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We describe a simple model developed to study the production and annihilation of antiprotons
in nucleus-nucleus collisions. The model can be used to calculate the antiproton yields as functions
of global observables such as multiplicity, transverse energy, and zero degree energy. We discuss
the predictions of the model, and its relevance to the antiproton measurements at the Brookhaven
National Laboratory Alternating Gradient Synchrotron facility.

PACS number(s): 25.75.+r

I. INTRODUCTION

Nucleus-nucleus collisions at relativistic energies have
been the subject of active theoretical and experimenal in-
vestigation as a means of creating and studying states of
hot and dense nuclear and quark matter [1]. The studies
have attempted to look for specific signatures for quark
matter formation in events which have been character-
ized through measurement of global or impact parameter
defining variables such as transverse energy E;, charged
particle multiplicity N., and zero degree energy Ezp.
Amongst the signatures proposed for the detection of a
quark-gluon plasma is the enhanced production of an-
tibaryons [2]. We describe herein a simple model to calcu-
late the yields of antiprotons produced in nucleus-nucleus
collisions as functions of impact parameter. The model
attempts simultaneously to describe the antiproton (p)
yields, measurements of global variables, and their cor-
relations.

The P has been suggested as a probe of the hot and
dense hadronic matter being created in heavy ion colli-
sions since it annihilates with large probability in baryon
rich regions [3]. Several experiments at the Brookhaven
Alternating Gradient Synchrotrotron (AGS) have mea-
sured the spectra of antiprotons [4-17]. A clear picture
of how antiprotons are created or annihilated has not
yet emerged for several reasons, including the simulta-
neous lack of complete kinematic coverage and central-
ity information, and insufficient statistics. Also, there
have been theoretical studies of p production at AGS en-
ergies using the relativistic quantum molecular dynam-
ics (RQMD) [18,19] and a relativistic cascade (ARC)
[20-22] models. These models are rather sophisticated
in their attempts to follow the space-time development
of the nucleus-nucleus collision environment, and the pro-
duction and annihilation of antiprotons. While RQMD
is able to describe available data by relying on the en-
hanced production of antiprotons followed by the anni-
hilation of a large fraction of the produced antiprotons,
ARC describes the data by producing less antiprotons ini-
tially, but the annihilation of antiprotons is “screened”
in the high density environment of the collision on ac-
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count of collisions with mesons. We know from measure-
ments [4-16] that typically, one p is produced in every 100
28Gi+208Pb nucleus-nucleus (A + A) collisions at a beam
energy of 14.6 A GeV. If one wants to describe such small
yields while accounting for the small geometrical accep-
tances (< 1% of 47) of the spectrometers used in the data
collection, the computations require inordinate resources.
Presently, systematic and statistical uncertainties in both
the measurements and the calculations preclude a de-
tailed quantitative understanding of p production. Until
such time that better calculations and measurements be-
come available, we can use simple models to understand
qualitatively the several interesting features seen in the
data. Such investigations will also allow us to explore
the measurements that need to be made by future ex-
periments, as is discussed below. It bears emphasis that
we are trying to understand the shapes of global variable
distributions and 7 distributions with a few simple as-
sumptions and parameters. Some of this physics is not
easily accessible via more sophisticated models such as
ARC and RQMD. In this paper, we give a detailed de-
scription of our model and its results. These have been
discussed briefly elsewhere [6,10].

II. GLOBAL VARIABLES

In order to describe the production and annihilation
of antiprotons in nucleus-nucleus collisions we need to
develop prescriptions for describing the collision, along
with the production and subsequent annihilation of an-
tiprotons. There are two classes of models that attempt
to describe nucleus-nucleus collisions. The first class
[23-28] traces the evolution of the individual nucleon-
nucleon collisions. The consequences of interactions are
modeled by various fragmentation schemes or measured
experimental cross sections, conserving energy, baryon
number, quark flavors, etc. The secondary or produced
particles are propagated through the target, projectile,
and spectator matter with or without further interac-
tion. The second class of models [29-32] does not follow
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the detailed evolution of the individual collisions. In-
stead, the desired distributions are parametrized based
on proton+proton (p + p) and proton+nucleus (p + A)
data. The A + A distributions are then obtained as a
convolution of p + A distributions. We follow a hybrid
approach. Individual projectile nucleons are propagated
through the target, and the consequences of their inter-
actions are parametrized, as will be described below. In
particular, the model generates antiprotons, and prop-
agates them through the target and projectile environ-
ments in order to ascertain whether they emerge there-
from without annihilation. While such a model does not,
by construction, have a detailed treatment of the time
dependent evolution of the nucleus-nucleus collisions, it
allows us to appreciate some of the features seen in the
data.

