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Antiproton production and antideuteron production limits in relativistic heavy ion collisions
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We present results from Experiment 864 for antiproton production and antideuteron limits in Au1 Pb
collisions at 11.5 GeV/c per nucleon. We have measured invariant multiplicities for antiprotons for rapidities
1.4,y,2.4 at low transverse momentum as a function of collision geometry. When compared with the results
from Experiment 878 our measurements suggest a significant contribution to the measured antiproton yield
from the decay of strange antibaryons. We have also searched for antideuterons and see no statistically
significant signal. Thus, we set upper limits on the production at approximately 331027 per 10% highest
multiplicity Au1Pb interaction.@S0556-2813~99!03305-1#
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I. INTRODUCTION

Antimatter production in relativistic heavy-ion collision
has been proposed as an excellent probe of the collision
namics and possible phase transition to a quark-gluon pla
@1#. The production of antiprotons at Alternating Gradie
Synchrotron~AGS! energies~10–15 GeV/c) is near thresh-
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old in nucleon-nucleon collisions. Therefore multiple col
sions, resonance excitations, and collective effects may
a major role in significantly increasing the overall producti
rates@2#. Strange antibaryons, due to their larger mass
additional antistrange quark, are even further suppresse
initial nucleon-nucleon collisions. However, strangene
saturation and antimatter enhancement have long been
dictions of quark-gluon plasma states. Thus, understand
the yields of nonstrange and strange antibaryons is an im
tant tool for distinguishing between various sources of
hanced production.

Antibaryons have a large annihilation cross section~par-
ticularly at low relative momentum!, reaching levels of hun-
dreds of millibarns. Thus, in these baryon rich colliding sy
tems, there can be significant annihilation losses before t
escape the collision region. The final experimentally m
sured yields represent the initial production minus the an
hilation losses. The annihilation process in free space is w
understood and experimentally parametrized; however,
annihilation may be modified in the dense particle enviro
ment where the initial attraction of baryon and antibary
may be disturbed@3#.

Antideuteron production at AGS energies is actually b
low the energy threshold in single nucleon-nucleon collisio
and thus antideuterons are expected to only be cre
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2700 PRC 59T. A. ARMSTRONGet al.
FIG. 1. The E864 detector in plan and elevation views, showing the dipole magnets~M1 and M2!, hodoscopes~H1, H2, and H3!, straw
tube arrays~S2 and S3!, and hadronic calorimeter~CAL!. The vacuum chamber is not shown in the plan view.
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through the coalescence of separately produced antipro
and antineutrons which are close enough together in coo
nate space and phase space at freezeout. Because of the
energy required for their production, antideuteron yields
an excellent measure of the system’s thermal tempera
~assuming antimatter is equilibrated in these collision!.
Also, coalescence yields would yield information about t
spatial distribution of antinucleons~as a form of two-particle
correlation! @4#.

In the next section we describe the E864 spectrometer
the antiproton data sets. In Sec. III we present the meas
antiproton invariant multiplicities and compare them w
measurements made by other experiments. These com
sons lead us to consider the possibility of enhanced prod
tion of strange antibaryons in these collisions. Antimat
correlations in the form of events with two antiprotons a
antideuteron production are discussed in Sec. IV.

II. EXPERIMENT 864

A. The E864 spectrometer

Experiment 864 was designed to search for novel for
of matter ~particularly strange quark matter, or ‘‘strang
lets’’! produced in heavy-ion collisions at the Brookhav
AGS facility @5#. In order to conduct this search, E864 has
large geometric acceptance and operates at a high data
A diagram of the spectrometer is shown in Fig. 1. Second
particles produced from the Au1Pb reaction which are
within the geometric acceptance traverse two dipole mag
~M1 and M2! and then multiple downstream tracking st
tions. Noninteracting beam particles and beam fragme
near zero degrees pass above the downstream spectro
in a vacuum chamber, thus reducing interactions wh
would otherwise produce background hits in the detect
The experiment does not measure at zero degrees~zero trans-
verse momentum!, but particles with at least 15 milliradian
of angle pass through an exit window in the vacuum cha
ber.
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Charged particles are tracked using three time-of-fli
hodoscopes and two straw tube stations. The hodosc
yield three independent charge measurements ofdE/dx over
the 1 cm thickness of the scintillator slats and provide th
space-time points with time resolutions on the order of 12
150 ps. The straw stations provide more accurate posi
information for track projection back into the magnetic fie
region. Particles are identified by their time-of-flight fro
the target~yielding the velocity! and momentum. The mo
mentum is determined by combining the charge meas
ment with the rigidity (R5p/Z) from the track projection in
the bend plane into the field region. The redundant meas
ments allow for excellent background rejection of gho
tracks and tracks originating from downstream interaction

A second particle identification measurement can be m
using a hadronic calorimeter located at the end of the sp
trometer@6#. The calorimeter consists of 754 individual tow
ers constructed from lead sheets with scintillating fibers r
ning almost parallel to the incident particle trajectory. T
calorimeter yields good timing information (s'400 ps for
hadrons! and excellent hadronic energy resolution of 3.5
134%/AE ~with E in GeV!. For baryons, the calorimete
measures the particle’s kinetic energy, which when co
bined with time-of-flight information gives a measure of th
particle mass. For antibaryons, the energy measurement
includes the annihilation energy of the antibaryon and
annihilation partner.

