2 versusp in a typical run at 14 ° spectromete
setting. Pions, kaons, and~anti!protons are well separated
The curves in the figures are PID boundaries set at62.5sM2

from the nominal mass of the particle. In addition, the f
lowing cuts were made to suppress contamination from o
particles: M2,0.125 GeV2/c4 and p,4 GeV/c for
p6, M2.0.18 GeV2/c4 and p,3 GeV/c for K6, M2

.0.50 GeV2/c4 andp,5 GeV/c for p. These cuts are als
indicated in the figure. The remaining pion and proton co
tamination in kaon sample was estimated by a mu
Gaussian fit to theM2 distribution in momentum slices an
was subtracted from the data.

For the Henry Higgins spectrometer, particle identific
tion cuts were made in 1/b versus momentum space at
63s level ~Fig. 4!, whereb is the velocity of particles as
determined by the TOF wall. The backgrounds to both
K1 andK2 samples were less than 2% within the mome
tum range used (0.3,p,1.74 GeV/c).

E866 has two detectors that measured the global cha
teristics of each event, a multiplicity array~NMA ! and a
Fe-scintillator sandwich type calorimeter~ZCAL! with an
1.5 ° opening angle around the beam axis. The multiplic
array was not used in this analysis. The energy deposited
the calorimeter (EZCAL) for interaction events after target-ou
subtraction is shown in Fig. 5. The boundaries of the fi
centrality event classes used in the analysis, discussed
are also indicated in the figure. The calorimeter was c
brated to maintain the fragmented-beam peak at the kin

FIG. 3. A scatter plot ofM2 versusp in a typical forward spec-
trometer run at the 14° spectrometer setting. The curves in the
ures are PID boundaries set at62.5sM2 from the nominal mass o
the particle. The additional lines are further cuts made to minim
contamination.
r

er

-
-

-

e
-

c-

y
to

e
ter,
i-
tic

energy of the beamEbeam
kin 52123 GeV. Fragmented-beam

events are those that react just upstream of the calorim
This calibration was performed for each run to compens
for the radiation-damage decrease in calorimeter light out
The decrease in light output over the entire 1994 runn
period was 7%. The energy deposited into the calorime
~Fig. 5! is dominated by projectile spectator nucleons. T
number of projectile participants (Npp) is estimated by in-
verting the measured zero-degree energy (EZCAL)

Npp51973S 12
EZCAL

Ebeam
kin D . ~1!

For peripheral collisions, the calorimeter has a slight no
linear response, with a 4% reduction in output for bea
events that did not react compared to events that fragm

g-

e

FIG. 4. A scatter plot of 1/b versusp for the Henry Higgins
spectrometer. The particle identification bands are at63s in the
measured 1/b.

FIG. 5. The measuredEZCAL distribution from interaction trig-
gers in Au1Au reactions at 11.6A GeV/c. Target-out events have
been subtracted. The event classes listed in Table I are separat
lines. The number of projectile nucleonsNpp obtained fromEZCAL

is indicated at the top of the figure. See text for details.
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PRC 58 3527KAON PRODUCTION IN Au1Au COLLISIONS AT . . .
just upstream of the calorimeter. This leads to an uncerta
of up to eight in the value ofNpp , or 25%, only for the most
peripheral event class.

Mesons entering the acceptance of the calorimeter
contribute to the measuredEZCAL @19#. By passing events
from a cascade model@4# through a simulation of the calo
rimeter, the meson energy contribution is estimated to be
equivalent of three projectile nucleons for the most cen
event class. It is proportionally smaller for less central bi
The mesonic contribution was not subtracted fromEZCAL .
Npp should therefore be considered an experimental obs
able@defined by the measuredEZCAL , Eq. ~1!# and provides
an estimate of the geometrical number of projectile part
pants.

By triggering the experiment on tracks in the spectro
eter, the data can be sorted off-line into different centra
classes. Normalization is provided by prescaled interac
and beam triggers. For each class, the cuts onEZCAL , the
corresponding mean value ofNpp , the measured cross se
tion ~after target-out correction! and the percentage of th
total inelastic cross section (s int56.8 b), are listed in Table
I. The most central event class is the same as was used i
measured E866 pion and proton spectra@9#.

The two spectrometers have different tracking efficienc
and acceptances. The single-track reconstruction efficie
as a function of momentum for each spectrometer was de
mined by a Monte Carlo simulation. Events with one parti
~pion, kaon, or proton! were first processed through aGEANT

@20# model of each E866 spectrometer with hadronic int
actions, decays, and multiple scattering processes inclu
The sampled momentum and angular distributions were
After the Monte Carlo simulation, the events were proces
through the same reconstruction and particle identifica
code as real data. This provides the efficiency of the track
algorithm for fully efficient hardware as a function of th
momentum of the particle, and its values were 90–95 %
each spectrometer.

The Forward spectrometer reconstruction program
quires that a track has at least three hit rows for each of
TPCs ~six rows each!. The detector efficiencyeTPC(x,y) is
the probability that the TPCs satisfy this requirement. T
efficiency maps of each row of the TPCs were determin
from the fraction of missing hits in reconstructed tracks
the real data. Those efficiency maps were then used to
culateeTPC(x,y) as function of track position. The value o
eTPC was 93–100 %. The efficiencies of the drift chambe
for both the Forward spectrometer and Henry Higgins w

TABLE I. The five event classes used in this paper, listing
range ofEZCAL values, the cross section for the event class,
percentage of the inelastic cross section (s int56.8 b), and the
mean-value of the estimated number of projectile participants
that event class.