The E814 experiment has measured the mean multi-
plicity of beam rapidity nucleons surviving a collision
without interaction, as functions of F;, and N, [33-36].
These data have been interpreted in terms of an in-
medium nucleon-nucleon cross section. We have at-
tempted to reproduce the features seen in these data us-
ing the calculation we describe below. The calculations
are motivated by the following two observations. First,
the amount of energy deposited by a projectile nucleus
in a target nucleus is proportional to the number of pro-
jectile nucleons that have interacted. Second, the shapes
of the do/dE; and do/dN, distributions are dominated
by the geometry of the collision. In the calculation, indi-
vidual nucleons in the projectile are transported through

ESTIMATES OF ANTIPROTON PRODUCTION AND...

2153

the target, which is assumed to be the same for all pro-
jectile nucleons (i.e., the target nucleons do not move).
Interactions are Monte Carlo generated and depend on an
inelastic interaction cross section of 29 mb, a number that
is consistent with the E814 measurement. If a nucleon
interacts, it contributes to the generation of transverse
energy, and charged particle multiplicity. If a nucleon
survives without interaction, it is treated as a projec-
tilelike particle, and contributes to the mean multiplicity
of leading baryons and to the zero degree energy. For
nucleons that interact, we determine if projectile-target
nucleon combinations are interacting for the first time, or
if either one of these nucleons has interacted previously.
These considerations become important in the discussion
of antiprotons. The nucleus-nucleus interaction cross sec-
tions in our model are 1736 mb, 2297 mb, and 3644 mb,
respectively, for Si + Al, Cu, and Pb collisions.

Figure 1 shows transverse energy and charged parti-
cle multiplicity measured by the E814 target calorimeter
[34] and the silicon multiplicity detector [37], respectively.
The model is able to describe these distributions rather
well. In order to reproduce the measured data, the as-
sumption was made that a certain multiplicity and trans-
verse energy was produced by each projectile nucleon
that had interacted with the target. Further, “rescatter-
ing” in the target was simulated by creating additional
transverse energy or multiplicity if a struck projectile nu-
cleon interacted far from the surface of the target nucleus.
The extent of this increase was directly proportional to
the distance R, of the nucleon from the nuclear surface,
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in the direction of its motion. The equations below de-
tail how, for each projectile nucleon i that interacts, the
transverse energy F; and multiplicity N} are calculated:

EZ = fg(Eh UE:)[l + RSRE:] ’ (1)

N} = fg(Ne,on,)[1 4+ R.RN,] (2)

where E; and N, are the mean, og, and oy, are the
standard deviations, and Rg, and Ry, are the rescat-
tering factors, respectively, for the transverse energy and
charged particle multiplicity produced per nucleon. The
fg(a,b) are Monte Carlo generated values from Gaussian
distributions of means a, and standard deviations b. The
F; and N, for each nucleus-nucleus collision are then ob-
tained as E; = Y, E} and N, = S>>, N:. The data in
Fig. 1 cannot be described without the inclusion of rescat-
tering, an effect which is ignored in previous calculations
[29,30]. Table I lists the parameters used in our calcu-
lation. We emphasize that while our prescriptions are
physics motivated, they are too simplistic to warrant de-
tailed conclusions being drawn based on the magnitudes
of the parameters (one each for the mean, standard de-
viation, and rescattering for the E; and N, produced by
each interacted nucleon). The parameters depend on the
geometrical acceptance of the detectors, and details of
the response of the detectors to incident radiation. The
parameters used to describe the data of the E802 exper-
iment are related to the parameters chosen to describe
the data from the E814 experiment by simple multiplica-
tive factors. The quantities that are “averaged” over by
changing the value of the rescattering parameters include
the physics of the changes in the effective collision center
of mass as a function of impact parameter, the differ-
ences in the geometrical acceptances, and the responses
of the detectors to radiation. An important message from
this exercise, however, is that the shapes of the E; and
N, distributions are dominated by the nucleus-nucleus
collision geometry. We are impressed by how well the
distributions are described for all three targets over sev-
eral orders of magnitude in cross section using only a few
parameters.