The experiment is able to perform high sensitivi
searches by running at high rate with a special ‘‘late energ
trigger ~LET! @7#. The time and energy signals from each
616 fiducial calorimeter towers are digitized in flash analo
to-digital converter ADC’s and time-to-digital converte
TDC’s and used as inputs to a lookup table, which is p
grammed to select the particles of interest. Because there
many slow neutrons and many fast high-energy proton
simple time cut or an energy cut was determined to be ins
ficient for the trigger. The late energy trigger allows for th
rejection of both of these abundant particles, while effe
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PRC 59 2701ANTIPROTON PRODUCTION AND ANTIDEUTERON . . .
tively triggering on slow~midrapidity! particles which de-
posit a large amount of energy. An antiproton of the sa
momentum as a proton or neutron will deposit an additio
annihilation energy. If the Au1Pb interaction yields no tow
ers firing the trigger, then a fast clear is sent out to the d
tizers and the data is not recorded. The trigger yields
enhancement factor for antiprotons, antideuterons,
strangelets of approximately 50~under running conditions
appropriate for each species!.

In order to determine the collision geometry~impact pa-
rameter! a charged particle multiplicity counter is used. T
E864 multiplicity counter@8# is an annular piece of fas
BC420 scintillator placed around the beam pipe 13
downstream of the target and tipped at an angle of 8° to
vertical. It is 1 cm thick and subtends the angular range
16.6° to 45.0°. The annulus is separated into four quadr
and each quadrant is viewed by a photomultiplier tube. T
total signal measured with this counter is proportional to
charged particle multiplicity of the collision. The integrate
signal from the sum of the four quadrants is used to trig
on the centrality of the events by selecting events with
signal larger than a given threshold.

B. Data sets

The data used in this analysis was collected in two se
rate data taking periods. During the fall of 1995, the la
energy trigger was strobed on the 10% most central Au1Pb
interactions with the spectrometer magnets set for opti
acceptance for antideuterons~referred to as the ‘‘-0.75T’’
field setting!. The LET curve was set to yield an enhanc
ment factor of;50 for antideuterons and negative strang
lets. The data set includes over 90 million recorded eve
which effectively sampled approximately six billion centr
interactions. From this sample, over 50 000 antiprotons w
identified. The mass distributions of antiprotons from
single rapidity and transverse momentum bin are shown
Fig. 2.

FIG. 2. Antiproton mass distributions forZ521 particles from
the 1995~‘‘-0.75T’’ ! data set. The left panel shows the mass dis
bution for particles that triggered the LET, while the right pan
shows the mass distribution for particles that did not. These m
distributions are for particles with rapidity 1.8,y,2.0 and trans-
verse momentum 125,pT,150 MeV/c.
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In the fall 1996 run, the LET was strobed on minimum
bias ~93% of the geometric cross section! Au1Pb interac-
tions and the LET curve and the spectrometer magnets w
set for optimal antiproton acceptance~referred to as the
‘‘-0.45T’’ field setting!. The LET yielded an enhancemen
factor for antiprotons.50 under these conditions. Howeve
in order to use the trigger effectively, the region of the ca
rimeter dominated by neutrons from the interaction had to
excluded. This reduced the geometric acceptance by rou
a factor of 2. The data sample included 45 million record
minimum-bias interactions and approximately 50 000 an
protons. These data samples represent the largest stat
for antiprotons produced in heavy ion collisions at the BN
AGS.

In both data sets, the beam momentum was measured
ing the E864 spectrometer magnets and a downstream b
counter located in the beam dump. The beam momentum
11.5 GeV/c per nucleon was consistent with the beam m
mentum reported at extraction from the accelerator once
ergy losses due to material in the E864 beam line were p
erly accounted for. The Au beam was incident on a 30%
target for the 1995 data set, while a 10% Pb target was u
in 1996.

III. ANTIPROTON INVARIANT MULTIPLICITIES

A. E864 measurements

In E864 we explicitly measure the yield of antiprotons p
Au1Pb interaction as a function of centrality, and thus w
directly calculate the invariant multiplicities. The invaria
multiplicity for antiprotons is determined as follows:

1

2ppt

d2N

dydpT
5

1

2pptDyDpT

Ncounts

Nsampled

3
1

edetect3eaccept3e trigger
. ~1!