Event class EZCAL range~GeV! sclass(mb) % of s int ^Npp&

1 0–315 0–350 0–5 177
2 315–570 350–800 5–12 156
3 570–990 800–1566 12–23 124
4 990–1470 1566–2621 23–39 82
5 .1470 2621–5130 39–75 31
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evaluated in a similar way, and were found to be very clo
to 100%.

Tracks are also lost because of hit blocking caused by
finite occupancy of chambers and TOF walls. For the He
Higgins spectrometer this loss of tracks was estimated
embedding hits from isolated, single tracks from periphe
collisions into other events. The combined event was rea
lyzed to see if the embedded track was still reconstructed
the tracking program. The resulting blocking-induced ine
ciency was parameterized as a function of the overall oc
pancy of the Henry Higgins spectrometer and as a func
of position both in front and behind the magnet. For the m
central event class and tracks at forward angles, the bloc
inefficiency was 40610%. This inefficiency reduces to 1
65% at back angles.

In the Forward spectrometer the loss of tracks due to
blocking was dominated by earlier hits in the TOF wall. Th
probability was determined from the data for each centra
class and angle setting as a function of the position and
ing in the TOF wall. The efficiency ranged from 70–100 %
In addition, the hit-blocking effects in the tracking statio
were studied by embedding Monte Carlo tracks in the r
data. The inefficiency was determined as a function of tra
multiplicity and was less than 10% in the most central ev
class. The PID efficiency is the probability that a track fall
the PID window for each spectrometer, and is determin
from the shape of the PID window~Figs. 3 and 4!.

The survival fraction is the probability that a partic
reaches the TOF wall before it decays. The expected valu
exp(2Lm/ctp) for an ideal detector, but can be closer
unity since some particles that decay in flight can still
accepted by the reconstruction program. The survival fr
tion was studied for each spectrometer by a Monte Ca
simulation and was found to be very close to the expec
value exp(2Lm/ctp) for kaons. The data were corrected on
track-by-track basis for each inefficiency; single-track reco
struction, chamber inefficiency, loss of tracks due to
blocking, PID inefficiency and particle decay.

The systematic uncertainty on the normalization of t
measured invariant spectra and rapidity distributions is do
nated by uncertainty of the single-track efficiency and loss
tracks due to hit blocking. The tracking uncertainty increa
from 5–10 % the closer to midrapidity and the more cent
the event class. For peripheral collisions, there is a 10%
certainty in the cross-section of the event class. This redu
to 5% for central collisions. There are small contributions
the uncertainty from the acceptance of the spectrometer
particle identification losses. This leads to a total system
uncertainty in the normalization of 15% independent of ce
trality.

The systematic uncertainty on the inverse slope par
eters is estimated to be 5% and is dominated by uncerta
in the tracking efficiency and acceptance. A cross check
the data is that the spectra from each spectrometer, with
ferent tracking algorithms and efficiencies, agree very w
~see Sec. III!.

III. SPECTRA AND YIELDS

In Figs. 6–15 the invariant cross-sections, divided by
reaction cross-section for the event class, are plotted for
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ons as a function of transverse mass and rapidity. Transv
mass ismt5Apt

21m0
2, wherept is the transverse momentum

andm0 is the rest mass of the particle. These spectra are
differential yield of kaons per event.

For clarity, the spectra are divided by a factor of ten
each rapidity slice. Kaons in the Henry Higgins spectrome
are indicated by filled circles, while kaons in the Forwa
spectrometer are denoted by open circles with a dot.
acceptances of the spectrometers complement each oth

To test whether the data from the two spectrometers
consistent with each other the following two procedu
were used. First the spectra from the Forward spectrom

FIG. 6. The invariant yield ofK1 as a function of transvers
mass for different slices in rapidity for the most central 5%
Au1Au reactions at 11.6A GeV/c. The data from the Henry Hig-
gins spectrometer are shown as filled circles, while the kaons f
the Forward spectrometer are shown as open circles with a dot.
most backward rapidity is the correct scale, successive spectra
been divided by 10 for clarity. The errors are statistical only. T
systematic errors are described in Sec. II.

FIG. 7. Same as Fig. 6, but for the 5–12 % central reaction
rse

he

r
r

e
.
re
s
ter

were fitted with an exponential inmt . A x2 statistic with
respect to this fit was calculated for the Henry Higgins d
that are within the acceptance of the Forward spectrome
Over all the event classes and the two rapidity slices (
,y,1.2 and 1.2,y,1.4) the averagex2/point was 1.2.
Reversing the roles of the spectrometers, i.e., fitting
Henry Higgins spectra and calculating thex2 of the Forward
spectrometer data points, produced an averagex2/point of
1.7. The low values ofx2/point indicate that the spectra ar
consistent with each other.

In the second test of the consistency of the spectra,
relative normalization between the Henry Higgins data a
the Forward spectrometer data was allowed to vary. This
an additional parameter in the exponential fit of each sp
trum that has data from both spectrometers. The fits wit
free relative normalization reduced thex2 by an average of
1.5. For the relative normalization to be statistically sign
cant this decrease would need to be considerably larger

f

m
he
ve

e

FIG. 8. Same as Fig. 6, but for the 12–23 % central reactio

FIG. 9. Same as Fig. 6, but for the 23–39 % central reactio
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one. The mean of the relative normalization from the thi
spectra is 1.00 with a rms of 0.14. The observation that
mean normalization is near unity and that the decrease inx2

is small, confirms that the data from the two spectrome
are consistent with each other.

