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Kaon and Pion Production in Central Si+ Au Collisions at 14.64 GeV/c
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Semi-inclusive spectra of 7%, K ¥, and p have been measured near midrapidity for central collisions
of 14.6A4-GeV/c %Si with '"’Au nuclei. The invariant cross sections are all well fitted by exponential
distributions in transverse mass, within the measured ranges. The = and K cross sections can also be
fitted by Boltzmann distributions. From integrated yields, at midrapidity, the kaon/pion yield ratios are
(19.2+3)% for K*/x* and (3.6 £0.8)% for K ~/x~; the #*/x ™ ratio is 1.00 = 0.04.

PACS numbers: 25.70.Np

Heavy-ion beams accelerated to highly relativistic en-
ergies provide an opportunity to study nuclear matter at
a baryon density far greater than that of atomic nuclei.
Measured transverse-neutral-energy distributions' indi-
cate that at 14.64 GeV/c oxygen nuclei deposit essential-
ly all their energy in central collisions with nuclei heavier
than Cu. This stopping implies that an energy density of
3-5 times that of normal nuclear-matter density may be
achieved. It has been suggested that under such extreme
conditions enhanced strange-particle production might
ensue.? Furthermore, calculations of the momentum
spectra for different particle species have shown that a
measurement of their shapes may provide evidence for
outward hydrodynamic flow.> Thus, a measurement of
the particle composition and momentum spectra could
provide essential input for understanding the reaction dy-
namics of nucleus-nucleus collisions in this stopping re-
gime. We report here the first results for momentum
distributions of identified charged particles from such
collisions in this energy range.

Beams of 14.64-GeV/c 2Si from the Brookhaven Al-
ternating Gradient Synchrotron (AGS) have been used
to bombard Au targets. Presented here are normalized

momentum distributions of identified ni, K*, and P
measured with the E-802 spectrometer.* The data are
obtained from the study of 300000 interactions (central
collisions only) of Si with an Au target of = 3% interac-
tion length. The characterization of central collision
events is obtained by requiring a high charged-particle
multiplicity (upper 7% of the distribution) in the target-
multiplicity array surrounding the target (—1.3=<np
=3.0).

The experimental apparatus consists of a rotatable
magnetic spectrometer with 25 msr solid angle, covering
about 0.6 unit of rapidity for pions at midrapidity at a
given angle setting. Particle tracking is provided by pro-
jective drift chambers,> on each side of a bending mag-
net. Particle identification is provided by measuring par-
ticle flight time between a thin plastic-scintillator beam
counter and a 160-slat plastic-scintillator arrray® located
behind the particle-tracking system. The combined tim-
ing resolution of 75 ps (10) provides adequate K- sepa-
ration up to 2.2 GeV/c. The only contamination of par-
ticle types occurs between the pions and the electrons.
The electrons are completely separable from the pions up
to a momentum of 0.7 GeV/c; based on extrapolating
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the electron/pion ratio, the electron contamination at
larger p is estimated to be no greater than 5%.

The compactness of the spectrometer allows a mea-
surement of the kaon momentum spectra down to 0.5
GeV/c; below that, the fraction that survives decay is too
small (20%). The track-reconstruction efficiency of
(85%5)% has been determined from a manual recon-
struction of 200 events and from Monte Carlo simula-
tions. This efficiency is only weakly dependent on multi-
plicity, namely, a loss of <2.5% for each additional
track for the observed range of multiplicities (at midra-
pidity, the average multiplicity in the spectrometer for
events where there is at least one track is 1.5). Decay
and acceptance corrections for both pions and kaons
have been performed on a track-by-track basis, assuming
that a particle will be lost if it decays. Monte Carlo cal-
culations, however, indicate that some muons from pion
decay will be misidentified as pions, and thus be accepted
as valid tracks. The data have not been corrected for
this, but the inclusion of these particles in the pion spec-
tra causes a negligible change in the slope of the pion
momentum distribution and increases the pion integrated
yield by no more than 10% from its correct value.