The total number of antiprotonsNcountsis determined in each
separate bin in phase space and divided by the total num
of sampled Au1Pb interactionsNsampled. The counted anti-
protons include only those antiprotons which fired the LE
Since the detector does not measure all the antiprotons
duced in a given region of phase space, the invariant mu
plicity must be corrected for the missed particles. The
missed antiprotons are the result of the experiment’s fin
acceptance and various tracking and triggering efficienc
The acceptanceeacceptand detection efficiencyedetectare cal-
culated using aGEANT @9# simulation of the experiment in
conjunction with real data. This simulation also includ
losses due to antiproton annihilation in the target as par
the acceptance correction. The production of antiprotons
to reinteraction of particles from the primary interaction wi
target nuclei was also considered and found to be negligi

The LET efficiencye trigger is determined in each kine
matic bin. This efficiency is determined in one of two way
for antiprotons measured in the 1995~‘‘-0.75T’’ ! 10% cen-
tral data where the efficiency was somewhat low, a sampl
antiprotons that did not fire the trigger was used to determ
the efficiency. In the 1996~‘‘-0.45T’’ ! data, where the LET
curve was set for higher efficiency (;75%), the efficiency

-
l
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FIG. 3. Invariant multiplicities for antiprotons as measured in the four different centrality bins from the 1996 data. Note that the
approximately flat in each rapidity interval over the measured range in transverse momentum.
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was determined from a Monte Carlo of the calorimeter
sponse.

The data from E864 is measured in a range of 50,pT
,275 MeV/c ~where the limits are a function of rapidity!.
The invariant multiplicities measured in E864 are appro
mately flat over thepT range measured, as shown for t
1996 data in Fig. 3. Over such a small range in transve
momentum, the invariant multiplicities are not expected
change significantly. If, for example, the spectra follow
Boltzmann distribution,

1

2ppT

d2N

dydpT
}mTe2mT /TB ~2!

~wheremT5ApT
21m2), then with a temperature paramet

of 200 MeV the invariant multiplicity atpT50 is only 6%
higher than atpT5150 MeV/c. For comparison with othe
experiments, in each rapidity bin all the invariant multiplic
ties as a function ofpT are fit to a constant level. This leve
is assigned as the invariant multiplicity atpT'0, and an
additional 6% systematic error is assigned due to thepT50
extrapolation. It should be noted that strong radial flow co
affect thepT50 extrapolation as well. We feel that this e
fect should be within the estimated systematic uncerta
since the E864 data are quite flat as a function ofpT down to
50 MeV/c at midrapidity.
-

-

e
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d
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The antiproton invariant multiplicities for 10% most ce
tral Au1Pb collisions from the 1995 data are given in Tab
I @10#. It should be noted that the statistical error in this da
set is dominated by the contribution from the trigger ef
ciency ~due to counting antiprotons which did not fire th
trigger!. The systematic error in the 1995 data~exclusive of
the 6% due to thepT50 extrapolation! is estimated to be
15%, and is dominated by the uncertainty in the correct
for the LET trigger efficiency. Systematic uncertainties a
arise from our knowledge of the experimental accepta
~including the effect of the collimator in the first spectrom
eter magnet!, track quality cuts, and the loss of tracks due
overlapping hits in the hodoscopes.

For the 1996 data, the late-energy trigger was strobed

TABLE I. Antiproton invariant multiplicities atpT50 from the
1995 ~-0.75T! 10% central data. The errors listed are statisti
only.

Rapidity

1

2ppT

dN

dydpT

at pT50(31022, in GeV22c2)

1.8,y,2.0 1.0060.05
2.0,y,2.2 0.6760.03
2.2,y,2.4 0.3660.02
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PRC 59 2703ANTIPROTON PRODUCTION AND ANTIDEUTERON . . .
a minimum-bias sample of events selected by the multip
ity counter. The resulting multiplicity counter ADC distribu
tion is shown in Fig. 4. When selecting minimum-bi
events, it is important to consider the effect of interactions
the beam that do not occur in the target. Using spe
empty-target runs we have found that nontarget interact
contribute less than 10% of the multiplicity distribution
low multiplicity, while the late-energy trigger further reduce
this contamination to below 1%~see Fig. 4!. For the 1996
data, the antiproton invariant multiplicities are determin
for different regions of the minimum-bias multiplicity: 100
70 % of the full distribution, 70–30 %, 30–10 %, and 10%
These regions are shown in Fig. 5. It is important to note t
the LET rejection is a strong function of the multiplicity, an
this must be properly accounted for when calculating
normalization in each centrality bin.

The antiproton invariant multiplicities for the four mult
plicity regions used in the 1996 data set are listed in Table
In addition, the full minimum-bias invariant multiplicity
from the 1996 data set is also listed in Table II. The syste
atic error in these data points are estimated to be 10%~again,
exclusive of the 6% previously described due to thepT50
extrapolation!. As in the 1995 data, the systematic unc
tainty in the 1996 data is also dominated by the uncerta
in the determination of the LET trigger efficiency. Howeve
the size of the correction is smaller for the 1996 data due
the overall higher efficiency of the trigger setting.

Figure 6 shows the 1995~‘‘-0.75T’’ ! and 1996
~‘‘-0.45T’’ ! antiproton invariant multiplicities atpT50 as a
function of rapidity. The Gaussians shown are fits to
combined 1995 and 1996 data, and are constrained to ha
mean value at midrapidity (y51.6). There is excellen
agreement between the 1995 and 1996 data in the rap
range where the two data sets overlap. The rapidity wid

FIG. 4. Multiplicity counter ADC distributions for INT0~mini-
mum bias! and LET triggers for 10% Pb and empty targets; t
distributions are scaled to the same number of incident Au ions.
LET triggers the empty target contribution is less that 1% of
distribution for the lowest multiplicities.
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measured in the data for the four multiplicty widths a
0.3760.02 ~100–70 %!, 0.4160.02 ~70–30 %!, 0.4360.02
~30–10 %!, and 0.4660.02 ~10%!, indicating a broadening
of the rapidity spectrum at higher centrality.

