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Antibaryons in massive heavy ion reactions: Importance of potentials
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In the framework of relativistic quantum molecular dynamics we investigate antiproton observable
massive heavy ion collisions at alternating-gradient synchrotron energies and compare to preliminary res
the E878 Collaboration. We focus here on the considerable influence of thereal part of an antinucleon-nucleus
optical potential on thep̄ momentum spectra.
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Antibaryon production is a promising observable for col
lective effects in nucleus–nucleus collisions. On the oth
hand,N̄’s suffer strong final-state interactions. These intera
tions have two components which can be related to theN̄
self-energy in matter: collisions and annihilation on baryon
@1# ~imaginary part, semiclassically given by 2 ImV5svr)
and a piece in the real part (ReV5tNNr in the impulse ap-
proximation!. In the semiclassical limit the real part of the
self-energy can be approximated by potential-type intera
tion @2# or a mean field.

Here we will focus on the effect of the real part. The
motivation is that the long-range force of baryons acting on
p̄ is expected to be stronger than for protons since th
Lorentz-scalar and the Lorentz-vector parts of a meson e
change potential now have the same sign. The influence
baryonic mean fields on baryons and mesons is well esta
lished. Therefore there should also be some influence
p̄’s.

The substantial impact of mean fields on particle spect
was studied earlier@3,4#. Following these ideas, we now in-
vestigate observables in nucleus-nucleus collisions, whe
B̄B potentials come into play. For this purpose, we employe
a simple model interaction, knowing that this choice is fa
from being unique.

In principle, one has to calculate the medium-depende
mean field and the cross section self-consistently to und
standN̄ behavior in matter. We calculate the forces acting o
a N̄ in a baryonic medium onlyafter freeze-out. However, by
taking the free interaction — annihilation, elastic scattering
nonannihilating inelastic channels — forN̄N in the collision
term during the dynamical evolution the real potential is in
cluded effectively. Yet it is far from clear that the cumulative
effect of the real potential from all of the baryons present
equivalent to multiplying the cross section by the number o
baryons. Our approach is similar in its spirit to the usua
treatment of the Coulomb distortion of particle spectra whic
is also restricted to final-state interactions@5#. However,
while Coulomb interaction may be safely neglected in th
stages of interparticle distance less than the range of t
strong interactions, it may well be that the strong forces u
der consideration here are of importance during the who
dynamical evolution.
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Addition of free interactions and mean-field contribution
would cause double counting of interactions: any geometr
cross section will appear as a larger physical cross section
the particles’ trajectories are bent due to attractive force
Figure 1 shows this effect for our model potential. Due to th
strong attraction for theB̄B case, a reduced geometric anni-
hilation cross section suffices to account for the measure
free annihilation probability in binaryN̄N reactions. This is
in rough correspondence to phenomenological models
p̄p interaction @6#, where the characteristic range of the
imaginary potential is chosen to be less than 1 fm, whic
corresponds to a disk much smaller than the free annihilatio
cross section. For the same reason the insertion offreecross
sections in the collision term of Vlasov-type models seem
questionable.

The great success of Dirac equation optical model calcu
lations forpA scattering@7# led us to using these relativistic
potentials ~Lorentz-scalar and vector interaction! with
Yukawa functions as form factors — applyingG-parity

FIG. 1. p̄p annihilation cross section as a function ofp lab.
Parametrization of the free measured cross section~full line! and
the corrected value, if potential interaction is added~dashed line!.
2011 © 1996 The American Physical Society
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transformation — for thep̄case1: The mass parameters a
mV53.952 fm21 and mS52.787 fm21; the coupling con-
stants aregV513.5 MeV fm andgS510.9 MeV fm. In line
with @7# we used Gaussians as baryon profiles with a m
square radius of 0.8 fm. The central part of an effect
Schrödinger equivalent potential~SEP! is constructed from
the above potentials:

USE5
1

2E
~2EUV12mUS2UV

21US
2!,

whereE is the total energy of the incident particle.
The p̄’s are produced and propagated with the usual re

tivistic quantum molecular dynamics~RQMD! simulation
@10# (NN potentials are switched off, i.e., pure casca
mode! until they undergo the last strong interaction. Afte
wards the trajectories of thep̄’s are calculated under th
influence of the relativistic optical potentials, while the r
maining particles continue to interact within the cascade
culation.

For N̄N distances, smaller than the corresponding ann
lation cross section, the real potential should not show
effect, since the huge imaginary part absorbs the partic
p̄ anyhow. We have chosen 1.5 fm as cutoff distance co
sponding to an averagedp̄p-annihilation cross section o
'70 mb.

The Schro¨dinger equivalent potential with the above p
rameters results in a meanp̄ potential in nuclear matter a
ground state density of about2250 MeV (pp̄50 GeV/c),
increasing with energy towards2170 MeV at pp̄51
GeV/c. These values are much more in accord with estim
tions on the basis of dispersion relations@11# than just taking
the sum of the scalar and vector potentials without any c
off. The actual~averaged! SE potential of thep̄’s at freeze-
out is about270 MeV in central Au1Au collisions at 10.7
GeV. We have also studied the influence of Coulomb effe
on the p̄ momentum spectrum. It shows that the avera
potential is less than210 MeV and therefore of les
importance.2

For central collisions of Au1Au at 10.7 GeV we find a
substantial change in the final phase space distribution o
p̄’s at low pt , deviating from results of a pure cascade, d
to the potential interaction during the last stage of the co
sion. Without potentials, we find a clearly nonthermal sp
trum with a dip at midrapidity forpt50. Due to the strong
momentum dependence of thep̄p-annihilation cross section
p̄’s with low transverse momentum are suppressed.