TABLE I. The parameters used in the calculation of the
global variable distributions (see text). The p + A distribu-
tions for E} and N! are assumed to be Gaussian. The parame-
ters for the E814 distributions (mean and standard deviation)
can be multiplied by 1.8 (for the E, distributions) and 2.5 (for
the N. distributions), respectively, to get the corresponding
parameters that describe the E802 lead glass data, and TMA
multiplicity distributions.

Parameter E814 E802
E, 0.15 0.27
o5, 0.13 0.234
Rpg, 0.75 0.70
N. 3.0 7.5
oN, 2.0 5.0
RN, 0.3 1.25

B. SHIVA KUMAR, S. V. GREENE, AND J. T. MITCHELL 50

For a model to be realistic, it should be able to describe
simultaneously the E; or N,, and the Ezp distributions.
The Ezp was calculated from the number of projectile
nucleons that had not interacted. Each of these nucleons
(at a beam energy of 14.6 GeV per nucleon) will deposit
13.6 GeV in a zero degree calorimeter. This energy, when
measured, will be uncertain by the energy resolution of
the calorimeter. Figure 2 is a plot of the correlation be-
tween the N, and the Ezp distributions measured by
the E814 Collaboration [37]. The model calculations are
shown as the curves, and are able to describe the trends
seen in the data rather well. Again, it is important to
note that the shapes of these correlations are dominated
by the geometry of the collision, and the proper choice
of the in-medium interaction cross section.

Figure 3 shows the distributions of energy measured by
experiment E814 in a zero degree calorimeter. The pre-
liminary data [6] are shown as dashed lines. The model
calculations are shown as solid lines. The model is able
to describe the data rather well, except for peripheral
Si+Al collisions, where some of the disagreements can be
attributed to experimental difficulties in the triggering of
peripheral Si+Al collisions. The procedure to select in-
teractions in the E814 experiment relied on the measure-
ment of charged particle multiplicity, and was therefore
susceptible to § electrons.

The mean multiplicity of beam rapidity fragments is a
measure of the interaction cross section of the projectile
nucleons with the target. Figure 4 is a plot of the mean
multiplicity of beam rapidity protons measured by the
E814 experiment [34,36]. The curves are the predictions
of our model under the assumption that the in-medium
interaction cross section for nucleons is 29 mb. The model
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FIG. 2. The correlation between charged particle multiplic-
ity and the zero degree energy measured by the E814 experi-
ment for 14.6A GeV Si beams interacting with targets of Al,
Cu, and Pb [37]. The curves (dash Pb, dot Cu, and solid Al)
are the predictions of our model.
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FIG. 3. The distributions of energy measured at zero de-
grees in interactions between Si nuclei, and targets of Al, Cu,
and Pb. The solid lines are the data, and the dashed lines are
the predictions of our model.
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FIG. 4. The mean multiplicities per event (M) of beam
rapidity particles measured by E814 plotted as a function of
E. [34,36]. The curves (dash Pb, dot Cu, and solid Al) are
the predictions of the model under the assumption that the
in-medium nucleon interaction cross section is 29 mb.
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is able to describe the data at high values of F;. It fails at
low values since it does not distinguish between the pres-
ence of several nucleons in the final state, and the fact
that some or several of these nucleons may be bound in
clusters. The data shown are for protons only. The dis-
tributions for neutrons are similar. For the same number
of interacted projectile nucleons, one expects to see more
transverse energy generated in the heavier targets as a
consequence of rescattering. In Fig. 4 one expects to see
more F; in the Pb target than in the Cu and Al targets,
at the same value of (M). This is not seen in the data,
but appears to be so in the calculation once one gets to
moderate E,; for the Cu and Pb targets, when the effects
of rescattering become important. It bears emphasis that
the proton multiplicity at high E, is rather sensitive to
the choice of the in-medium nucleon interaction cross sec-
tion. Hence calculations that use different cross sections
[4,9,14] will differ on the number of nucleons they claim
have interacted, and whose kinetic energy is available for
antiproton production as is discussed below. Now that
we have a means of determining the number of nucleons
in the projectile that have interacted, we can examine
how many antiprotons could be produced by these col-
liding nucleons.

