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Antiproton Production in Relativistic Si-Nucleus Collisions
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We have measured antiproton production cross sections as functions of centrality in collisions of
14.6 GeV/c per nucleon Si ions with targets of Al, Cu, and Pb. For all targets, the antiproton
yields increase linearly with the number of projectile nucleons that have interacted, and show little
target dependence. We discuss the implications of this result on the production and absorption of
antiprotons within the nuclear medium.

PACS numbers: 25.75.+r

Nucleus-nucleus collisions at relativistic energies are
an effective way to create states of hot and dense nu-
clear matter, and perhaps quark matter in the labora-
tory. Antiprotons (p) are of particular interest in such
studies because their distributions are expected to be in-
Huenced by the baryon densities of the systems produced
in these collisions [1]. Antiprotons have large annihila-
tion cross sections in baryon rich environments. Their
survival probability could be used to understand both
the collision environment and the p formation times. In
the event of quark-gluon plasma formation, theoretical
calculations predict the enhanced production of antipro-
tons [2]. Other calculations suggest that even without
plasma formation p production is enhanced in high en-
ergy heavy ion collisions [3—5]. We describe herein mea-
surements of antiproton production at midrapidities, and
small transverse momenta in collisions of 14.6 GeV/c per
nuclepn Si ipns impinging pn Al, Cu, and Pb targets.
We have measured the yields per event as functions of
transverse energy (Eq) [6], and forward energy (Ez~) to
assess the possible enhanced production and the magni-
tude of absorption of the antiprotons within the collision
environment, as functions of centrality (in essence the im-
pact parameter of the collision). Our measurements are
unique in their simultaneous exploration of the collision
geometry and target mass dependence of p production.

The experiment used the E814 apparatus [7, 8] at the
Brookhaven National Laboratory Alternating Gradient

Synchrotron (AGS) facility. It has detectors for global
event characterization and a forward spectrometer ac-
cepting particles emitted within a rectangular aperture
(48 = 37.6 rnrad and 60„= 24.1 mrad) centered on
the beam axis. The detectors surrounding the target
consist of a silicon pad multiplicity detector covering in
pseudorapidity g the range 0.9 & g & 3.9, a NaI target
calorimeter and a scintillator paddle array lining its in-
side covering —0.5 ( g & 0.8, and a Pb-scintillator sam-
pling calorimeter covering 0.9 ( g ( 3.9. The forward
spectrometer consists of two dipole magnets, three track-
ing chambers, a scintillator wall, and a U-Cu-scintillator
sampling calorimeter. The centrality of each event can
be determined by independent measurements of E& in
the target and participant calorimeters, charged particle
multiplicity measured in the silicon detector, and E~~
measured by the calorimeters in the spectrometer. The
Al, Cu, and Pb targets used in the measurement had
thicknesses of 2.6, 5.6, and 11.3 g/cm2, respectively, cor-
responding to lo%%uo of a Si interaction length. The
number of interactions sampled was 3.3 x 107 for each
target.

Interactions in the target were selected by a pretrigger
defined by a valid beam particle, in coincidence with a
minimum of 25 hits in the multiplicity detector and 5
in the scintillator paddies, or 25 hits in the multiplicity
detector and 5 GeV of Eq in the participant calorimeter.
The magnetic field in the spectrometer ensured that most
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of the particles striking the trigger region of the scintil-
lator hodoscopes were negatively charged. The times of
flight measured by this subset of scintillators were ex-
amined to establish if a particle of interest traversed the
spectrometer. This selection was designed to enhance
detection of those events containing p candidates with y
within +0.4 of the nucleon-nucleon center of mass rapid-
ity, y~~ = 1.72. Such antiprotons will reach the trigger
region between 3 and 30 ns later than particles travel-
ing at the velocity of light. The scintillator hodoscope
is located 31 m downstream of the target and provides
a time-of-flight determination at the trigger level with
a resolution, after slewing corrections, of 600 ps. The
aK-line time-of-flight resolution was measured to be 480
ps.