Also shown in Fig. 6~as open squares! are previously
reported antiproton results from data taken in 19
~‘‘-0.45T’’ ! @11#. It should be noted that the 1994 data
about 20% higher at midrapidity than indicated by the c
responding 1995 and 1996 data. This is within the statist
and systematic error previously quoted for the 1994 data
is important to note that the 1994 data was taken with
incomplete detector: two layers of S3 were missing alo
with a ‘‘plug’’ designed to reduce the occupancy in th
downstream detectors due to interactions of beam-rapi
fragments with the vacuum chamber. The presence of
plug dramatically reduced the detector occupancy in
1995 and 1996 data~and hence the size of the correctio
required for losses due to multiple hodoscope hits!, and the
presence of the additional S3 layers provided additio
background rejection.

B. Comparisons with other experiments

Experiment 878 has measured antiproton yields as a fu
tion of collision geometry in reactions of Au1Au ions at
10.8 A GeV/c @12,13#. There are two differences betwee
the reaction system between E878 and E864:~1! the target in
E864 is Pb and~2! the beam momentum in E864 is higher
11.5 A GeV/c. The target difference is quite small and
neglected in this comparison. However, the production
antiprotons is near threshold for nucleon-nucleon collisio
at these energies and so the beam momentum differe
must be accounted for. We assume that the ratio of antip
ton yields in Au1Pb reactions at the two energies is propo
tional to the ratio of antiproton yields inp1p reactions at

or
e

FIG. 5. Multiplicity counter ADC distributions~corrected for
empty target contributions! showing the centrality cuts used in th
analysis. The effective LET rejection factor for each multiplici
region is also shown.
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TABLE II. Antiproton invariant multiplicities at pT50 vs centrality from the 1996~‘‘-0.45T’’ !
minimum-bias data. The data are listed by multiplicity regions used in the analysis. The invariant mult
ties for the full minimum-bias sample are also listed. The errors listed are statistical only.

1
2ppT

dN

dydpT
at pT50(31022, in GeV22c2)

Rapidity 100–70 % 70–30 % 30–10 % 10% Min. bias

1.4,y,1.5 0.1260.02 0.5660.06 0.8760.08 0.9460.11 0.4860.02
1.5,y,1.6 0.1460.01 0.5560.02 0.9860.04 1.1760.06 0.5160.01
1.6,y,1.7 0.1360.01 0.5360.02 0.9060.03 1.1560.05 0.4860.01
1.7,y,1.8 0.1260.01 0.5260.02 0.8060.02 1.1160.03 0.4660.01
1.8,y,1.9 0.1160.01 0.4460.02 0.7560.02 1.0060.04 0.3960.01
1.9,y,2.0 0.09360.005 0.3860.02 0.6860.02 0.8860.03 0.3460.01
2.0,y,2.1 0.06060.004 0.3060.01 0.5160.02 0.7160.03 0.2760.01
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the two energies. Unfortunately, there is no usable data
antiproton production inp1p reactions covering this par
ticular energy range. Therefore a parametrization of the p
duction cross sections~derived from p1p data at higher
energies andp1Be data from E802 at 14.6 GeV/c @3#! is
employed. Using this parametrization, one expects the r
of the antiproton production cross sections at the two en
gies to be 1.5. The E878 invariant multiplicities are scaled
by this value. By considering fits to higher energyp1p data
that do not include the E802p1Be data at 14.6 GeV/c @14#,
we estimate that this energy scaling contributes an additio
15% systematic error on the overall normalization of t
scaled E878 points.

Experiment 878 measures invariant multiplicities nom
nally at pT50 ~which is really at transverse momenta le
than;30250 MeV/c). Using the procedure previously ou
lined, we extrapolate the E864 measurements topT50 and

FIG. 6. Antiproton invariant multiplicities as a function of cen
trality showning the 1994, 1995, and 1996 data sets from E864.
error bars shown are statistical only. Systematic errors are estim
to be 20% on the 1994 data, 15% for the 1995 data, and 10% fo
1996 data, not including a 6% systematic error for the projection
pT50. The fits are constrained to have a mean value at midrap
(y51.6).
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compare the E864 and E878 measurements in Fig. 7. W
the two experiments agree well for low multiplicity colli
sions a substantial disagreement develops for more ce
collisions. For 10% central collisions, the E864 measu
ments at midrapidity are a factor of;3.2 larger than the
corresponding E878 data.

It should be noted that both experiments do not use p
cisely the same definition of centrality: E864 measures
multiplicity of charged particles produced in the collision
while E878 measures theg multiplicity ~mostly from p0

decay!. In order to properly compare the two experiments t
multiplicity ranges for both experiments must be conver
to a ~somewhat model-dependent! parameter. To do this, we
have chosen to show the integrated antiproton yield atpT

50 versus the number of ‘‘first’’ nucleon-nucleon collision
in each centrality range. In order to estimate the numbe
first collisions in each multiplicity range for the E864 data
GEANT @9# simulation was used in conjunction with relativ
istic quantum molecular dynamics~RQMD! @18# Au1Pb
events to generate a trigger probability vs impact param
distribution for each multiplicity region~see Fig. 8!. These
distributions were then folded with distributions of the num
ber of first collisions vs impact parameter from a simp
Glauber model calculation. A similar procedure was appl
to the E878 data, using the results of a simulation of
E878 multiplicity array @15#. The results of this exercise
~shown in Fig. 9! demonstrates that the E864 and E878 c
trality ranges are quite similar.