III. ANTIPROTON PRODUCTION

At AGS energies, the production of antiprotons is very
close to threshold (v/s — 4m, < 1.5 GeV). Hence it is
reasonable to assume that antiprotons are made only in
those collisons where the projectile and target nucleons
are interacting for the first time. If either the projec-
tile or target nucleon has been struck before, the energy
available for particle production in subsequent collisions
will in general be lower, and these interactions will be
less likely to produce antiprotons. Figure 5 is a plot
of the number of such first collisions, N¢, shown as a
function of the number of projectile nucleons that have
interacted, Njy, for Si+Pb collisions. The ratio of the
number of first collisions to the number of interacted nu-
cleons is very close to 2. The geometrical dependence of
antiproton production is then the same as the geomet-
rical dependence of the number of first collisions. Table
II shows the number of first collisions for various target
projectile combinations. Also shown in the table are the
results of calculations done by Costales [4] and Diebold
[14]. The differences in the numbers come from differing
choices in the in-medium cross section for the interaction
of nucleons.

In our calculation, antiprotons are produced in the tar-
get at a rate commensurate with their estimated p + p
production multiplicity per collision [4,11], 1.2 x 1073 at
a beam energy of 14.6 GeV (actually, the measured p+ A
value is ~ 0.9 x 103 per collision [13], and we estimate
that the inclusion of Fermi motion in the projectile nu-
cleus, and contributions from collisions other than the
first, will raise this number by ~ 25%). The shapes of
the p rapidity distributions are chosen to be Gaussian
with a width o, = 0.5 to be roughly consistent with the
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measurements of experiment E858 at p, = 0 [9]. The
distributions transverse to the beam axis are chosen to
be of the form

1 dN
Dt dpedy

e /8, 3)

TABLE II. The number of first collisions Ny calculated
in several Glauber models of nucleus-nucleus collisions [4,14].
The numbers have been calculated for minimum bias and 7%
most central collisions of Si and Au projectiles, with targets

of Al, Cu, and Pb.

Ny
System and centrality This work Costales Diebold
Si+Al
Min. bias 3.4 3.6
Central 9.1 8.8
Si+Cu
Min. bias 4.7
Central 11.7
Si+Au(Pb)
Min. bias 6.4 6.3 6.0
Central 13.7 13.0
Au+Au(Pt)
Min. bias 17.1 14.0 12.0
Central 47.0 40.0
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5 Nint

FIG. 5. The number of first
collisions, Ny, plotted as a
function of the number of pro-
jectile nucleons that have inter-
acted, Nint, in Si+Pb collisions.

where the transverse mass m; = y/m? + p?, m = 0.938
GeV, and B = 0.14 or 0.2 GeV. The choice of B is moti-
vated by preliminary analyses of data from experiments
E802 and E859 [15]. The antiprotons are propagated
through the target nucleus to see if they annihilate, with
a cross section that is obtained from a fit to data [38].
The antiprotons can interact only after a formation time
7, which is varied in the calculation to show the effect
of its choice on the results. At the same time, the an-
tiprotons are also allowed to interact with the nucleons
in the projectile. For these calculations, we assume that
antiprotons are produced very early during the collision
process, and that the environment they see is that of high
baryon density in the projectile and target rapidities (i.e.,
the projectile and target nucleons remain at projectile
and target rapidities, respectively). Such an assumption
is quite reasonable for minumum bias collisions, and is
the least applicable for central collisions. For central col-
lisions, it is more appropriate to assume that the baryon
density is maximal at center-of-mass rapidity. Also, we
make the assumption that those antiprotons coming from
the decay of A particles are created and annihilated in the
same manner as the other antiprotons.

Figure 6 is a plot of the yield of antiprotons per event
shown as a function of the number of projectile nucle-
ons that have interacted in 14.6 GeV per nucleon Si +
Al, Cu, and Pb collisions. The data are from exper-
iment E814 [10]. The variable Nj,; was calculated as
28 — Ezp/13.6. The acceptance of the E814 apparatus
for antiprotons was simulated using the code GEANT [39].
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FIG. 6. The yield of antiprotons per event plotted as func-
tions of the number of projectile nucleons that have interacted
in collisions between Si nuclei, and targets of Al, Cu, and Pb.
The data are from E814 [6,10]. The curves are the predic-
tions of our model for p formation times T equal to 1.5 (dot),
3.0 (solid), and 6.0 (dash). (a)-(c) use B = 0.14 GeV, and
(d)—~(f) use B = 0.2 GeV.

