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Centrality Dependence of Antiproton Production in Au+Au Collisions
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We have measured the yields of antiprotons in Au + Au interactions in the rapidity range
1.2 ~ y & 2.8 as a function of centrality using a beam line spectrometer. The shapes of the invariant
multiplicity distributions at p, = 0 are used to explore the dynamics of antiproton production and
annihilation.

PACS numbers: 25.75.+r

Several experiments have used heavy ion collisions at
relativistic energies as a means of creating and studying
states of nuclear matter under conditions of extreme tem-
perature and density [1]. It is hoped that in a small fraction
of these collisions there will form a new state of strongly
interacting matter, the quark-gluon plasma. A proposed
signature for the formation of this plasma is the enhanced
production of antiprotons and other antibaryons [2]. The
enhanced production might be offset by the large prob-
ability for antiproton (p) annihilation in baryon rich en-
vironments. At Alternating Gradient Synchrotron (AGS)
energies, small impact parameter Au + Au collisions are
believed to result in regions that have, for a short time,
baryon densities in excess of ten times normal nuclear mat-
ter density [3]. Antiprotons may be used as a tool to probe
the baryon density in the interaction region if the proba-
bility of annihilation in the baryon dense regions is large
(as expected in conventional models [4,5]), and also if the
annihilation is suppressed in these regions, such as by a
third body screening mechanism [6]. Antiproton distribu-
tions could also be used to study the dynamics of "reso-
nance matter" [7] and the effects of mean field potentials
[8]. The E878 experiment has completed a detailed study
of p production in Au + Au collisions. We discuss the
implications of our data on current notions of how antipro-
tons are produced and annihilated in high energy heavy ion
collisions.

Several other experiments have measured the pro-
duction of antiprotons using Si beams of momenta

14.6A GeV/c incident on targets of Al, Cu, Au, Pb, and
Pt [9—13]. Those p yields were consistent with scaling
as a simple geometrical factor times the p yield in p + A
collisions, which could be interpreted in two ways [14].
If p production is enhanced, the enhancement is offset
by annihilation. Alternatively, if p production in Si + A
interactions is not enhanced, then p annihilation in dense
nuclear matter is suppressed. The E802 data [11,12] can
also be understood in the context of two cascade models
ARc (a Relativistic Cascade, version 1.9.5) [6] and RQMD

(Relativistic Quantum Molecular Dynamics, version 1.07,
run in the cascade mode) [5] which appear to agree with
each other, and with the data. Such is not the case for
the much heavier Au + Au system as we show below.
In the following, we will describe the erst data on p
production measured as a function of centrality at p, = 0
in Au + Au collisions at AGS energies.

The E878 experiment at the Brookhaven National Lab-
oratory Alternating Gradient Synchrotron facility is a
zero-degree beam line focusing spectrometer which has
a nominal momentum acceptance (Ap/p) of ~3%, and
an entrance aperture of solid angle —200 p, sr. Particles
are identified through measurements of rigidity, charge,
and velocity. The spectrometer consists of two sets of
dipole magnets, four time-of-flight walls providing charge
and velocity information, and two aerogel and two gas
Cerenkov detectors to further assist in particle identi-
fication. Four sets of drift chambers provide position
information along the particle trajectories. The spec-
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trometer was operated at several rigidities ranging from
+15.0 GV/c to —20 GV/c. We used a Au target of
thickness 0.62 cm (22% of the Au beam interacts with the
target). The Au beam cruxes were around 2 X 10 parti-
cles per spill. The net integrated beam flux for the data
discussed in this Letter was —3 X 10" particles. The
experiment identified -10 antiprotons with centrality in-
formation. The impact parameter, or centrality, of events
was determined by an array of Cerenkov detectors. Their
performance is discussed in detail elsewhere [15].

Figure 1 shows the time-of-Bight spectra of particles
detected for a spectrometer rigidity setting of —3.2 GV/c.
The data in the lower panel, unlike the data in the
upper panel, have a requirement that there be no signals
measured in the two gas Cerenkov detectors. It is clear
from the plots that we can identify antiprotons easily. The
live time fraction for data taking was 80—90%, and our
analysis efficiency was —95%.

Figure 2 shows the invariant multiplicity of antiprotons
produced in Au + Au collisions plotted for four nonover-
lapping centrality bins. The multiplicity information was
used to divide the data into four multiplicity classes:
events with multiplicities above the 90% value of the in-
tegrated multiplicity distribution (central events), in the
range 70—90%, in the range 30—70%, and in the range
0—30%. The measured cross sections are scaled by the
appropriate fraction of the total geometric cross section
which is assumed to be 6850 mb [16]. The solid points
show the measured data and statistical uncertainties. The
systematic uncertainties (20Fo) on the data points are dom-
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FIG. 1. Particle identification in E878. The top and bottom
panels show distributions of the time-of-Aight difference be-
tween the T1 and T3 detectors with and without the require-
ment that there be a signal in the Cerenkov detector.
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inated by the accuracy of our knowledge of the beam flux
and the acceptance of the apparatus.