In Fig. 10 we also compare measurements of
minimum-bias cross section for Au1Pb collisions at 11.5 A
GeV/c with E878 and E886@16#. It should be noted tha
experiment E886 only measured antiprotons from minimu
bias collisions and thus there is no comparison as a func
of centrality. As expected by the comparison of the E8
data with E878 for the four different centrality regions, th
minimum-bias invariant multiplicities measured in E864 a
substantially larger than those measured by E878 and E

C. Strange antibaryon feeddown

There is a scenario which can reconcile the E864 a
E878 results. Some of the antiprotons measured by the v
ous experiments may be the daughter product of weak
cays of strange antibaryons (L̄, S1, S0, J0, J2, V). This
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FIG. 7. Antiproton invariant multiplicities atpT50 compared to E878 as a function of centrality. Note that while the two experim
agree for peripheral collisions, they disagree markedly for more central collisions. The E878 data have been scaled up as described
to account for the lower beam momentum.
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process is referred to as ‘‘feeding down’’ from the stran
antibaryons into the antiprotons. Due to the significantly d
ferent designs of the two experiments, they have differ
acceptances from these decay product antiprotons. Ther
a number of antihyperon (Ȳ) feeddown channels into th
antiproton:

L̄→ p̄1p1 ~65% B.F.!, ~3!

S0→L̄1g→ p̄1p11g ~100%365% B.F.!, ~4!

S1→ p̄1p0 ~52% B.F.!, ~5!

J0→L̄1p0→ p̄1p11p0 ~99%365% B.F.!, ~6!

J2→L̄1p1→ p̄1p11p1 ~99%365% B.F.!, ~7!

and multiple decay modes for theV̄. The decay of theS0

will produce additionalL̄ ’s which will be indistinguishable
from those created in the primary collision. The decay of
L̄ and theS1 will producep̄’s whose production vertices d
not coincide with the location of the primary interaction b
tween the two nuclei. Therefore, the degree to whichp̄’s
from these decays contribute to a measurement ofp̄ produc-
tion will vary among experiments.
-
t

are

e

Due to its large acceptance, the E864 spectrometer
detectp̄’s from Ȳ decay. E864 does not have sufficient ve
tical resolution to distinguishp̄’s from Ȳ decay based on the
vertical projection of a particle to the target, and the analy
cuts do not preferentially reject antiprotons fromȲ decay.
Therefore, thep̄’s detected in E864 are a combination
primary p̄’s and p̄’s from Ȳ decay, in a ratio that reflect
their production ratio.

The E878 Collaboration has also evaluated the accepta
of their spectrometer for feeddown fromȲ decay. At midra-
pidity the acceptance forp̄’s from L̄ andS0 decay is 14% of
the spectrometer acceptance for primordialp̄’s, and 10% of
the p̄ acceptance forS1 decays@13#; the acceptance grow
at higher rapidity. In what follows, we assume an uncertai
of 61% in the E878 acceptances for feeddown.

Since both E878 and E864 measure a different comb
tion of primordialp̄ production and feeddown fromȲ decay,
we can in principle separate the two components if we m
two explicit assumptions: both E864 and E878 underst
their systematic errors, and the entire difference between
two experiments can be attributed to antihyperon feeddo
It is important to note that in energy scaling the E878 resu
we have implicitly assumed that theȲ’s scale with energy in
the same way as thep̄’s.
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Given an understanding of the errors involved, we c
perform a statistical analysis of theȲ/ p̄ ratio as a function of
the E864 and E878 measurements~see Figs. 11 and 12!. This
analysis results in the following limits on the ratio ofȲ/ p̄:

S Ȳ

p̄
D

pT50
y51.6

'S L̄1S011.1S1

p̄
D

.~98% C.L.!5
0.02 ~100– 70 %!

0.10 ~70– 30 %!

1.0 ~30– 10 %!

2.3 ~10 %!

0.2 ~minimum bias!

~8!

while the most probable value of this ratio is;3.5 for 10%
central collisions. The factor of 1.1 multiplying theS1 arises
due to the different branching ratio and acceptance for
S1 compared to theL̄. The probability distributions in Fig
11 were generated using the measured E864 and E87
variant multiplicities for each centrality bin. The statistic
errors on these measurements were treated as Gaus
while systematic errors on the measurements, energy sca
pT50 extrapolation, and the E878 acceptance for feeddo
were treated as defining a limit around the measured val

E878 has not explicitly calculated their experimental a

ceptance for the doubly strangeJ̄ and theV̄, and thus they
are not explicitly included in the above formula. The
heavier strange antibaryons are generally thought to be
ther suppressed and thus a small contribution. Howeve
light of the unexpectedly large feeddown contributions fro

FIG. 8. Trigger probability vs impact parameter for the E8
multiplicity counter in the four centrality regions used in the ana
sis of the 1996 data. These distributions were generated u
RQMD events in aGEANT simulation of the E864 multiplicity
counter.
n

e

in-

ian,
g,
n
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strange antibaryons, one should be careful not to neg
their contribution to this ratio.

