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Antideuteron Production in High Energy Heavy Ion Collisions
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Experiment E858 at the Brookhaven National Laboratory Alternating Gradient Synchrotron has
recently reported the detection of two antideuterons produced in 14.6A GeV/c Si + Au collisions. The
data were interpreted as implying antideuteron production rates about an order of magnitude below
expectations. We use an extended RQMD model to demonstrate that the antideuteron yields are readily
explained in a dynamical scenario that includes collective expansion and strong antinucleon absorption.

PACS numbers: 25.75.+r

The enhanced production of antibaryons has been pro-
posed as a potential signature for the identification of a
novel state of matter: the quark-gluon plasma [1]. Heavy
ion collisions at energies of the BNL Alternating Gradi-
ent Snychrotron (AGS) (10—15 GeV per nucleon) have
been used to create nuclear matter at high baryon density
(about 6 to 10 times normal nuclear matter density), and,
possibly, quark matter [2]. Any enhanced production of
antiprotons (p) and antideuterons (d) may be counterbal-
anced by annihilation in this unusual environment. Anti-
baryon distributions could therefore be both a signature
for quark matter formation and a probe of this baryon
density [3]. There are two models, RQMD [4] and ARc [5],
that have successfully described antiproton spectra for Si
beams at AGS energies. In the RQMD model, the initial
production and the subsequent annihilation of the antipro-
tons is large. In the ARc model, fewer antiprotons are
initially produced, but p annihilation is "screened" in the
high density collision environment. Any effect of the col-
lision environment on the production and annihilation of
antiprotons will be further enhanced in the production and
annihilation of antideuterons. It is therefore important to
understand how and how often antinuclei (and in particu-
lar the d) are produced.

The first reported measurement of the d [6] was able
to account for the yields in p + Cu collisions in terms
of a "simple" coalescence model. The measurement
of antideuterons in experiment E858 at the BNL AGS
has been interpreted similarly [7,8] and represents an
unexpectedly low yield when compared to the predictions
of simple coalescence models. This result may provide
information on hadronization and annihilation processes
in baryon rich environments and also shed light on
a possible screening of the annihilation of antiprotons
[5] and antideuterons. Thus, it is important to better
understand the E858 result and possible shortcomings in
the coalescence models used in its analysis.

First, we discuss coalescence models, the specific as-
sumptions they make, and whether these assumptions are

consistent with experimental data. The simple coales-
cence picture, first put forth by Butler and Pearson [9]
and later extended by Schwarzschild and Zupanlic [10],
describes the invariant cross sections of light nuclei with
atomic number A in terms of a scale factor and the Ath

power of the proton invariant cross sections [11]. The
same equation when cast in terms of invariant multiplici-
ties [8] yields a scale factor 8& which should be unique
for a given nuclear species and should not vary with beam
energy, target, and projectile mass. Also, one would ex-
pect BA to have the same value for a nucleus and its
antinucleus. We use BA for clarity to describe the same
quantity for antinuclei. The BA values obtained for light
nuclei from numerous LBL Bevalac experiments study-
ing nucleus-nucleus collisions [12] and CERN Super Pro-
ton Sychrotron (SPS) [13]and Fermilab [14]experiments
studying p + A collisions seem to be relatively indepen-
dent of energy, as is shown in Fig. 1. There is no Bevalac
data for antideuterons. However, as also shown in the
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FIG. l. Coalescence scaling factor BA for matter and antimat-
ter plotted as a function of the kinetic energy per nucleon T/A
(GeV). The data for nuclei are from [12—14j and the data for
the antiuuclei are from [7,8,13,14].
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same figure, data from p + A collisions at higher ener-
gies yield scaling factors for antinuclei which are similar
to those for nuclei.

The above data are in reasonable agreement with the
simple coalescence model. However, this model calcu-
lates the production of the (anti)deuteron by consider-
ing the proximity of the (anti)nucleons in momentum
space only and ignores their spatial separations, at the
times when the (anti)nucleons have stopped interacting
(at freeze-out). In reality, greater spatial separation be-
tween nucleons at freeze-out lowers the probability for
the formation of heavier nuclei. Thus, one would expect
the scale factor (Bq) to be inversely related to the av-

erage separation between the nucleons at freeze-out and
there from the volume of the system. If all the nucle-
ons are within a small volume of the size of the deuteron
(rms diam = 4.2 fm), then the spatial overlap factor can
be ignored and BA should be constant. Although projec-
tiles of mass as large as A = 40 were used at the LBL Be-
valac, few secondary particles are produced due to the low
beam energy. Thus, the collision volume does not appear
to expand significantly before freeze-out. All the data
at higher energies (greater than 200A GeV/c) from SPS
and Fermilab are for p + A systems. These collisons,
therefore, have small interaction volumes despite the sig-
nificantly higher energy. For collision volumes with di-

mensions far in excess of that of the deuteron, the simple
coalescence model fails (BA is not a constant), as we dis-

cuss below.
Also shown in Fig. 1 is the value for B2 measured by

experiment E858 for antideuterons at p, = 0 produced
in minimum bias 14.6A GeV/c Si + Au interactions [8].
The value is significantly lower than previously seen
in the p + A data and inconsistent with the simple
coalescence description.