Since particle distributions from Au + Au collisions
should be symmetric about the center of mass rapidity
y» = 1.6, one can reflect the data about this rapidity.
The quality of the reflection gives us a check of the
systematic uncertainties in our measurement (see [17] for
details). Fitting a Gaussian to the invariant multiplicity
data and its reflection allows us to calculate the widths
of the distributions for the four centrality bins. One
finds that the widths in rapidity o-y are 0.48 ~ 0.04,
0.54 ~ 0.03, and 0.57 ~ 0.03, 0.62 ~ 0.03, for the most
peripheral to the most central bins, respectively. The
widths of all but the peripheral distribution differ from
a simple phase space calculation which predicts oy
0.44 for antiproton production in p + p collisions at
11A GeV/c [17]. The width of the minimum bias
distribution is 0.5 units, and very similar to that measured
for impact parameter averaged Si + Au interactions at
14.6A GeV/c [9], in spite of the fact that antiproton
production is much closer to threshold at 118 GeV/c.
Our minimum bias data are in good agreement with
measurements of experiment E886 [13].

In the introduction, we discussed how p yields in
Si + A collisions scaled with centrality. We can extend
such studies to the Au + Au case. %'e show in Fig. 3
the integrals of the Gaussian fits we described earlier,
plotted as a function of the number of first collisions,
Nf. First collisions are those in which projectile nucleons
are colliding with previously unstruck target nucleons.

Rapidity(y)

FIG. 2. The invariant multiplicities of antiprotons measured
in Au + Au collisions plotted as functions of rapidity for four
nonoverlapping centrality bins. The data are shown as symbols,
the RgMD calculations as solid lines, and the ARC calculations
as dashed lines.
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They are calculated in a Monte Carlo simulation [14] of
the nucleus-nucleus collision. Ny is directly related to
the geometry of the collision. The horizontal error bars
represent the ranges (rms) of N~ contributing to a given
centrality bin. The straight line shows a first collisions
scaling of a p distribution whose shape is determined
from a phase space calculation, and whose integral is
fixed by the p + p ~ p + . cross section predicted
by RQMD [17]. The straight line follows the data for
peripheral collisions, and deviates significantly in central
collisions. Data for Si + A interactions were measured
only for N~ & 15. Our p measurements are consistent
with previous observations of linear scaling with Ny at
low Ny [10], but show interesting deviations from such
scaling at higher Ny.

The heavy ion collision environment differs significantly
from that in p + p collisions in that multiple collisions
result in the abundant excitation of high-mass baryon res-
onance states. These can collide with each other and with
other baryons to effectively enhance p production near and
below threshold energies [18]. Resonance production to-
gether with hydrodynamic flow and absorption contribute
to the changes in the widths of the rapidity distributions
of our p data. Also shown in Fig. 2 are the p predictions
of the ARc and RQMD models which include descriptions of
the effects mentioned above. They were obtained by mak-
ing selections on ARC and RQMD events using information
obtained from the detailed simulation of our multiplicity
detector [15]. Also, to increase statistics, we use versions
of both codes that incorporate a factor of 10 enhancement
in antinucleon production. Since E878 measures in a small
region at p, = 0, we select antinucleons from the models
if their p, is less than 200 MeV/c. Note that this is a real
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FIG. 3. The integrated yield of antiprotons produced at p, =
0 plotted as a function of the number of first collisions.

cut in p„and not a fit to the p, slope at large p, followed
by an extrapolation to p, = 0.

The two models predict similar p abundances for the
most peripheral collisions (where the effects of p anni-
hilation, and the contributions from resonances are mini-
mal). The big difference between the models comes from
the way they describe p annihilation. ARc predicts that
the antiproton yield increases substantially with central-
ity. The RQMD model, on the other hand, while successful
in describing the yields in peripheral collisions, predicts
a significantly different distribution in central collisions.
The depletion of antiprotons at midrapidity is a result of
the large annihilation that antiprotons are expected to ex-
perience in baryon rich environments based on free-space
annihilation cross sections. In the ARc model, p annihi-
lation is suppressed in high density environments through
a third body screening mechanism [6]. Our data for the
most central Au + Au collisions lie half way between the
two model predictions. The shape of the distributions is
suggestive of suppressed p annihilation.

There are however other factors that could modify p
distributions, and which are not implemented in ARc and
RQMD. An effect that is small is Coulomb attraction
which would produce an enhancement in the abundance
of negatively charged secondary particles at p, = 0 [19].
The effect is a function of the momentum of the negatively
charged particle as well as the number of protons which
are close to it in phase space. At p, = 0 we estimate that
Coulomb attraction could increase the p yield by (20%
near midrapidity and &5% near beam rapidity, not enough
to significantly change the model predictions.