The analysis of the data proceeds with the identiB-
cation of valid tracks through the spectrometer which
satisfy the kinematic requirements of p candidates. Two
drift chambers and a pad chamber measure the momenta
of tracks with a resolution, for a total Beld integral of
0.40 Trn, of Ap/p2 & 1 x 10 2 (GeV/c) i. Two pad
chambers and the forward scintillator wall provide posi-
tion measurements perpendicular to the magnetic bend
plane. Accepted tracks are required to have registered
on all of the planes. The eKciency of each pad cham-
ber and of the forward scintillator wall was determined
experimentally to be 90'%%uo. The drift chambers operate
at efficiencies of 100%. In addition, the magnitude of
the charge of the detected particle is required to be 1 (x
electron charge) as determined by the pulse height mea-
sured in the forward scintillator wall. Also, the measured
momenta of the particles were required to be consistent
within +3o with the energy measured by the calorime-
ter for the same tracks. The net eKciency in the pattern
recognition and track reconstruction including all of these
effects is 58%.
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Figure 1 is a plot of the mass of negatively charged
particles as determined from measurements in the for-
ward spectrometer for Si+Pb interactions under the trig-
ger conditions described above. Antiprotons are selected
by requiring a reconstructed mass to be between 0.7 and
1.18 GeV/c . The background under the peak was esti-
mated from fits to the data to be 29%%uo, 22%%uo, and 22'%%uo

for the Al, Cu, and Pb targets, respectively. The to-
tal number of antiprotons thus selected with background
subtracted is 163, 235, and 246, respectively, for the three
targets.

Figure 2(b) is a plot of the acceptance e of the spec-
trometer for antiprotons shown as a function of trans-
verse momentum p&. It includes the e8'ects of the spec-
trometer entrance aperture, magnetic Beld, and the losses
of flux owing to interactions of the antiprotons with the
detector elements, and was obtained in a Monte Carlo
simulation of the apparatus using the GEANT program
[9]. Trigger biases and multiple scattering are not ac-
counted for in these plots, and are discussed below.

Our measured pretrigger cross section for the Pb tar-
get was 3650 mb. For the Al and Cu targets it was only
1320 and 2016 mb, respectively —20% and 10% smaller
than the corresponding calculated geometric cross sec-
tions. This is because of pretrigger ineKciencies for the
most peripheral collisions, and results in an estimated
loss of 1%, and 6% of the antiprotons for the Cu and Al
targets, respectively. There is also a loss of 7% of an-
tiprotons for all three targets from the 600 ps resolution
of the time-of-flight trigger, representing 35% of the yield
in the highest rapidity bin (1.9 & y & 2.1). In addition,
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FIG. 1. A plot of the reconstructed masses of negatively
charged particles detected in the spectrometer acceptance for
Si+Pb interactions. The trigger conditions are described in
the text.
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FIG. 2. (a) The invariant cross section cr;inv

(mb GeV c ), and (b) the acceptance, e, of the E814 forward
spectrometer plotted as functions of transverse momentum.
The four curves are for rapidity bins of width 0.2, starting at
y = 1.3, and have been scaled by factors of 1, 2, 3, and 4.
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we estimate that there is a further loss of yield of 10%
(50% in the highest rapidity bin) owing to systematic un-
certainties in the calibration of the time-of-Bight trigger.
This has been corrected for based on an observed asym-
metry in the rapidity dependence of the invariant cross
section for the Si+Al interactions. These corrections re-
sult in a large uncertainty only for the data in the highest
rapidity bin, and not for the rapidity-integrated yield.

The p yields per interaction within the spectrome-
ter acceptance, averaged over impact parameter, are
(l.1+0.1) x 10 s, (1.5+0.2) x 10 s, and (1.6+0.2) x 10
for the Al, Cu, and Pb targets, respectively. These num-
bers are corrected for all of the effects described above.
Our measured yield ratios of antiprotons from Al and
Cu targets relative to Pb are 0.69 + 0.08 and 0.94+ 0.1,
and agree with the measurements of two other AGS ex-
periments, E802 and E858. The integrated ratio of the
yields measured by E802 [10, ll] in the rapidity range
1.1 ( y ( 1.7 and for p& ) 0.3 is 0.75 + 0.15 for the
Al target relative to Au. E858 reports 0.69 + 0.14 and
0.82+0.16 for the Al and Cu targets, respectively, relative
to Au, at pq ——0 and y=1.7 [12].