The spectra in Figs. 6–15 were fit with the followin
exponential inmt using both the Forward spectrometer a
the Henry Higgins data:

1

2pmt

d2N

dmtdy
5

dN/dy

2p~Tm01T2!
e2~mt2m0!/T. ~2!

FIG. 10. Same as Fig. 6, but for the 39–75% central reactio

FIG. 11. The invariant yield ofK2 as a function of transvers
mass for different slices in rapidity for the most central 5%
Au1Au reactions at 11.6A GeV/c. The data from the Henry Hig-
gins spectrometer are shown as filled circles, while the kaons f
the Forward spectrometer are shown as open circles with a dot.
most backward rapidity is the correct scale, successive spectra
been divided by 10 for clarity. The errors are statistical only. T
systematic errors are described in Sec. II.
e

rs

In the fits the data points are weighted by their statisti
errors only. The relative normalization of the spectra fro
the two spectrometers was fixed at unity. The exponential
reproduce the spectra well and provide the inverse slope
rameter T and the rapidity densitydN/dy in that rapidity
slice. These fits combine information from both spectro
eters. The values for these parameters for bothK1 andK2

are tabulated in Tables II and III as a function of rapidity a
centrality.

As one check on the systematics on obtaining the rapi
density, a Boltzmann form was also fitted to themt spectra:

1

2pmt

d2N

dmtdy
5

dN/dy

2p~TBm0
212m0TB

212TB
3 !

mte
2~mt2m0!/TB,

~3!

where TB and dN/dy were free parameters. The extract
dN/dy values were systematically 3% lower than thedN/dy

s.

f

m
he
ve

e

FIG. 12. Same as Fig. 11, but for the 5–12 % central reactio

FIG. 13. Same as Fig. 11, but for the 12–23 % central reactio
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from exponential fits. Thex2 for the Boltzmann and expo
nential fits were similar. Exponential fits will be use
throughout this paper.

The errors on the parametersT and dN/dy from the ex-
ponential fits were obtained with the standard method fr
the variation of x2 around the minimum. For fits with
x2/NDF.1, these errors are likely to be underestimated. F
lowing the recommendation of the Particle Data Group@21#,
the errors on the fitted parameters (dN/dy and T) are in-
creased by a scale factor of (x2/NDF)

1/2 with a minimum
scale factor of unity.

Figure 16 shows thedN/dy distributions forK1 andK2.
The different centrality groups are indicated by differe
symbols, with kaons from the most central collisions hav
the largestdN/dy. The open symbols in Fig. 16 are the da
points reflected about midrapidity. ThedN/dy distributions
are approximately Gaussian in shape. The distributions
K2 are narrower than those forK1 ~discussed in more deta
in Sec. IV!.

FIG. 14. Same as Fig. 11, but for the 23–39 % central reactio

FIG. 15. Same as Fig. 11, but for the 39–75 % central reactio
l-

t
g

or

Systematically the forward-rapiditydN/dy data points are
5–10 % lower than their symmetric partners at back rapid
implying this level of consistency in the measurements. F
the most peripheral event class, the forward rapid
dN/dy K1 data points are 20% lower than their symmet
back-rapidity partners. Small gain drifts in the calorime
may have changed the selection of peripheral events.
symmetry ofdN/dy distributions is unaffected by the choic
of the fitting function @Eqs. ~2! or ~3!# used to fit themT
spectra.

s.

s.

TABLE II. The dN/dy and inverse slope distributions forK1

for each centrality class defined in Table I. The errors are statis
only.

y K1dN/dy K1T (GeV) x2/NDF

Event class 1

0.7 6.8960.29 0.16160.004 23.8/14
0.9 7.9460.24 0.17560.004 3.4/13
1.1 9.1660.23 0.20160.008 3.6/ 9
1.3 10.4760.28 0.19960.009 6.9/12
1.5 11.7960.37 0.20760.007 5.5/ 9
1.7 11.3460.33 0.20160.008 7.7/ 7
1.9 10.5660.39 0.21960.014 4.2/ 4

Event class 2

0.7 5.1960.18 0.17160.004 15.1/14
0.9 6.3960.18 0.17660.004 4.1/13
1.1 7.5360.18 0.19660.007 9.5/10
1.3 8.0760.22 0.20960.010 4.8/12
1.5 8.4960.40 0.19660.010 18.6/ 9
1.7 8.1760.29 0.21860.010 8.1/ 6
1.9 7.3460.40 0.21060.019 9.1/ 4

Event class 3

0.7 3.6360.12 0.16260.004 16.7/14
0.9 4.2860.12 0.17060.004 10.5/13
1.1 4.9860.13 0.18460.007 12.0/10
1.3 5.6860.14 0.19560.007 13.6/14
1.5 5.6060.24 0.19660.008 17.0/ 9
1.7 5.8560.18 0.21060.009 7.6/ 6
1.9 5.3160.31 0.21160.020 13.3/ 4

Event class 4

0.7 2.0960.07 0.15960.004 11.4/14
0.9 2.5360.08 0.16560.004 8.5/13
1.1 2.8860.09 0.17760.008 14.6/10
1.3 3.1760.09 0.18560.008 16.1/13
1.5 3.1260.12 0.18260.006 10.8/ 9
1.7 3.1660.10 0.18060.007 6.9/ 6
1.9 2.8360.17 0.19960.020 11.9/ 4