The model calculations have been corrected for this ac-
ceptance. The curves have been shown for three choices
of formation time: 1.5, 3, and 6 fm/c. The first number
implies that annihilation is allowed soon after the an-
tiprotons are produced, and the last number essentially
turns off annihilation. From the plot, one can see that
in the calculation, the initial production of the antipro-
tons is similar for the three targets (see the 7 = 6 fm/c
curve) for the same number of interacted nucleons. How-
ever, annihilation reduces the number of antiprotons (see
curves for 7 = 1.5 fm/c) the most for the heaviest target.
A favored value for 7 is ~ 1.5 fm/c. The data, however,
look similar for all three targets. This implies either that
the production of antiprotons is enhanced relative to this
calculation (as is modeled in RQMD [18]), or, that the
annihilation of antiprotons is suppressed relative to these
calculations (as is modeled by ARC [20]). Figures 6(a)-
6(c) have been calculated with B = 0.14 GeV [4], in
Eq. (3). On the basis of these plots, it was concluded
[10] that if § production scaled with first collisions, then
P annihilation was at the level of 40%. However, if in-
stead of B = 0.14 we use B = 0.2 GeV [15], then we see
from Figs. 6(d)-6(f) that the data would then be consis-
tent with there being little or no annihilation relative to
a first collision production, and the conclusions we would
draw from the E802 data (discussed below) would be the
same as from the E814 and E858 data.
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Is it possible then to disentangle the effects of p pro-
duction and annihilation? We believe this can be done by
looking at the centrality and target dependence of the p
rapidity (y) and transverse momentum (p;) distributions,
as is also discussed below.

There have been a few other attempts to study p pro-
duction and annihilation in nucleus-nucleus collisons at
AGS energies. In the first attempt, Costales [4] used
simple parametrizations of p + p data at 19 GeV to es-
timate the magnitudes and shapes of the distribution at
an energy of 14.6 GeV. Such distributions were used in
conjunction with a first collision model to describe the
P data [11]. The calculations suggested that there was
more p production than accounted for by first collision
models. In a second calculation, Costales investigated
P annihilation in a static participant volume [4]. The p
survival was studied for a range of annihilation cross sec-
tions, with the conclusion that the data were consistent
with minimal annihilation of the produced antiprotons.
In a third calculation, under slightly different assump-
tions for the initial p yield, Costales concluded that p
annihilation was at the level of 30% [4]. Antiproton an-
nihilation was studied only in target matter.

In other work, p production at or close to p; = 0 was
estimated by parametrizing p production using the Feyn-
mann scaling of p yields in p + p collisions [9], or from
data measured in p + A collisions at several energies un-
der kinematic conditions similar to the A + A measure-
ment [14]. The number of first collisions was calculated
by Stankus in a model which assumed that the nucleus-
nucleus inelastic cross section was 40 mb [9]. We expect
his estimate for the number of first collisions to be simi-
lar to calculations done by Diebold subsequently [14] (see
our Table II). Stankus concluded that 7 annihilation is
minimal if the P yield scales with the number of first col-
lisons. Diebold argues that if within a narrow kinematic
range, the p yield is estimated from the first collisions
scaling of p + A data, the yields in A + A collisions are
rather well described. In such a prescription, one may
be including some absorbtion expected to be present in
the nuclear target used in the study of p + A collisions
[40]. No attempt was made by either Stankus or Diebold
to investigate antiproton annihilation, or the impact pa-
rameter dependence of p production. A word of caution
is in order about statements of whether or not the p dis-
tributions scale with the number of first collisions. The
various authors define the number of first collisions in
similar but not identical ways. Also, one must be care-
ful to note what multiplicities for antiprotons are being
assumed per first collision in the scaling procedure, and
what kinematic regions are being studied. Further, the
data are not in agreement as to whether the p yield in-
creases or decreases in p+ p and p + A collisions with in-
creasing target mass [13,14]. Hence, while there is general
agreement between the data, and the different calcula-
tions, it is not fruitful at this time to make an exhaustive
study of the differences between the results of the cal-
culations. The understanding of antiproton production
will undoubtedly require the use of detailed models such
as RQMD and ARC, and data measured with smaller
statistical and systematic uncertainties.
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Figure 7 shows the rapidity distributions of antipro-
tons calculated in our model for minimum bias, and (7%)
central Si + Al, Cu, and Pb collisions. The data are
from experiment E802 [11) and E859 [15] for Si+Al, Cu,
and Au collisions. The calculations have been shown for
three values of the formation time 7 = 1.5, 3.0, and 6.0
fm/c. The antiprotons were produced only in first col-
lisions. Once again, the model is able to describe the
data if the formation time is assumed to be ~ 6.0 fm/c.
If p production were enhanced by multiple collisions, the
data might be better described using a smaller formation
time and hence larger absorption. It is interesting to note
that the rapidity distribution shifts upwards in rapidity