Figure 2(a) plots, as a function of pi, our measure-
ment of the invariant cross section for antiprotons, aver-
aged over impact parameter, for Si+Pb interactions. It
is constant, within uncertainties, over the pq interval cov-
ered. For the Pb target, the resolution in p& is Apq 20
MeV/c, and is dominated by multiple scattering. Ta-
ble I lists the invariant cross section at pq

——0 for the three
targets, obtained from fits to the data. The points con-
sidered in the fit were those for which the acceptance
shown in Fig. 2(b) exceeded 0.33. The cross sections are
a factor of 2 below those obtained by extrapolations
of the measurements of E802 [10] to pi ——0. At the
same time, our numbers are a factor of 2 higher than
measurements of E858 [12) made in a similar region of y
and p&. The discrepancy with E858 is as yet unresolved.
Notwithstanding the fact that there are uncertainties as-
sociated with these comparisons, it is interesting to note
that these numbers may indicate the presence of a low pt
suppression in the yield of antiprotons.

A unique aspect of this experiment is our ability to
explore the impact parameter dependence of p produc-
tion. For the sake of brevity, we focus on the forward
energy (EzD) as a measurement of centrality. A reliable

TABLE 1. ~ „" (rnb GeV c ) at pq
——0 for the Pb,

Cu, and Al targets as a function of rapidity. The numbers
have been corrected for background, and for detection and
analysis efBciencies.
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measure of EzD for each event can be obtained by sum-
ming the energy deposited in five calorimeter modules
in the forward calorimeter wall. The calorimeter mea-
sures energy with a resolution of rrI;, /E = 0.6/Eii2 (E
in GeV). The Ez~ measurement enables us to quantify
the number of projectile nucleons that have interacted.
The dominant contribution to EzD is from beam rapid-
ity fragments. There is a small additional contribution
that comes from particles produced by the part of the
projectile that has interacted. We can estimate this from
our previous measurements [7, 8] to be a few GeV only.
From this .E~~ measurement we, therefore, determine
the number of projectile nucleons that have interacted,
N;„t, as equal to 28 —Ez~/13. 6 (Ez~ in GeV). We can
then explore the production of antiprotons as a function
of N;„t. Figures 3(a)—3(c) show the p yield per interac-
tion at a given centrality plotted as functions of ¹„t.
These numbers were obtained by dividing the drr/dN;„t,
distributions of events containing antiprotons by the cor-
responding pretrigger distributions. It is remarkable how
similar the data are for the three targets.

Previous measurements of p yields in p+ p, @+Be, and
p+Pb collisions at 18.8 GeV/c have established that the
yield per interaction changes by only 30%%up as a function
of target mass [13]. The p+ p ~ p production cross sec-
tion is strongly energy dependent for energies ~s ( 20
Gev. Considering this, the p+nucleus data seem to in-
dicate the dominance of p production in first collisions,