Event class 5

0.7 0.5860.02 0.14860.004 13.9/14
0.9 0.6960.03 0.14960.005 15.5/13
1.1 0.7860.03 0.16560.008 17.0/10
1.3 0.8160.03 0.19060.010 7.2/12
1.5 0.6460.03 0.17560.009 6.2/ 9
1.7 0.6360.03 0.17060.010 9.3/ 6
1.9 0.5760.03 0.15860.011 1.3/ 4
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The inverse slope parameters~from the exponential fits to
the mt spectra! for both K1 andK2 are largest near midra
pidity. This is shown in Fig. 17 forK1 andK2 from central
collisions and tabulated for all centralities in Tables II a
III.

The inverse slopes increase with centrality, especi
near midrapidity whereTK1 increases from 170 to 210 MeV
In Fig. 18 three representative rapidity slices from Tables
and III are plotted versus the number of projectile parti
pantsNpp . The K1 inverse slopes tend to be larger th

TABLE III. The dN/dy and inverse slope distributions forK2

for each centrality class defined in Table I. The errors are statis
only.

y K2dN/dy K2T (GeV) x2/NDF

Event class 1

0.7 1.1260.05 0.14560.004 5.8/14
0.9 1.3660.05 0.17060.005 10.1/13
1.1 1.7460.05 0.17060.006 9.1/11
1.3 2.1860.06 0.20460.007 12.6/16
1.5 2.2460.05 0.19860.004 3.1/ 9
1.7 2.1760.07 0.20260.008 14.8/ 7
1.9 2.1560.06 0.21760.009 2.9/ 4

Event class 2

0.7 0.8760.04 0.14960.005 10.0/14
0.9 1.1460.04 0.15960.004 11.1/13
1.1 1.3660.04 0.16960.006 11.7/11
1.3 1.6560.04 0.18660.006 8.4/16
1.5 1.7960.05 0.19460.005 13.5/ 9
1.7 1.7160.05 0.19760.007 12.3/ 7
1.9 1.5660.04 0.19160.007 1.3/ 4

Event class 3

0.7 0.5960.02 0.15460.004 7.5/14
0.9 0.7560.02 0.16060.004 9.7/13
1.1 0.9460.02 0.16860.005 4.5/11
1.3 1.1660.03 0.18560.006 19.1/16
1.5 1.2060.03 0.18260.004 11.5/ 9
1.7 1.1960.02 0.18760.004 3.8/ 7
1.9 1.1060.03 0.19960.009 6.7/ 4

Event class 4

0.7 0.3460.02 0.13960.004 12.5/14
0.9 0.4360.02 0.15860.006 16.9/13
1.1 0.5360.02 0.14660.006 18.8/11
1.3 0.6560.02 0.16460.005 7.5/15
1.5 0.6760.02 0.17360.005 16.7/ 9
1.7 0.6560.01 0.18760.005 2.5/ 7
1.9 0.6260.02 0.17660.007 4.4/ 4

Event class 5

0.7 0.0960.01 0.14060.005 9.7/14
0.9 0.1260.01 0.14060.005 10.4/13
1.1 0.1360.01 0.14560.006 15.0/11
1.3 0.1960.01 0.15760.007 18.7/14
1.5 0.1760.01 0.15060.005 10.9/ 9
1.7 0.1760.01 0.15560.005 7.7/ 7
1.9 0.1660.01 0.15660.006 4.4/ 4
ly

II
-

those of theK2 by about 10 to 20 MeV~discussed in more
detail in Sec. IV!.

These inverse slopes from central Au1Au reactions are
similar to the values measured in central Si1A collisions for
kaons at midrapidity (T;200 MeV) @8#. The inverse slopes
from Au1Au peripheral reactions can be compared top
1p reactions at 12 GeV/c, where the data of Rossiet al.
@22,23# correspond to inverse slope parameters of an ex
nentialmt spectrum ofT5143, T5132 MeV for K1 and
K2, respectively. These inverse slopes are slightly sma
than the inverse slopes from peripheral Au1Au reactions
(TK1;160 MeV andTK2;150 MeV). In p1p reactions
the spectra forK1 are slightly harder than the spectra f
K2.

The dN/dy distributions from Au1Au ~Fig. 16! were fit
with Gaussians. Each fit was constrained to be centere
midrapidity (y51.6) and all data points in thedN/dy distri-
bution were included in the fit. The extracted widths of t
K2 distributionssK2 range from 0.72 to 0.76 units of rapid
ity. These widths are smaller than the widths from theK1

distributionssK1 which range from 0.86 to 0.99 units o
rapidity.

The second parameter in the fit was the total yield
kaons per event. The extrapolation out to back rapidities
troduces an additional 5% systematic error to the total yie
Excluding the most forward rapidity point from the fi
changed the total yield by less than 2%. To complement
total yield, the fiducial yield of kaons is also calculated, d
fined to be

fiducial yield5(
dN

dy
dy, 0.6,y,2.0 ~4!

which is the sum of thedN/dy distribution in the region
where the spectrometers have acceptance. The total yield
sigma of the Gaussian and the fiducial yields are tabulate
Table IV for each event class.