The measured momentum distributions for 7 ¥, K ¥,
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FIG. 1. Invariant cross section per central trigger for 7+,

K *, and protons. The dashed lines show the exponential fits
to the data; the solid curves show fits to Boltzmann distribu-
tions. The uncertainties (statistical only) in the data are either
shown or are of the size of the drawn points. There is an addi-
tional uncertainty of % 10% in the overall normalization.
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and p in the rapidity interval 1.2 <y < 1.4 are shown
in Fig. 1. The distributions are shown in terms of the in-
variant cross section, per trigger, as a function of the
transverse kinetic energy 7,=m, —mo, where m
=(pl+mg)'? is the transverse mass, p, is the trans-
verse momentum, and myg is the rest mass. For each ra-
pidity interval, we have performed fits using three possi-
ble types of distributions: Agexp(—m . /Tp), the Boltz-
mann form Agm, exp(—m/Tg), and A,exp(—p./
Tp), where the parameters A and T are determined for
each interval. The inverse slopes T¢ and T obtained
from these fits for the rapidity interval shown in Fig. 1
are listed in Table I. For our data, as for p-p collisions,’
the momentum distributions are found to be better de-
scribed by exponentials in m, than in p,, especially for
PiL=my.

The rapidity dependences of Ty and Tp for 7~ are
shown in Fig. 2. The data appear to indicate a variation
in inverse slope of about 40 MeV with y. However, the
fits to the momentum distributions are made in different
ranges of m, for the different rapidity intervals, the
range being shown in the upper panel of Fig. 2. From
fits to different m , intervals at several rapidities, it is es-
timated that a systematic change in slope of 10-20 MeV
may occur over the full rapidity range as a result of this
restriction in m, range. This restriction has the effect of
decreasing the Tp (or To) in Fig. 2 at larger y. If the
data were fitted with the same m  range for each rapidi-
ty interval, it would likely lead to a flatter rapidity distri-
bution of the inverse slopes. For reference, indicated in
Fig. 2 are two values of rapidity: yY¥, the rapidity of
the nucleon-nucleon c.m. system; and y£2™ =1.25, the
rapidity of a system of = 103 nucleon participants, com-
posed of the incident Si and a core of 75 Au nucleons
swept out by the Si nucleus in a head-on collision.

The measured values of T (or Tg) at midrapidity are
similar for the different particle species, but progressive-

TABLE 1. Slope parameters and dN/dy for z*, K *, and
proton distributions, at midrapidity 1.2 <y < 1.4, from central
collisions of 14.64-GeV/c Si with Au. Values are given for
fits to the invariant cross sections as exponential and Boltz-
mann distributions in m . The error estimates in the slope pa-
rameters include systematic uncertainties. The error estimates
in dN/dy are for the relative values only.

Exponential Boltzmann
inm, inm.

Particle To (MeV) dN/dy Ts (MeV) dN/dy
xt 16210 16.0x1.0 12610 13.8+0.8
n” 16110 160x1.0 12610 13.8%+0.8
K* 20315 29+0.2 160 £ 15 2.8+0.2
K~ 175125 0.53%+0.08 14025 0.52%0.08
p 215%5 16.2+0.3 1875 16.0£0.3
K*/n* (18.1x1.7% (20.3+1.9%
K /n~ (3.3%£0.5)% (3.8+0.6)%
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FIG. 2. The upper panel shows the range in 7T, for which
the pion data are fitted to obtain inverse slope parameters in
each rapidity interval. The lower panel shows the inverse slope
parameters for the =~ distributions. The uncertainties include
an estimate of the systematic errors.

ly increase with the mass of the emitted particle: To(x)
<To(K*)=<To(p). This order is different from the
LBL Bevalac results® with beams at 2.14 GeV/c, name-
ly, To(n) < To(p) < To(K*). For p-p collisions at 12
GeV/c at midrapidity,’ To(z) and T(p) are both equal
to 150 MeV to within the 2% statistical uncertainty. For
a thermal distribution one expects a common tempera-
ture T for all species of emitted particles, provided they
freeze out at the same time. A variety of possible mech-
anisms have, however, been proposed to postulate
different effective temperatures for different species:
outward radial flow,® mean-free-path differences among
emitted particles,|0 resonance dc:cay,ll and formation of
a quark-gluon plasma. '?