B. SHIVA KUMAR, S. V. GREENE, AND J. T. MITCHELL 50

FIG. 7. The rapidity distributions of
antiprotons calculated for (a)-(c) mini-
mum-bias and (d)-(f) (7%) central Si+Al,
Cu, and Pb interactions. The data are from
E802 and E859 [4,11,15]. The curves are
the predictions of our model for p formation
times 7 equal to 1.5 (dot), 3.0 (dash), and 6.0
(solid) fm/c.

for the heaviest target if absorption is large. Such ef-
fects are even observable in minimum bias collisions, and
are rather pronounced in central collisions. The data do
not cover a sufficiently wide range in rapidity to infer
whether the mean of the rapidity distribution is vary-
ing with centrality. Experiment E878 has measured the
rapidity distributions of antiprotons at p; = 0 as func-
tions of centrality, and it would be interesting to see how
the location of the peak of the rapidity distribution de-
pends on centrality [16]. As mentioned previously, our
model assumes a rapidity distribution for nucleons which
is incorrect in small impact parameter collisions. In com-
parison to the model, there will be more baryons at mid

K®) 1 g R P e
R () Al T (d) Al
>~ 06 [ s
O 04 -
:': O 2 e :— .......
- T o
- O ;[L FETE T IR R B RN :1 TR B I BN S BN FIG. 8. The ratio of the
™~ 0.8 F - F e number of antiprotons surviv-
o) Sor P ()cu £ (e) Cu ing annihilation to the number
o 0.6 = T produced in (a)—(c) mimimum
'>—_- o ~F bias and (d)—(f) central inter-
i 0.4 2 - actions of Si beams and targets
O 0.2 Freee 00 e of Al, Cu, and Pb. The curves
C : N i 11 ) L i L S - i ) I t 1 1 I I 1 L1 - l 11 1 l 11 are the prediCtions Of our mOdel
i 0 g~ for p formation times 7 equal
0.8 . - to 1.5 (dot), 3.0 (dash), and 6.0
0'6 - (C) Pb E (f) Pb (solid) fm/c.
0.4 [T - e
0.2 L S -
O : ) AL”.JV“I -l‘ I L1 1 l ) - — ( 11 1 : S P Sk & } i il el Wt J’ N ‘ A I I [ 1 ] L1
0 02 04 06 08 0 02 04 06 038

p: (GeV/c)



50 ESTIMATES OF ANTIPROTON PRODUCTION AND. .. 2159

Figure 8 shows the results of our calculation of the ratio
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50 T IH ES e /ﬂ | E of the number of surviving antiprotons to the initial num-
40 (a) Si-+-/Al | F (d) Si+AY 3 ber of antiprotons produced, plotted as a function of p;
‘.@“ * / ﬁ 3 (integrated over all rapidity) for minimum bias and cen-
30 i E / INEE tral Si+ Al, Cu, and Pb collisions. As before, the curves
20 v = ' 3 are shown for the formation times 1.5, 3.0, and 6.0 fm/c.
10 - == 2 — There is a clear suppression of antiprotons at low p; on
0 HH 'rl HH‘H},L] {Jr}rlrl HHEH n f account of absorption. The effect is larger for central
50 T P L = —3 Si+Pb collisions, and is expected to be larger still in cen-
I, 40 (b) Si r¥ (e) Si4Cu % -~ T3 tral Au+Au collisions. The p; distribution of antiprotons
Z x 3 has been studied elsewhere in the context of differences
© 30 , 4 * 7 3 expected in the propagation of protons and antiprotons
o =<0 = M4l 3 through dense nuclear matter [41]. It was argued there
— 10 ES A —3 that the mean field would reduce the effective tempera-
0 ﬁ‘ HH{ HH l HH i HH t t H: ture of the antiproton spectrum. The effect of absorption
50 ) B ' —H was also discussed. The absorption of antiprotons at low
40 (c) Si+Pb "_% Ef (f) Si+Pb E}_g pt would increase the effective temperature of the p spec-
30 B EE _H trum. Once again, it would be interesting to look for
. B E such effects at central rapidity in p distributions stud-
=0 S E 1 - H ied as functions of centrality. Such data should become
10 T TEEAT T <1 available from the E864 experiment in the coming year.
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We now discuss briefly what our model would predict if
P production were enhanced in our calculations relative
N. to a first collision model. Figure 9 shows the yields of
int antiprotons as in Fig. 6. The predictions are shown for
a formation time 7 = 1.5 fm/c. Figures 9(a)-9(c) are for