This comparison indicates aȲ/ p̄ ratio in Au1Pb colli-
sions that is significantly greater than one at midrapidity a
pT50. It should be noted that if theȲ’s and thep̄ are pro-
duced with different distributions iny andpT , then the ratio
of integrated yields of these particles will differ from th
ratio at central rapidity andpT50. Preliminary results from
Si1Au collisions based on direct measurements ofp̄ andL̄
production by the E859 Collaboration also indicate a ratio
integrated yields greater than one@19#. For comparison, the
L̄/ p̄ ratio in pp collisions at similar energies is;0.2 @20#.

An enhancement of antihyperons arises naturally in m
els that include a QGP, and therefore enhanced antima
and strangeness production@21,1#. Thermal models that use
a temperature and baryon chemical potential derived fr
measured particle spectra also indicate that theȲ/ p̄ ratio
could be larger than one@22#. However, extremely large val
ues of theȲ/ p̄ ratio are difficult to achieve in a therma
model unless the freezout temperature and/orK1/K2 ratio is
pushed beyond experimentally observed values. Trans
models such as RQMD@18# predict theȲ/ p̄ ratio to be less
than one. Including in a cascade model conversion react
such as

p̄1K1→p1L̄ ~9!

and a lower annihilation cross section for theL̄ relative to
the p̄ enhances theȲ/ p̄ ratio substantially@23#. However,
such a model does not reproduce the trend with centra
seen in the E864 data.

IV. ANTIMATTER CORRELATIONS

A. Double antiproton events

In the large sample of events from the 1995~‘‘-0.75T’’ !
run with at least a single antiproton within the experimen
acceptance, there are some events with two identified a
protons in the same event. These two antiproton events

-
ng

FIG. 9. Integrated antiproton yield atpT50 vs the mean numbe
of first collisions. The number of first collisions are generated us
simulations of the detector response and a Glauber model; the
zontal bar for each multiplicity range indicates the rms of the fi
collisions distribution.
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FIG. 10. Antiproton invariant multiplicities from the 1996~‘‘-0.45T’’ ! minimum bias data. Also shown is minimum bias data from E8
~scaled up to 11.5 GeV/c) and data from E886~shown reflected about midrapidity,y51.6).
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insight into the possible correlated production of antimat
Since the number of individual nucleon-nucleon collisions
each Au1Pb collision is large, if the sample of central even
are similar in nature, the production of one antiproton sho
have very little relation to the production of a second an
proton.

In the 1995 data set there are approximately 43 000 a
protons with rapidity less than 2.2, which were conside
for this study. After corrections for background contrib
tions, we find there are 3.8 events with two antiprotons.

If we assume that the production of antiprotons is unc
related, we can calculate the number of two antipro
events expected. One can think of the nucleus-nucleus c
sion as many~n! nucleon-nucleon collisions each with
probability ~p! of producing an antiproton. Since the pro
ability ~p! is small and the number of collisions~n! is large,
we calculate the probability of producing two antiprotons
the same event using Poisson statistics. The probabilit
producing one antiproton is

Prob~1!5RateSingles5n3p. ~10!

The probability of producing two antiprotons is

Prob~2!5
RateSingles

2

2
. ~11!
r.

d
-

ti-
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-
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of

Since we have measured the rate of single antiprotons
our detector RateSingles, we calculate the expected number
two antiproton events at 1.8. The 90% confidence level up
limit on this number is five, which includes the experime
tally measured value.

Given the agreement with the assumption of uncorrela
production, there are limits we can set on the possible co
lated production of antimatter. We postulate that there
two distinct classes of events within the 10% central Au1Pb
sample: One class of purely hadronic reactions and one c
with the formation of the quark-gluon plasma~QGP!.

In Fig. 13 the predicted number of two antiproton even
as a function of the fraction of QGP eventsf QGP and the
antimatter enhancement factore is shown. The area in the
dark box is where the predicted number of two antiprot
events is greater than five and thus ruled out by the dat
the 90% confidence level. If the QGP enhancement facto
small, the two antiproton yield is not changed significant
Also, if most of the events are QGP, then regardless of
enhancement, there is no predicted increase in the two a
proton yield. However, if there is a large enhancemente
.10) and the fraction of QGP events is between 5 and 25
the yield of two antiprotons is significantly increased. The
specific scenarios are ruled out by this measurement at
90% confidence level.
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FIG. 11. Probability distributions for the antihyperon/antiproton ratio as a function of centrality. The distributions are generated f
ratio of the E864 antiproton measurements at midrapidity vs the E878 measurements using the statistical and systematic errors. S
for details. The 98% confidence levels are marked for each distribution.
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B. Antideuteron search

We have performed a search for antideuterons using
1995 data set of central Au1 Pb interactions taken at th
‘‘-0.75 T’’ magnetic-field setting optimized for the accep
tance of antideuterons. After processing the data, any trac
particle of charge negative one, rapidityy,2.4, passing all
track qualityx2 selections, and having a reconstructed m
in the range 1.3,m,5 GeV/c2 is considered a possible an
tinuclei candidate. The mass distribution of these candid
is shown in Fig. 14. The distribution is well fit by an exp
nential and has no significant signal at the antideuteron m
m51.874 GeV/c2.