By using either the exponential or Boltzmann depen-
dence in m, to integrate the cross sections over all T,
one can obtain the rapidity distribution dN/dy. The
values depend on the chosen method of extrapolation,
but agree within 15%. The dN/dy distributions, ob-
tained by inte§ratin§ the Boltzmann form, are shown in
Fig. 3 for =, K—, and p. The summed yields for
charged particles are consistent with previously report-
ed'’ pseudorapidity distributions. Listed in Table I are
the results for both extrapolations averaged over the
midrapidity interval 1.2<y <1.4. The results are
shown with only the uncertainties in the relative values;
there is an additional overall uncertainty of + 10% due
to the absolute normalization. The distributions for =+
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FIG. 3. Rapidity distributions dN/dy per trigger. The er-
rors shown are relative errors only; there is an overall uncer-
tainty of * 10% due to the absolute normalization. The solid
curve shows the fit with Eq. (1), for a source located at yg
=1.46 and T=125 MeV.

agree with those for # = within the statistical uncertainty
of 4% and are broadly peaked. The distribution for pro-
tons rises dramatically near the target rapidity, con-
sistent with the expected contribution of target protons.

A simple prediction for the rapidity distribution can be
obtailr;cd from the single source Boltzmann distribu-
tion:

dN/dy < (x “2+x ~'+0.5)exp(—x) , (1)

with x =(mo/T)cosh(y —yq), where my is the rest mass
of the emitted particle and 7 is the temperature of the
source with rapidity yo. A satisfactory fit with Eq. (1)
for the pion data in Fig. 3 is possible for yo=1.46 and
any T > 125 MeV. The solid curve in Fig. 3 is a fit to
dN/dy for the pion data with T=125 MeV, consistent '’
with the measured values of T shown in Fig. 2.

By comparing the integrated spectra one also obtains
the particle yield ratios. For the midrapidity interval
1.2<y <1.4, averaging the similar results given in
Table I from the two different extrapolation methods de-
scribed above, the integrated ratios are (19.2+3)% for
K*/zn* and (3.6 £0.8)% for K ~/n~. These values are
somewhat smaller than those given in a preliminary re-
port;'? the difference arises solely from the extrapolation
to T, =0 used here, instead of the low-p cutoff of 0.5
GeV/c used in Ref. 13. The value for K */z* is much
larger than the corresponding ratio of (4-8)% measured
in p-p reactions.'® Analysis of data for p-A collisions in-
dicates a K */x* ratio that is intermediate between the
p-p and Si+ Au results, albeit for a somewhat different
kinematic range.'® An enhancement of K+ production,
called the K * distillation effect,'” has been predicted to
occur if either very high baryon density matter or a
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quark-gluon plasma is formed.? However, more mun-
dane mechanisms are also possible. For example, the re-
scattering of the reaction products #tn— KA could
provide a mechanism for the K * enhancement. '8

The K ~/n ™ ratio for p-p collisions at the same rapidi-
ty is = (2.4 +2.0)%, the large uncertainty arising from
the low yield of K ~. Because of this large uncertainty
one cannot determine whether this ratio is different in
heavy-ion collisions. The n*/z~ ratio is 1.00%0.04,
whereas it is = 1.6 for p-p reactions.” This result
presumably reflects the contribution of #-n and n-p in-
teractions as well as p-p interactions in Si+Au col-
lisions.

In summary, we have measured the first momentum
distributions for identified charged particles produced in
high-energy nucleus-nucleus collisions. We find that the
invariant cross sections for the produced particles within
a given rapidity interval for central collisions can be de-
scribed as having an exponential or Boltzmann depen-
dence in transverse mass. The integrated pion distribu-
tions have a rather broad dependence in rapidity, but are
peaked about a rapidity intermediate between the parti-
cipant y£S™ and y¥Y. The observed ratio of KY/ztis
considerably enhanced compared with ratios observed in
similar kinematic regions in p-p collisions.