For the most peripheral event class, the 20% asymm
in the dN/dy distribution makes it difficult to extract a tota
yield. The total yield of bothK1 and K2 in the peripheral
event class has been estimated in two ways:~1! using only
the back rapiditydN/dy data in the Gaussian fit and~2!
keeping the width of the Gaussian fixed at the value from
event class number four~Table IV!. The yields from these
two techniques were similar and were averaged. The dif
ence between the techniques was used to estimate the u
tainty of the peripheral kaon yields listed in Table IV.

TheK1 andK2 total yields are shown versus the numb
of projectile participantsNpp in Fig. 19. The yield for both
kaon species increases nonlinearly withNpp . The total yield
for K1 andK2 in central Au1Au collisions is 24.260.9 and
4.1460.09, respectively. The yield per projectile participa
is highest in the most central collisions. This is emphasiz
in Fig. 20 where the kaon yield per projectile participant
plotted versus the number of projectile participants.

The hatched boxes in Fig. 20 are the kaon yields expec
from N1N collisions at the same beam energy, where yi
is defined to be the production cross section divided by
inelastic cross section. The yields fromN1N collisions are
the isospin-weighted average of yields fromp1p, n1p,

al
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FIG. 16. ThedN/dy distributions of kaons for different centrality classes~listed in Table I! of Au1Au reactions at 11.6A GeV/c. The
distributions are from fits to invariant cross sections including data from both E866 spectrometers. TheK1 spectra are in the left panel an
the K2 spectra are in the right panel. The circles are from the 0–5 % centrality class, the squares from the 5–12 % centrality c
triangles from the 12–23 % centrality class, the inverted triangles from the 23–39 % centrality class, and the stars from the 3
centrality class. The open symbols are the data points reflected around midrapidity. The errors are statistical only. The systematic
described in Sec. II.
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and n1n collisions. For details on the calculation of the
yields and cross sections see the Appendix.

The measuredK1 yield of 0.137 per projectile participan
in central Au1Au is 3.760.5 times the yield in theN1N
collisions, i.e., kaon production is enhanced. The enhan
ment forK2 production is slightly less, with the central A
1Au yield of 0.023 per projectile participant being 2
60.4 times the yield fromN1N collisions. These enhance
ments suggest that the majority of kaons in central react
come from secondary collisions.

Both K1 andK2 yields increase with centrality in a sim
lar manner. The increase in kaon yields with centrality
very steady. There is no indication of an onset, or sud
change in kaon production. It is difficult to quantify this. T
set an upper limit on a change in kaon production requ
e-

s

s
n

s

some assumptions on the expected normal increase of
production and on the centrality class where the change
occur. The yield of kaons versusNpp from the four more
peripheral event classes has been fitted with two functio
forms, a power law~two free parameters!, or a quadratic in
Npp ~three free parameters!. These fits included the point-to
point 5% systematic uncertainty of the yields. The fit is e
trapolated to the most central event class~Fig. 21!, where the
measured central kaon yield is consistent with the extrap
tion. Taking into account the variation from the differe
functional forms and the uncertainty of the extrapolation,
upper limit is set for additional kaon production in the mo
central events. At the 90% C.L. any additional kaon prod
tion is less than 7K1 per event and 0.9K2 per event.
el
statistical
FIG. 17. The inverse slope parameters of kaons versus rapidity for the most central 5% of Au1Au reactions at 11.6A GeV/c. The slope
parameters are from fits to invariant cross sections including data from both E866 spectrometers. TheK1 inverse slopes are in the left pan
and theK2 inverse slopes are in the right panel. The open symbols are the data points reflected around midrapidity. The errors are
only. The systematic errors are described in Sec. II.
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IV. COMPARISON OF K2 AND K1 EMISSION

The physics ofK1 andK2 production are very different
They have different energy thresholds of producti

FIG. 18. The inverse slope parameters of kaons versus the
perimental estimate of the number of projectile participantsNpp for
different slices of rapidity in Au1Au reactions at 11.6A GeV/c.
The slope parameters are from fits to invariant cross sections
cluding data from both E866 spectrometers. TheK1 inverse slopes
are in the left panel and theK2 inverse slopes are in the right pane
The errors are statistical only. The systematic errors are descr
in Sec. II.

TABLE IV. The total yield, Gaussians, the x2/NDF from the
Gaussian fits of thedN/dy distributions, and fiducial yields forK1

andK2 for each centrality class defined in Table I. For the perip
eral bin the error includes the systematic uncertainty estimated f
the difference in kaon yield using two techniques~see text!. For the
other centralities the errors are statistical only.

Event
class

Total yield K1 sK1 x2/NDF Fiducial yieldK1

1 24.260.9 0.8660.03 6.6/5 13.660.2
2 19.760.6 0.9360.04 5.6/5 10.260.2
3 13.360.4 0.9160.03 3.1/5 7.160.1
4 8.060.3 0.9960.04 4.6/5 3.9560.06
5 2.060.3 0.9460.02

Event
Class

Total yield K2 sK2 x2/NDF Fiducial yieldK2

1 4.1460.09 0.7260.02 9.7/5 2.5960.03
2 3.2960.08 0.7560.02 6.0/5 2.0260.02
3 2.2360.04 0.7360.02 5.0/5 1.3960.01
4 1.2860.03 0.7660.02 6.7/5 0.7860.01
5 0.3460.02 0.20660.003
(K1As52.55 GeV and K2As52.86 GeV). K2 are
strongly absorbed in nuclear matter, with the s-quark
change reactionK21N
L1p having a cross section o
approximately 20 mb forpK,1 GeV/c. The inelastic cross
section in K11N scattering is less than 4 mb forpK
,1 GeV/c. There is evidence from kaonic atoms@14# that
theK2 nuclear potential is attractive. Insight into these thr
differences~production, absorption, in-medium propertie!
can be gained by comparingK2 andK1 yields and spectra