The experiment is able to reduce this background thro
an energy measurement using our full coverage hadr
calorimeter. The calorimeter measures the deposited kin
energy of hadrons in addition to the annihilation energy
antibaryons. The background processes expected to c
high mass candidates in the tracking reconstruction are
result of neutrons which charge exchange in the vacuum
window or air and produce a forward going proton travers
the downstream spectrometer. The protons have reason
rapidity values, but reconstruct to erroneously large rigidit
resulting from the incorrect assumption that the parti
originated at the target. These candidates should leave
nificantly less energy in the calorimeter than expected if th
e
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FIG. 12. 98% confidence level values for the antihypero
antiproton as a function of centrality. The nominalpp level at 12
GeV/c is marked. Note the dramatic rise in the ratio as a function
collision centrality.
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FIG. 13. The number of expected double antiproton events as a function of the fraction of total events which have a QGP form
the relative antimatter enhancement factor in these QGP events to normal hadronic events.
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are actually protons compared with real antideuterons
heavier antinuclei.

Since these candidates are all assumed to be antima
the reconstructed calorimeter mass must account for the
nihilation contribution. In studies of antiproton showers fro
test beam data and from the 1995 data, it was observed
only '84% of the annihilation energy was recorded in t
calorimeter. Thus, the calorimeter mass formula is modifi
to reflect this loss:

mass5
E

g10.68
. ~12!

The tracking mass resolution isDm/m.5%, which
yields asm50.094 GeV/c2 for antideuterons. The distribu
tion of calorimeter masses for candidates whose track
mass is within62sm of the antideuteron mass (1.687,m
,2.061 GeV/c2) is shown in Fig. 15. One can see the pe
mean value is less than 0.938 GeV/c2. Protons have a lowe
calorimeter mass (,0.938 GeV/c2) when calculated using
Eq. ~12! since they do not deposit any energy beyond th
kinetic energy~there is no annihilation energy contribution!.
The background candidates appear to be protons as exp
r

ter,
n-

at

d

g

ir

ted

from charge exchange background. Most protons should
reconstruct such a large antimatter mass and fire the
energy trigger. However, the calorimeter energy respo
has a non-Gaussian high side tail. These candidates are
tons which occupy the high side tail part of the energy
sponse distribution. As can be seen in the plot, the calor
eter is a powerful tool for rejecting this proton backgroun
A cut is then placed on calorimeter mass being greater t
1.600 GeV/c2.

If one assumes that all of the observed candidates
from charge exchange background~really protons striking
the calorimeter!, then the background shape can be fit. T
tracking mass distribution with no cut on the calorime
mass is fit to a simple exponential function as shown in F
14. If the candidates are all protons striking the calorime
the calorimeter mass distribution should be the same reg
less of the tracking mass. Thus, one can use the expone
function fit parameters from the tracking mass distributi
with no calorimeter cuts to describe the tracking mass dis
bution with a calorimeter mass cut.

The tracking mass distribution is plotted in Fig. 14 with
cut on the calorimeter mass greater than 1.600 GeVc2.
There are ten candidates within the62sm range of the an-
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tideuteron. The background fit distribution shown in Fig.
is renormalized to the total number of counts and plott
The exponential fit seems a reasonable description of
distribution. The total number of counts from the fit in th
region of the antideuteron~within 62sm) is 9.0. Thus, there
is no significant signal above background for the antid
teron.

One can then ask, how many real antideuterons wo
there have to be to make a statistically significant peak ab

FIG. 14. The upper panel shows the antideuteron candi
tracking mass distribution with no requirement on the calorime
mass. The bottom panel shows the same distribution after a
requiring the mass determined from the calorimeter cluster be la
than 1.6 GeV/c2. The vertical lines show the antideuteron ma
window used in the analysis.

FIG. 15. Calorimeter reconstructed mass for antideuteron ca
dates with tracking mass 1.687,m,2.061 GeV/c2. The line shows
the mass cut at 1.6 GeV/c2 applied in the analysis.
.
he

-

ld
ve

the background distribution. There are nine predicted ba
ground events, and thus the Poisson statistics 90% co
dence level upper limit is 14.2. If more than 14.2 candida
were observed within the antideuteron mass range, ther
less than a 10% chance that it is due to a statistical fluc
tion in the background events. Thus, we set the 90% co
dence level upper limit on antideuteron production
NPoisson2NBackground55.2.

In order to translate this Poisson statistics limit into a to
upper limit on the production of antideuterons, the vario
acceptances and efficiencies must be known. It is also p
sible using a specific production model to set the 90% c
fidence level upper limit on the invariant multiplicity in
given region of momentum space. In the discussion that
lows, we will asuume a model in which the production inpT
and rapidity~y! can be factored as

1

2ppT

dN

dydpT
5A0e22pT /^pT&e2~y2ycm!2/2sy

2
. ~13!