In the attempts to understand the E858 measurement,
comparisons were made between the scaling factor for
deuterons and antideuterons, at a time when no pub-
lished scaling factors for deuterons at AGS energies were
available. Thus, 82 measured at the Bevalac was com-
pared to B2 measured at the AGS [7,15]. Recently, AGS
experiment E814 has reported the deuteron scaling fac-
tor at p, = 0 in minimum bias Si + Pb collisions to be
B2 = (4.3 ~ 0.2) X 10 [16,17]. These data are also
shown in Fig. 1 and are significantly lower than the Be-
valac B2 value used in previous attempts to understand the
E858 data. It is important to note that although 82 and B2
at AGS energies are not equal within uncertainties, both
values are below the Bevalac and higher energy p + A

experimental results.
Deviations from the simple coalescence model are more

striking if one looks at the collision geometry depen-
dence of B~. Data from experiment E814 for Si + Pb at
14.6A GeV/c reveal a significantly lower value for 82 for
deuterons produced in central collisions than in peripheral
collisions by a factor of approximately 40 [16,17].

The decrease in B2 for the AGS data can be understood
in the context of the thermodynamic [18] and density
matrix models [19] as implying a freeze-out volume
and radius that are large in comparison to those of
the deuteron. An RMS radius has been deduced for
central Si + Pb collisions, using a density matrix model,
to be 7.1 fm [17], indicating substantial expansion of
the system beyond the sizes of the colliding nuclei.
In contrast, there appears to be minimal expansion of
the collision volume at the lower Bevalac energies and
in p + A collisions at higher energies. Although the
density matrix and thermodynamics models can explain
the variations in B&, they are inadequate for a detailed
description of the AGS d and d data [8,17]. Both
models assume that the source of (anti)nucleons can be
described by a Gaussian distribution, that all nucleons
have a common freeze-out time, and that there is no
correlation between the positions and momenta of the
various (anti)nucleons. All of the above are inaccurate
[20,21]. In an attempt to reconcile the E858 data, it

has been pointed out that, due to the large annihilation
cross section of antinucleons in the baryon dense collision
environment, the antideuterons may be formed only on
the surface of the collision volume and thus not have
a Gaussian spatial distribution [15]. In contrast, the
nucleons and thus the nuclei would occupy the entire
collision volume. Since BA has been shown to depend
on collision geometry [16,17], one can expect this to be
refiected in the dependence of B„andBA for the d and

the d on projectile, target, and centrality. It is therefore
imprudent to make predictions for the d yields in E858
based on the B2 value measured by E814 in minimum

bias collisions. Any similarity between 82 and 82 for
the minimum bias AGS data could be obscuring some
interesting physics which cannot be understood in the
framework of the simple coalescence and thermodynamic
models. Though there have been improvements to the
density matrix model [22] such calculations do not

adequately describe the space-time development of the

collision volume. We have therefore used a cascade
model to study the dynamics of d production.

The relativistic quantum molecular dynamics model

(RQMD Version 1.07) [23] has been used extensively to de-

scribe the spectra of particles, in particular the p [4] over a
wide range of bombarding energies for several projectile-
target combinations. The method of relativistic constraint
Hamiltonian dynamics is used to model the nucleus-
nucleus collisions at a microscopic leve1. Models such as
RQMD do not include the production of light (anti)nuclei,
thus such a calculation must be added as an extension.
The previous attempts to calculate deuteron production
have employed 8 functions with phenomenological pa-
rameters in momentum and configuration space [20,24].
The phase space output of RQMD gives the final momenta

and locations at which particles suffer their last interac-
tions (defined for an energy threshold of 2 MeV). We
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consider neutrons and protons in pairs, and if in their
center of mass frame they are within hR = lrq —r2l =
3.8 fm and AP =

l p~
—p2l = 185 MeV/c of each other,

we assume they will form a deuteron [20]. Alternatively,
we calculate the deuteron formation probability by pro-
jecting the nucleon pair phase space on the deuteron wave
function via the Wigner-function method as described
elsewhere [25]. The deuteron Wigner density (pq ) is ap-

proximated to be that of the ground-state harmonic oscil-
lator wave function. The yield of deuterons is given as

dN~ = —— gp~ (pp, ap))d (pp + pp) .
E,J

The sum goes over all possible n and p pairs, whose
relative distance (hR) and relative momentum (d, P) are
calculated in the two-nucleon rest frame at a common
time after both nucleons have ceased to interact. The
factors 4 and 2 account for the n, p pair being in the
right spin (s = 1) and isospin (I = 0) state, assuming no
dynamical isospin correlation [21]. We describe details of
the Wigner function technique and its application to the
description of deuteron production in p + A and A + A