The ratio of theK2 andK1 total yields as a function of
Npp is plotted in Fig. 22. This ratio is independent of th
measured range of centrality. Whatever mechanism dr
the enhancement of kaons, it similarly affects bothK1 and
K2. Note that the most peripheral event class conta
events occurring in the range 39–75 % of the inelastic cr

x-

n-

ed

-
m

FIG. 19. The total yields of kaons versus the experimental e
mate of the number of projectile participantsNpp in Au1Au reac-
tions at 11.6A GeV/c. Each total yield is from a Gaussian fit to th
kaondN/dy distribution. TheK1 yields are in the left panel and th
K2 yields are in the right panel. For the peripheral bin the error
includes the systematic uncertainty estimated from the differenc
kaon yield using two techniques~see text!. For the other centralities
the errors are statistical only.

FIG. 20. The total yields of kaons per projectile participant v
sus the number of projectile participantsNpp in Au1Au reactions at
11.6A GeV/c. Each total yield is from a Gaussian fit to the kao
dN/dy distribution. TheK1 yields are in the left panel and theK2

yields are in the right panel. For the peripheral bin the error
includes the systematic uncertainty estimated from the differenc
kaon yield using two techniques~see text!. For the other centralities
the errors are statistical only. The box on the left is an estimate
the kaon yield from the initialN1N collisions.
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section. The hatched box on the left indicates theK2/K1

ratio from the isospin-weightedN-N collisions at the same
energy. The ratio fromN-N collisions is higher than the ratio
in the most peripheral Au1Au event class.

The top four panels of Fig. 23 show the ratio ofdN/dy
distributions for K2/K1 for different centrality classes in
Au1Au collisions. This ratio reaches a maximum ne
midrapidity. Equivalently theK2dN/dy distribution is nar-
rower than theK1 distribution ~see also Table III!.

TheK2/K1 ratio has a very similar dependence on rap
ity for all centralities. For reference, the bottom panel is
K2/K1 ratio from p1p reactions at 12 GeV/c adapted
from Fesefeldtet al. @28# ~this has not been isospin ave
aged!. Thep1p K2/K1 ratio also has a maximum at midra

FIG. 21. The total yields of kaons versus the number of proj
tile participantsNpp in Au1Au reactions at 11.6A GeV/c. The
error bars include the 5% point-to-point systematic uncertainty.
solid line is a quadratic fit to the yields in the first four central
classes, and the dashed line indicates the extrapolation to the
central data point. The box indicates a6s uncertainty in the ex-
trapolation.

FIG. 22. TheK2/K1 ratio of total yields versus the experimen
tal estimate of the number of projectile participantsNpp in Au1Au
reactions at 11.6A GeV/c. For the peripheral bin the error bar in
cludes the systematic uncertainty estimated from the differenc
kaon yield using two techniques~see text!. For the other centralities
the errors are statistical only. The box is an estimate of the r
from initial N1N collisions.
r

-
e

pidity, possibly due to the smaller phase space available
K2 which reducesK2 production away from midrapidity.

In Sec. III it was discussed that many of the kaons p
duced in Au1Au collisions come from secondary collision
Given the similarity of thep1p and Au1Au K2/K1 rapid-
ity distributions, these secondary collisions seem to retain
wider rapidity width ofK1 production.

In Fig. 24 the difference in inverse slope
DT5TK12TK2, is plotted versus rapidity for each centrali
class. In noncentral reactions theK2 inverse slope paramete
is slightly smaller than theK1 inverse slope by 10–20 MeV
comparable to the difference inp1p reactions. However, for
central reactions near midrapidity, theK2 andK1mt distri-
bution are very similar. At these rapidities, either the diffe
ence in energy threshold forK2 andK1 production has little
effect on the finalmt distribution, or scattering after kao
production removes any difference betweenK2 and K1

spectra. This rescattering would be strongest where the
and protondN/dy is largest, i.e., at midrapidity and for cen
tral collisions.

Although for the most central collisions and in the mo
central slice of rapidity the kaon spectra do become simi
the overall difference between theK1 andK2 rapidity den-
sities and the transverse spectra rule out global-equilibr
thermal models@24–27#. These models assume the therm
parameters are uniform across the emitting system and
all particles are in kinetic equilibrium. For a system at kine
equilibrium, there is sufficient scattering so that the spec
of equal mass particles are identical in shape, even if
system is expanding. A model that assumes global equ
rium is ruled out by the measured data. It may, however,
possible to reconcile these data with a modified therm
model.

Note that absorption ofK2 does not seem to drive th
difference in theK1 and K2 spectral shapes. Lowmt K2

should be preferentially absorbed, thereby causing a la
inverse slope forK2 compared toK1. This is not observed

Several predictions suggest that in-medium effects co
tilt the spectra, reducing theK2 inverse slope and increasin
the K1 inverse slope@15#. Because the amount of matter
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FIG. 23. TheK2/K1 ratio of the rapidity distributions for the
first four centrality classes~Table I! in Au1Au reactions at
11.6A GeV/c. The open symbols are the data points reflec
around midrapidity. The errors are statistical only. The system
errors are described in Sec. II. The bottom panel is theK2/K1 ratio
from p1p collisions adapted from Fesefeldtet al. @28#.
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FIG. 24. The difference in inverse slope parameterTK12TK2 versusy for the first four centrality classes~Table I! in Au1Au reactions
at 11.6A GeV/c. The errors are statistical only. The systematic errors are described in Sec. II.
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high density increases with centrality, this could drive t
difference in inverse slopes to be largest for the most cen
reactions and at midrapidity. Although theK1 temperature is
significantly higher thanK2 in midcentral reactions~as
found in p1p), the difference disappears at high central
and at midrapidity, opposite to the trends expected from m
dium effects.