tions of the number of projectile nucleons that have interacted B = 0.14 GeV and Figs. _9_(d)_9(f) ?re for B =0.2 Ge‘V.
in collisions between Si nuclei, and targets of Al, Cu, and Pb. The three curves are for p production enhagced‘relatlve
The data are from E814 [6,10]. The curves are the predic- to the corresponding 7 = 1.5 fm/c curve in Fig. 6 by
tions of our model for a p formation time 7 = 1.5 fm/c. The factors of 2, 4, and 6, respectively. The enhancement

OY 5 10 15 20 25 0 5 10 15 20 25 30

FIG. 9. The yield of antiprotons per event plotted as func-

P production enhancement factors are 2.0 (dots), 4.0 (solid), factors were chosen to be roughly consistent with the
and 6.0 (dash) relative to a first collision model. (a)-(c) use extent of enhanced p production claimed in the RQMD
B =0.14 GeV, and (d)—(f) use B = 0.2 GeV. model. One can see from the figure that while factors

of 2 and 4 enhancement followed by large annihilation
(7 = 1.5 fm/c) would be consistent with the Si+Al and
rapidity, and these will tend to produce a less pronounced Si+Cu data, respectively, the shapes of the predictions
rapidity shift of the p spectrum in central Si+Pb colli- for Si+Pb collisions differ from the data.
sions. However, there will be increased p absorption at Figure 10 is similar to Fig. 7. In this figure, we have
central rapidity, and this will result in an increase in the enhanced the production of antiprotons in the calcula-
width of the p distribution as was reported for Au+Au  tion by factors of 2, 4, and 6 for Si+Al, Cu, and Pb

collisions by the E878 experiment [17]. interactions, respectively. The curves are now shown for
> 0.03 [ r
2 : F(d) Al
X 00y L@A m £802 [ (d) m 802
Z L r
© F F
0.01 - <o P
. . _ FIG. 10. The rapidity distributions of
0 K PP o e - antiprotons calculated for (a)—(c) mini-
F () Cu L (&) Cu mum-bias and (d)—(f) central Si+Al, Cu, and
0.04 [ - Pb interactions. The data are from E802 and
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E859 [4,11,15] for Si+Al and Au interactions.
The curves are the predictions of our model

r for p formation times 7 equal to 1.5 (dot), 3.0
0 F * (dash), and 6.0 (solid) fm/c. The p enhance-
0.1 E_ ment factors are 2, 4, and 6 for Si+Al, Cu,
0.075 E_ and Pb collisions, respectively.
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formation times 7 = 1.5, 3.0, and 6.0 fm/c. We note that
a fixed enhancement factor is not able to describe both
minimum bias, and central collision data, indicating that
in the presence of large p absorption, p production is more
enhanced in central collisions relative to our calculation.

IV. SUMMARY AND CONCLUSIONS

We have developed a simple model to describe several
of the features seen in the data of experiments E814 and
E802. We have used the model to highlight the degree to
which the E; and N, distributions are determined by col-
lision geometry. The model was then applied to describe
the centrality dependence of p production measured by
E814. We found that the bulk of the available experi-
mental data on antiprotons produced in nucleus-nucleus

collisions are consistent with a scenario in which the p
yield increases linearly with the number of first collisions
if there is minimal annihilation of the produced antipro-
tons. An alternative scenario supported to some degree
by our calculations is that enhanced p production is fol-
lowed by large annihilation This latter scenario does not
describe the data as well the former. We are looking for-
ward to the availability of more data and better calcu-
lations to understand the mechanisms by which antipro-
tons are produced and annihilated in nucleus-nucleus col-
lisions.
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