We gratefully thank Harald Enge for his help in
designing the spectrometer magnet. We also thank the
AGS and Tandem operations staff for providing the ex-
cellent 2%Si beam. This work has been supported by the
U.S. Department of Energy under contracts with ANL
(W-31-109-ENG-38), BNL (DE-AC02-76CHO00016),
Columbia University (DE-FG02-86-ER40281), LLNL
(W-7405-ENG-48), MIT (DE-AC02-76ER03069),
University of California, Riverside (DE-FGO03-
86ER40271), and by NASA (NGR-05-003-513), under
contract with the University of California, and by the
U.S.-Japan High Energy Physics Collaboration Treaty.
S. Hayashi would like to acknowledge a Japan Society
for the Promotion of Science Fellowship for Japanese
Junior Scientist.

(@Now at Institute for Nuclear Study, University of Tokyo,
Tokyo 188, Japan.

()Now at Nippon Telegraph and Telephone Co., Tsuyama,

850

Tsuyama, Okayama 708, Japan.

()Now at Los Alamos National Laboratory, Los Alamos,
NM 87545.

(@WNow at Weizmann Institute of Science, Rehovot 76100,
Israel.

(©'Now at Mitsubishi Electric Co., Hyogo 652, Japan.

(DNow at University of California, Irvine, Irvine, CA 92717.

(®Now at Bruker Medical Imaging, Inc., Lisle, IL 60532.

(MNow at Bell Telephone Laboratory, Naperville, IL 60566.

(ONow at Continuous Electron Beam Accelerator Facility,
Newport News, VA 23606.

IT. Abbott et al., Phys. Lett. B 197, 285 (1987).

2J. Rafelski, Nucl. Phys. A418, 215c (1984); J. Rafelski and
B. Miiller, Phys. Rev. Lett. 48, 1066 (1982).

3p. J. Siemens and J. O. Rasmussen, Phys. Rev. Lett. 42,
880 (1979); K. S. Lee and U. Heinz, Z. Phys. C 43, 425
(1989).

4T. Abbott et al., “A Single Arm Spectrometer Detector
System for High-Energy Heavy-ion Experiments” (to be pub-
lished).

5G. Stephans et al. (to be published).

T. Sugitate et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 249, 354 (1986).

TE. W. Beier et al., Phys. Rev. Lett. 37, 1114 (1976); V. Blo-
bel et al., Nucl. Phys. B69, 454 (1974); K. Guettler et al.,
Nucl. Phys. B116, 77 (1976).

8S. Nagamiya and M. Gyulassy, Advances in Nuclear Phys-
ics (Plenum, New York, 1984), Vol. 13, p. 201.

9We have fit the 12-GeV/c proton and pion invariant cross
sections at yMN from Ref. 7 to obtain To(p) =152+ 3 MeV
and To(z ") =149 =2 MeV.

105, Nagamiya, Phys. Rev. Lett. 49, 1383 (1982).

IR, Brockman et al., Phys. Rev. Lett. 53, 2012 (1984).

12U, Heinz et al., Phys. Rev. Lett. 58, 2292 (1987); K. S. Lee
et al., Phys. Rev. C 37, 1463 (1988).

13T, Abbott er.al., Z. Phys. C 38, 135 (1988); T. Abbott et
al., Nucl. Phys. A498, 67¢c (1989).

145, Das Gupta and A. Z. Mekjian, Phys. Rep. 72, 131
(1981).

I5For the single source Boltzmann distribution Tp=T/
cosh(y —yo).

16J. V. Allaby et al., CERN Report No. 70-12, 1970 (unpub-
lished); H. Beggild et al., Nucl. Phys. B57, 77 (1973); D.
Dekkers et al., Phys. Rev. 137, B962 (1965); U. Becker et al.,
Phys. Rev. Lett. 37, 1731 (1976).

I7C. Greiner et al., Phys. Rev. D 38, 2797 (1988); U. Heinz,
K. S. Lee, and M. Rhoades-Brown, Mod. Phys. Lett. A 2, 153
(1987).

I8R. Mattiello et al., Phys. Rev. Lett. 63, 1459 (1989).