V. KAON TO PION RATIOS

In a previous publication@9#, the E866 Collaboration ha
reported on the pion yields from central Au1Au collisions at
11.6A GeV/c. The centrality selection was the same as
most central event class of this paper. To compare to
kaon results, a pion fiducial yield over the same rapid
range (0.6,y,2.0) was extracted from the data in referen
@9#. The p1 fiducial yield is 69.260.6 and thep2 fiducial
yield is 85.160.6, where the uncertainties are statistic
only.

Combined with the kaon yields in Table IV, the kaon
pion ratios areK1/p150.19760.00360.010 andK2/p2

50.030460.000460.0015, where the quoted errors are t
statistical and systematic uncertainties, respectively. The
tematic uncertainty in theK/p ratio is dominated by uncer
tainties in the normalization between the different angle s
tings needed to cover the same rapidity range for kaons
pions.

In central Si1A reactions at 14.6A GeV/c @8# the mea-
suredK1/p1 ratio between 0.5,y,2.3 for Al, Cu, and Au
targets is 0.13060.008, 0.16360.006, and 0.18560.007, re-
spectively. The data from the Si and Au beams show
steady increase inK1/p1 with increasing size of the system
This continues the trend measured by our collaboration
p1A reactions at 14.6A GeV/c @7# where theK1/p1 ratio
between 1.2,y,1.4 increases with the target mass numb
~for Be, Al, Cu, and Au targetsK1/p150.07860.004,
0.09960.005, 0.10660.006, and 0.12560.006, respec-
tively!. These results are summarized in Fig. 25, where
al
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K1/p1 ratio is plotted for each beam and target combin
tion. The ratio steadily increases with system size. Note
the Au beam energy (11.6A GeV/c) is lower than the Si
beam energy (14.6A GeV/c). Over this energy range th
K1/p1 ratio decreases by 14% inp1p reactions. Such a
correction is not applied to the Au1Au data because the
dependence on beam energy is likely to be different
heavy-ion reactions compared to proton reactions. It is a
noted that the isospin changes with collision system.

The K2/p2 ratio from central Si1A reactions at
14.6A GeV/c @8# between 0.8,y,2.0 for Al, Cu, and Au
targets is 0.04260.013, 0.05060.013, and 0.03860.010, re-
spectively. The K2/p2 ratio from p1A reactions at
14.6A GeV/c @7# between 1.0,y,2.0 for Be, Al, Cu, and
Au targets is 0.02360.007, 0.02960.010, 0.02560.007, and

FIG. 25. TheK1/p1 ratio for different beam target combina
tions. The Au1Au (11.6A GeV/c) datum is from this paper. The
p1A(14.6A GeV/c) and Si1A(14.6A GeV/c) points are from
Refs.@7# and@8#, respectively. Each ratio from the heavy-ion rea
tions is from central collisions.
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0.02660.006, respectively. These results are summarize
Fig. 26, where theK2/p2 ratio is plotted for each beam an
target combination. Note that theK2/p2 ratio decreases by
30% in p1p reactions from the Si beam energy to the A
beam energy. Given the size of the uncertainty in the pro
and Si data, and the difference in beam energies, it is diffi
to deduce a trend in this ratio with system size.

VI. CONCLUSIONS

In this paper, the systematics of measuredK1 and K2

spectra in Au1Au reactions at 11.6A GeV/c have been re-
ported. The measured invariant yields of kaons are well
scribed by exponentials inmt . The inverse slope paramete
T are largest at midrapidity and increase with centrality. T
inverse slopes increase from 150 MeV in peripheral co
sions to 200–220 MeV in central collisions near midrapidi
The centrality dependence of the slope parameters is co
tent with more multiscattering occurring in central reactio
extending the spectra out to largermt and increasing the
inverse slope. The spectra forK1 are slightly harder than the
K2 spectra, i.e.,TK1.TK2 by about 10 to 20 MeV, possibly
because there is less phase space available forK2 produc-
tion. Near midrapidity for central collisions, themt spectral
shapes forK1 andK2 are similar.

The rapidity distributions for bothK1 and K2 peak at
midrapidity and are approximately Gaussian. The fit
width of the K2dN/dy distributionssK2 ranges from 0.72
to 0.76 units of rapidity. The widths are narrower than tho
from theK1 distributions (sK150.86–0.99!. The difference
between the widths is observed in all centrality classes an
p1p reactions. Since the yields of kaons in central reacti
are dominated by secondary collisions, these secondary
lisions maintain the wider rapidity width ofK1 production
observed inp1p kaon production.