collisions elsewhere [26].
The fusion of a neutron and proton into a deuteron has

to involve (at least) one additional particle in order to con-
serve energy and momentum. A coalescence procedure
using 6I functions does not specify the exact coalescence
process and thus retains generality at the expense of hav-

ing two phenomenological parameters. The process mod-
eled here (p + n -. d) does not conserve the sum of the
free single nucleon energies before fusion. Note, however,
that the deuteron binding energy is small (2.3 MeV). Fur-
thermore, the single particle energy spreading just prior
to coalescence, which is required from the quantum un-

certainty principle, would dominate this energy mismatch
[27]. An obvious advantage of the wave function method
is its parameter free description of cluster formation [25].
Shown in Fig. 2 are comparisons of the RQMD/coalescence
(RQMD/c) calculations with E814 data at p, = 0 for cen-
tral and tninimum bias collisions. The agreement of the
calculation with the data for the deuteron system gives us
confidence in the coalescence methods and the phase space
distribution of nucleons in RQMD. Thus, we apply similar
methods to the d system.

For the coalescence calculation to be believable, the
RQMD prediction for the constituents must be accurate.
Shown in Fig. 3 are data for antiprotons measured by ex-
periment E858 in Si + Au collisions at p, = 0 (shown
with systematic errors of 20%) [8,28]. Also shown are data
from experiments E814 [29] and E886 [30]. The agree-
ment between the experiments and RQMD is reasonable,
though the RQMD predictions are low at midrapidity. The
calculations do not account for Coulomb forces and do not
include the p resulting from antilambda (A) decay, whose
contribution could raise the total p yield. Further, it is not
clear to what degree the experimental p data include con-
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FIG. 2. Deuteron invariant multiplicities measured at p, = 0
by experiment E814 for Si + Pb central and minimum bias
collisions [16,17]. Also shown are the RQMD/C calculations
for d and d (X1000) for the same centrality cuts. For the d,
the histograms and curves are the results of phenomenological
and Wigner density calculations, respectively. Both curves for
the d were calculated using the Wigner density technique.
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FIG. 3. p [7,8,28 —30] aud d [7,8] invariant multiplicities
measured at p, = 0 for Si + Au(Pb, Pt) minimum bias colli-
sions at 14.6A GeV/c. Also shown are sensitivity limits for
antideuterons where candidates were not observed. The RQMD

(p) and RQMD/C (d) results are shown as histograms. We also
show the results of a simple d coalescence calculation as was
done previously [7,8].

tributions from A decay. However, the contribution to the
d yield from such antiprotons should be negligible because
the lifetime of the A (2.631 X 10 '0 s) is much longer than

the lifetime of the system. Thus the p resulting from such
decays will be spatially isolated from other antinucleons at
that late time. For lack of experimental data, we assume
that the n distributions are also predicted correctly.

We show in Fig. 3 the d distribution calculated using
the Wigner density method and the E858 measurement
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and upper limits. Additionally, the prediction of the
simple coalescence model using the p data and the B2
value from Bevalac data is shown (as was calculated in

[7]). The agreement of the RQMD/c prediction with the
data reconciles the puzzle of low d yields.

%e have examined the phase space distributions of the
ingredients of antideuterons at the time of last interaction
in the RQMD/c model as we have done for deuterons [20].
In Si + Au minimum bias collisions, the d distribution
is peaked at approximately midrapidity (y&& = 1.7) as
shown in Fig. 2. However, in central collisions, the mean
shifts by almost 0.5 unit of rapidity toward the Si projec-
tile rapidity. This shift is caused by significant annihila-
tion of the antideuterons in the more baryon rich regions
of lower (toward Au target) rapidity. Also, in Si + Au
central collisions, we have looked at the spatial distribu-
tion of the d and found a lower density of antideuterons
in the very center, suggesting the importance of annihi-
lation. Also, the d distribution is distinctly asynunetric.
There are fewer antideuterons in the spatial region corre-
sponding to the Au nucleus and more in the region of the
Si nucleus, again due to annihilation. In contrast, the d
spatial distribution appears to be enhanced in the region
of the Au nucleus, as expected.

Although the agreement of RQMD/c with experiment
E858 is good, due to the limited data one cannot conclude
that RQMD is modeling exactly the space-time distributions
of antinucleons and antinuclei. Many of the effects we
have discussed above should be more pronounced in

the larger Au + Au system. Also, in order to better
use the information from light (anti)nuclei production
to understand the collision volume and thus the baryon
density at freeze-out, centrality information is crucial. We
hope such data wi11 soon be avai1able from experiment
E864 and will provide additional tests of our calculations.

We have used the RQMD/coalescence model to calculate
d and d production in nucleus-nucleus collisions. We
find that this dynamical model which takes into account
collective expansion, strong antinucleon absorption, and
coalescence is able to describe the data of experiment
E858. We have highlighted very interesting differences
between the sources of deuterons and antideuterons. Such
differences warrant further theoretical and experimental
investigation using both this and other techniques.
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