We have assumed a rapidity widthsy50.5 and a mean
transverse momentum̂pT&51.00 GeV/c. Using this pro-
duction model, we set a 90% confidence level upper limit
the production of antideuterons at 2.7831027 per 10% cen-
tral Au1Pb interaction.

One can relate the limit over all phase space to the li
on the invariant multiplicity (A0) at midrapidity andpT50:

A05
NTotal Limit

~2p!3/2sy~^pT&2/4!
. ~14!

The upper limit on the invariant multiplicity at midrapidit
y51.6 andpt50 is 1.431027 GeV22c2. We have tested the
model dependency of these upper limits and find that w
extreme ranges of production models, one can vary the up
limits by approximately650%.

Using our antiproton measurements and these upper
its, we calculate the 90% confidence level upper limits on
coalescence scale factorB2̄ for antideuterons. This scale fac
tor may be a function of where in momentum space the m
surement is made, thus we give the limit at midrapidityy
51.6) andpt50. Our measured invariant multiplicity fo
antiprotons is 1.1631022 GeV22c2 ~from the combined
10% central 1995 and 1996 data!. The upper limit on the
invariant multiplicity for antideuterons is 1.41
31027 GeV22c2. The upper limit on the scale factor is

B̄25
@~1/2ppt!~d2N/dydpt!~ d̄!#

@~1/2ppt!~d2N/dydpt!~ p̄!#2
<1.031023 GeV2c22.

~15!

This upper limit is shown as an arrow in Fig. 16, along w
a comparison to coalescence scale factors measured at B
lac and SPS energies@24–26#.

This scale factor is significantly below the global value
1.231022 GeV2c22 predicted by the ‘‘simple’’ coalescenc
model. However, since this prescription has failed to d
scribe systems where the collision volume is expected to
large compared with the deuteron/antideuteron size@27#, it is
not surprising that it is in disagreement with the value o
tained here.
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If the source distribution of antinucleons has a simi
spatial extent as the nucleon source, then the scale facto
deuteronsB2 is expected to be the same as for antideuter
B2. Recently, E864 has presented measurements of pro
and deuterons around midrapidity and low transverse
mentum. The scale factor from the analysis of E864 light
data@28# is also shown in Fig. 16.

B251.16.431023 GeV2c22. ~16!

The uncertainties are dominated by systematic errors in
deuteron and proton invariant multiplicities. This measu
scale factor is at the same level as the upper limit for
antideuteron scale factor. We cannot determine whetheB2
is significantly lower thanB2. Thus, it is impossible to com
ment on whether the rate of antideuteron production
smaller due to preferential surface emission of antimatte

If we consider the most probable value of the ratioȲ/ p̄
53.5 for 10% central collisions, the primordial antiproto
multiplicity at midrapidity andpt50 should be a factor o
;3.3 lower than measured in E864. In this picture, the 9
confidence level upper limit on the coalescence scale fa
would be

B2<1.131022 GeV2c22. ~17!

FIG. 16. Coalescence scale factors as a function of kinetic
ergy per nucleon of the colliding beam. The upper limit onB2 from
E864 is shown as an arrow. The E864 value for deuteronsB2 is also
shown. The simple coalescence level is shown as a line with l
energy AA and high-energy pA results.
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This value is approximately at the level measured inp1A
collisions, in accord with the ‘‘simple’’ coalescence mode
where the collision volume is expected to be quite sm
Thus, if theȲ production is correctly calculated, the limit se
on antideuteron production is not very significant in the co
text of coalescence models.

There have been two previous measurements of antid
teron production in heavy-ion collisions. The first was fro
the E858 experiment which observed two antideuterons
minimum-bias Si1Au collisions at 14.6A GeV/c @29#. They
calculated a coalescence factor of approximatelyB2<1.0
31023 GeV2c22. While this value is consistent with ou
observation, it is difficult to make any direct compariso
since the E858 value is for minimum-bias collisions invol
ing a much smaller projectile. The second measuremen
from experiment NA52 in Pb1Pb central collisions at
160A GeV/c @30#. They observe a coalescence factor of a
proximately B2'5.063.031024 GeV2c22. They also find
the factor for deuteronsB2 is the same within statistical an
systematic errors. While our upper limit on antideuterons
consistent with their value, our deuteron coalescence fa
is somewhat higher. This observation is not surprising due
larger source dimensions in the higher energy collisio
studied by NA52.

V. CONCLUSIONS

We have presented results from Experiment 864 for a
proton production and antideuteron limits in Au1Pb colli-
sions at 11.5 GeV/c per nucleon. We have measured inva
ant multiplicities for antiprotons above midrapidity and
low transverse momentum as a function of collision geo
etry. These measurements are within systematic errors of
previously reported results@11#, and, when compared with
the results from Experiment 878, may indicate a signific
contribution to the measured antiproton yield from the dec
of strange antibaryons.

We have also studied correlated production of antima
using events with more than one antiproton and a search
antideuterons. For antideuterons we see no statistically
nificant signal. We set upper limits on the production at a
proximately 331027 per 10% highest multiplicity Au1Pb
interaction.
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