The yields of K1 and K2 increase nonlinearly and
steadily with the number of projectile participants. There
no indication of an additional onset of extra kaon product

FIG. 26. TheK2/p2 ratio for different beam target combina
tions. The Au1Au (11.6A GeV/c) datum is from this paper. The
p1A(14.6 GeV/c) and Si1A(14.6A GeV/c) points are from
Refs.@7# and@8#, respectively. Each ratio from the heavy-ion rea
tions is from central collisions.
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in the most central collisions. The total yields ofK1 andK2

in central Au1Au collisions are 24.260.9 and 4.1460.09,
respectively.

The yield per projectile participant is 0.137 forK1 and
0.023 forK2 in the most central collisions. These values a
3.760.5 and 2.560.4 times larger than theK1 and K2

yields from the isospin-averagedN-N collisions at the same
beam energy, respectively. This extra production most pr
ably comes from multiple secondary collisions of hadrons
a heavy-ion reaction@4–6#.

The yields ofK2 andK1 increase similarly with central-
ity. The K2/K1 ratio is about 0.17 and is constant over t
range of measured centrality, but below the value fromN-N
collisions at the same beam energy. Given the many dif
ences betweenK2 and K1 production, absorption, the ob
servation that theK2/K1 ratio is constant with centrality is a
puzzle.

The ratio of fiducial yields from central Au1Au reactions
of K1/p150.19760.00360.010 continues the steady in
crease observed fromp1A and Si1A reactions. The ratio of
fiducial yields from central reactionsK2/p250.0304
60.000460.0015 is at the same level or lower than the s
tistically less accurate Si1A results. It is possible thatK2

production is more sensitive to the lower beam energy of
Au reactions (11.6A GeV/c) compared to Si reaction
(14.6A GeV/c).

The systematics of the spectra and yields ofK1 andK2

versus centrality have indicated the importance of multi
collisions and different production thresholds forK2 and
K1. The data can be used to confront the hadronic mod
that attempt to describe heavy-ion reactions. Each of th
models treats the multiple collisions of hadrons in a differe
manner. These data can be used to test and differentiate
tween these models.

There are predictions@11# that the possible in-medium
properties ofK1 and K2 could shift the spectra so tha
TK1.TK2 @15,12#. This could be strongest for central da
and at midrapidity where the baryon-density is likely to
large. This is not observed in the data, potentially placin
constraint on the role of kaon mean fields in heavy-ion c
lisions @15,12#.

The fact that the transverse spectra and rapidity distri
tions forK1 andK2 are different in Au1Au reactions rules
out global-equilibrium thermal models that assume comm
conditions over the whole system and complete kinetic eq
librium. It may, however, be possible to reconcile these d
with a modified thermal model, either with a rapidity
dependent chemical potential or temperature, or possibly
ferent freezeout conditions forK2 andK1.

Hadronic cascade models predict that a small region
very dense nuclear matter is formed during an Au1Au col-
lision. There is no evidence for any onset of new behavior
kaon production as the centrality is changed. There are
possibilities:~1! a baryon-rich QGP is not formed or is ver
small, ~2! the information from such a plasma is lost aft
hadronization by the many hadronic collisions. The seco
possibility makes it difficult to set a quantitative limit o
QGP formation.

The experimental data onK1 and K2 presented in this
paper help provide the essential systematics necessary f
understanding of heavy-ion reactions at AGS energies. M
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quantitatively, the data provide a foundation for detail
comparison with the complicated dynamical models requi
to interpret these reactions theoretically.
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APPENDIX

To provide a baseline for kaon production in Au1Au col-
lisions, it is useful to know the yield of kaons fromp1p,
p1n, andn1n collisions at the same beam energy. The
can be weighted by the number of collisions between nu
ons to provide the average yield of kaons from initialN
1N collisions in a Au1Au reaction.

The cross sections forp1n andn1n reactions have no
been measured, but can be estimated using isospin symm
@30#. As an example,K1 and K0 form an isospin doublet
There are six cross sectionssN1N→K1X for the combinations
N5n,p andK5K0,K1.

From isospin symmetry there are three constraints:

sp1p→K11X5sn1n→K01X , ~A1!

sp1p→K01X5sn1n→K11X , ~A2!

sp1n→K11X5sp1n→K01X . ~A3!
d

-

.

e
-

try

The same assumption as Ref.@30# is made:

sp1n→K11X50.53~sp1p→K11X1sn1n→K11X!.
~A4!

With six cross sections and four constraints, the system
fully determined if two of the cross sections are known. T
cross sectionsp1p→K11X has been measured at 12 GeVc
@28# and the cross sectionsp1p→K01X can be deduced@30#
from the measured@29# sp1p→K

S
01X and sp1p→Y1X cross

sections. The same algorithm is used for the isospin dou

K2,K 0̄.
Table V lists thep1p, p1n, n1n, and isospin-averaged

N1N cross sections used in this paper. A systematic erro
10% is assigned to theN1N cross sections. This include
the systematic uncertainty of thep1p experiments and the
assumptions used to derive the isospin-averaged cross
tions.

TABLE V. The p1p cross sections@20,21# used to calculate
the n1n, p1n, and isospin averaged cross sections. A syste
atic error of 10% is included in theN1N cross sections.

p1ps (mb) n1ps (mb) n1ns (mb) N1Ns (mb)
deduced deduced weighted avera

K1 1.43060.049 1.1660.06 0.8860.06 1.1060.0460.11
K2 0.22660.023 0.2760.05 0.3260.04 0.2860.0260.02
Ks

0 0.60060.012
Y 1.7760.06

Ȳ 0.00360.002

K0 0.8860.04

K0 0.3260.04
ar-
.
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