The antiprotons detected in our apparatus could have
been produced directly, or through decays of antilambdas.
Because of the low Q for the decay A ~ p + sr+, we
detect virtually all of the antiprotons produced by anti-
lambdas emitted into our angular acceptance. Preliminary
data from the E859 collaboration [20] indicate a A/P ratio
in central Si + Au collisions to be in excess of unity,
suggesting significant differences in p and A annihilation.
Similar numbers for Au + Au collisions are not available
at this time, but could have a large impact on the
interpretation of p yields. In the ARC model A production
is not treated explicitly. The processes leading to A and

p production and annihilation are assumed effectively
to be identical since the p abundances are based on a
cross section which includes some A ~ p decays [6,12].
In RQMD, A production is treated explicitly. The A/p
ratio is predicted to be -0.4 for minimum bias Au + Au
collisions [7]. These antilambdas are not included in the
RQMD predictions shown in Fig. 2 and would increase the

p yield by (25%. The A annihilation in RQMD is similar
to that of the p since in both cases the annihilation is
dominated by a diquark interaction [21].

The implementation of the screening mechanism has
been modified in ARc [22]. This increases the p annihila-
tion effective cross section and leads to some depletion of
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the produced antiprotons, and therefore, better agreement
with our data. The RQMD model is able to decrease the
deficit of antiprotons seen at yzz in Fig. 2 by taking into
account the real part of an antinucleon-nuclear matter op-
tical potential [23]. Since our data test the models only
in a small but interesting region of phase space, additional
constraints on the scenarios described above cou1d come
from p measurements made in a larger acceptance spec-
trometer [24).

E878 has high statistics measurements of antiproton
spectra for Au + Au collisions over a wide rapidity range,
and with centrality information. Our p yields increase
linearly with the number of first collisions at low Nf,
but fall well below such scaling at high Nf. The ARc
and RQMD models which have been successful in the
description of p, K, and ~ data at the AGS, fail to
describe our central collisions p data. While our data
show a clear change in the rapidity distributions in going
from peripheral to the most central collisions, this change
is significantly smaller than suggested by either of the
models investigated. Refinements to the models such as
the screening in ARc, and the mean fields in RQMD are
both motivated by the existence of high density regions
in the collision environment. Our data underscore the
importance of the p as a probe of the unusual states of
matter being created in high energy heavy ion collisions.

We thank the AGS and Tandem staffs for providing
the beam. We thank A. Jahns, T. Schlagel, H. Sorge,
and C. Spieles for their assistance in providing model
predictions and useful insights. This work was supported
in part by Grants No. DE-FG02-91ER-40609, No. DE-
FG03-88ER-40424, and No. DE-FG03-90ER-40571 with
the U.S. Department of Energy.

[I] See articles in Proceedings of Quark Matter '93 [Nucl.
Phys. A 566 (1994)] and Quark Matter '95 [Nucl. Phys.
A (to be published)].

[2]
[3]

[4]

[7]
[8]

[9]

[10]
[11]
[12]

[14]

[15]

[16]

[17]

[18]
[19]
[20]

[21]
[22]

[23]

[24]

T. DeGrand, Phys. Rev. D 30, 2001 (1984).
S.H. Kahana, T. J. Schlagel, and Y. Pang, Nucl. Phys.
A566, 465c (1994).
S. Gavin, M. Gyulassy, M. Plumer, and R. Venugopalan,
Phys. Lett. B 234, 175 (1990).
A. Jahns et al. , Phys. Rev. Lett. 68, 2895 (1992);72, 3464
(1994); A. Jahns, Ph. D. thesis, University of Frankfurt,
Germany (1995).
S.H. Kahana, Y. Pang, T. Schlagel, and C. B. Dover,
Phys. Rev. C 47, 1356 (1993).
A. Jahns et al. , Nucl. Phys. A566, 483c (1994).
V. Koch, G. E. Brown, and C. M. Ko, Phys. Lett. B 265,
29 (1991).
E858 Collaboration, A. Aoki et aI. , Phys. Rev. Lett. 69,
2345 (1992).
J. Barrette et al. , Phys. Rev. Lett. 70, 1763 (1993).
T. Abbott et a/. , Phys. Lett. B 271, 447 (1992).
T. Abbott et al. , Phys. Rev. Lett. 70, 1393 (1993).
G. Diebold et al. , Phys. Rev. C 48, 2984 (1993).
B.S. Kumar, S.V. Greene, and J.T. Mitchell, Phys. Rev.
C 50, 2152 (1994).
D. Beavis ef, al. , Nucl. Instrum. Methods Phys. Res. ,
Sect. A 357, 283 (1995).
T. Hoang, B. Cork, and H. Crawford, Z. Phys. C 29, 611
(1985).
M. Bennett, Ph.D. thesis, Yale University, 1995; E878
Collaboration, D. Beavis et QI. , Yale Report No. 40609-
1148 (to be published).
J. Carroll et al. , Phys. Rev. Lett. 62, 1829 (1989).
E. Shuryak, Nucl. Phys. A533, 761 (1991).
See articles by G. S.F. Stephans, and B.A. Cole in
Ref. [I].
H. Sorge (private communication).
T. Schlagel et al. , in Proceedings of the 6th Conference
on the Intersections of Nuclear and Particle Physics (AIP,
New York, 1995).
C. Spieles et al. , University of Frankfurt report, 1995 (to
be published).
The BNL-E864 experiment, J. Sandweiss and R. Majka,
spokespersons.