Target
Al
Cu
Pb

1.3-1.5
3.0 + 1.0
5.8 + 2.0
7.2 + 3.1

1.7—1.9
3.3 + 0.6
7.0 + 1.0
12.0 + 1.3

Rapidity
1.5—1.7

3.5 + 0.6
7.1 + 1.0
13.0 + 2.5

1.9—2.1
3.0 + 1.0
5.2 + 1.5
8.2 + 1.5

FIG. 3. The number of antiprotons produced per nucleus-
nucleus interaction, N—„,at a given centrality, plotted as func-
tions of the number of projectile nucleons that have inter-
acted, Ãi„q. The panels are (a) Si+Al, (b) Si+Cn, and (c)
Si+Pb interactions, respectively. The lines are fits to the
data using first order polynomials.
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those in which projectile and target nucleons are interact-
ing for the first time. Such an assumption, if applicable
to nucleus-nucleus collisions, would imply that p yields
should increase linearly with N;„t, since ¹„t,oc Kf, the
number of first collisions [14]. Furthermore, should some
or most of the produced antiprotons be annihilated, this
would be evident in the smallest impact parameter or
highest N;„t events. To test this, fits to the data were
performed and are shown as solid curves in Figs. 3(a)—
3(c). The curves are constrained to pass through the
origin, implying no p production in the absence of nu-
clear interactions. Their slopes are (1.5 + 0.2) x 10
(1.5 + 0.2) x 10 s, and (1.3 + 0.2) x 10 s for the Al,
Cu, and Pb targets, respectively, and are consistent with
the impact parameter averaged results discussed below,
if scaled by a factor of 1.95, the ratio of the mean number
of first collisions (Nf) to the mean number of interact-
ing nucleons (N;„t) [14]. Unexpectedly, the data show
no significant deviation from a straight line, and further-
more, there is little target dependence of the fitted slope
parameters.

Nucleus-nucleus collision models like Venus and Fritiof
do not describe the magnitude and trends seen in the
p data [10]. On the other hand, relativistic quantum
molecular dynamics (RgjVID) calculations reproduce the
E802 results, and are therefore expected to overpredict
our data [3]. In a simple model we can use p+ p data to
estimate the expected mimimum-bias p yields in nucleus-
nucleus collisions, neglecting the eKects of absorption, or
multistep production. In a Monte Carlo calculation we
generate (1.2 + 0.3) x 10 s antiprotons per p+ p interac-
tion. This number was obtained by extrapolating down-
wards to an energy of 14.6 GeV the p yields measured
in p+ p collisions at higher energies [15]. The antipro-
tons are generated in a distribution of the following func-222tional form, dN/dpqdy oc pqe '/+e (" "' / ~, where

m& ——V pt2+ m~ and m, is the mass of the p. We used
o.

&
——0.5, yo = 1.72, and B = 0.141 GeV, consistent

with other measurements at AGS energies [10—12]. The
antiprotons are then propagated through the E814 spec-
trometer, using GEANT, to determine the fraction that
will be detected. We estimate that (5.2 6 1.3) x 10
antiprotons should be seen per first collision in the spec-
trometer. The mean numbers of first collisions, (Nf), has
been calculated to be 3.5, 4.6, and 6.3, respectively, for Si
ions interacting with Al, Cu, and Pb targets [14]. Hence,
using our measured p yields per interaction, we deter-
mine the p yields per first collision in our apparatus to be
(3.160.3) x 10 s, (3.2+0.4) x 10 s, and (2.5+0.4) x 10
respectively. The measured p yield is thus a factor of 1.7—
2.1 smaller than expected for production in first chance
collisions. However, the fact that the measured yields are
approximately independent of target, together with the
linear behavior displayed in Fig. 3, rules out an explana-
tion of our data in terms of a combination of first chance
production followed by absorption.

This leaves the following interpretations. Some models
suggest that multistep eKects are very important in de-
termining the extent of p production in nucleus-nucleus
collisions [3—5]. It is then the subtle interplay between
increased p production and increased p absorption in this
collision environment that can produce the surprisingly
small target and centrality dependence seen in our mea-
surements. On the other hand, in the model ARc the
p production cross sections are not enhanced, but in-
medium annihilation is suppressed because of the impor-
tance of three body interactions in dense nuclear media
[16]. Our data should provide a stringent test of, and
hopefully differentiate between, these two scenarios. In
summary, the p yield per first collision, either determined
as an average over impact parameter (minimum bias) or
observed at different impact parameters (experimentally
determined by measurements of forward energy) is inde-
pendent of target and centrality. Irrespective of what the
models have to say, this result is surprising, and demon-
strates that the nucleus-nucleus collision environment is
very unusual and a lot more interesting than a simple
superposition of nucleon-nucleon collisions.
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