Figure 2 shows the pt spectrum at midrapidity
(20.4,y,0.4) of the antiprotons with and without the in
clusion of potential interaction. With potential interaction i
cluded the dip at lowpt gets filled without changing the

1Optical model calculations for intermediate energy antipro
scattering like in@8,9# cannot provide unambigous values of the re
part of the optical potential, since the imaginary part dominates
behavior.
2The effect may be relevant for pions: in the above system

ratio p2/p1 for pt,100 MeV increases according to our simul
tion by 25 percent due to the Coulomb potential.
e

an
ve

la-

e
r-

-
al-

hi-
an
lar
re-

-

a-

ut-

cts
ge

the
e
lli-
c-

-
-

shape of the spectrum at higher momenta. Figure 3 shows th
invariant multiplicity (1/2ppt)(d

2N/dy dpt) of p̄’s with
pt,200 MeV. RQMD 1.07 calculations with and without
potentials are compared to preliminary data of the E878 Col
laboration @12#. In addition to the presented result for the
proposed model interaction we calculated the effect for the
same potentials arbitrarily reduced by 50%. Still the dip at
midrapidity vanishes although the change is less pronounce
Note that thept-integrated spectrum at midrapidity is af-
fected by less than 25 percent in comparison to the calcula
tion without potential interaction. This number is important
to assess previously published model results@16–18# with
respect to possible mean-field effects.

The theoretical understanding ofp̄ propagation in a
baryon-dense medium is far from satisfying. For instance
the absorption strength differs by orders of magnitude if one
compares different transport calculations@11,13–18#. The
basic assumption of the results presented here has been th
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FIG. 2. Invariant pt spectrum of the p̄’s at midrapidity
(20.4,y,0.4) for central reactions of Au1Au (b,4 fm! at 10.7
GeV/u. Shown is the spectrum of the RQMD calculation~full line!
and with an additional optical potential~dashed line!.

FIG. 3. Invariant rapidity distribution of thep̄’s with pt,200
MeV for Au1Au (b,4 fm! at 10.7 GeV/u. Shown is the RQMD
calculation~dashed line!, with the additional optical potential~full
line! and the 50% reduced potential~points!. Preliminary data~full
circles! from @12# ~the error bars are omitted!.
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the considerable repulsion between nucleons in the vec
piece of their potentials implies an equally strong addition
attraction for antinucleons in nuclear matter. We have fou
that residual attraction after freeze-out may considerably d
tort the final antinucleon momentum spectra. There is litt
reason to assume that inclusion of these effects during
dynamical evolution would produce only small effects. Th
certainly expresses the need for a truely self-consistent tre
ment of antibaryon propagation in nuclear matter, includin
the collision terms and realistic mean fields. The annihilatio
process will have to be modified, e.g., the strength of t
cross section as discussed in this paper. It will also be
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quired to develop a model forN̄N annihilation below the 2
mN threshold, because the antibaryons acquire effecti
masses in the medium. Our study should be seen as a mod
first step on the way towards a self-consistent treatment
the real and the imaginary parts of theN̄N potential in the
framework of the RQMD approach. We note that ‘‘screenin
of the long-range part of antibaryon absorption in a dens
medium’’ has been suggested as another mechanism
larger antibaryon survival rates@15#. It will be interesting to
study such a process as well — alternatively or in addition
mean field effects — in future work.
C

rk

.

.

s.
@1# S. Gavin, M. Gyulassy, M. Plu¨mer, and R. Venugopalan, Phys
Lett. B 234, 175 ~1990!.

@2# W.W. Buck, C. B. Dover, and J. M. Richard, Ann. Phys.~N.Y.!
121, 47 ~1979!; C. B. Dover, and J. M. Richard,ibid. 121, 70
~1979!.

@3# V. Koch, G. E. Brown, and C. M. Ko, Phys. Lett. B265, 29
~1991!.

@4# E. V. Shuryak, Nucl. Phys.A533, 761 ~1991!.
@5# M. Gyulassy and S. K. Kauffmann, Nucl. Phys.A362, 503

~1981!.
@6# M. Kohno and W. Weise, Nucl. Phys.A454, 429 ~1986!.
@7# L. G. Arnold, B. C. Clark, R. L. Mercer, and P. Schwand

Phys. Rev. C23, 1949~1981!.
@8# K.–I. Kubo, H. Toki, and M. Igarashi, Nucl. Phys.A435, 708

~1985!.
@9# A. Ingemarsson Nucl. Phys.A454, 475 ~1986!.

@10# H. Sorge, H. Sto¨cker, and W. Greiner, Ann. Phys.~N.Y.! 192,
266 ~1989!.
.

,

@11# S. Teis, W. Cassing, T. Maruyama, and U. Mosel, Phys. Rev.
50, 388 ~1994!.

@12# E878 Collaboration, M. J. Bennett, Proceedings of the Qua
Matter ’95 @Nucl. Phys.A590, 491c~1995!#.

@13# G. Q. Li, C. M. Ko, X. S. Fang, and Y. M. Zheng, Phys. Rev
C 49, 1139~1994!.

@14# G. Batko, A. Faessler, S. W. Huang, E. Lehmann, and R. K
Puri, J. Phys. G20, 461 ~1994!.

@15# S. H. Kahana, Y. Pang, T. Schlagel, and C. B. Dover, Phy
Rev. C47, R1356~1993!.

@16# C. Spieles, A. Jahns, H. Sorge, H. Sto¨cker, and W. Greiner,
Mod. Phys. Lett A27, 2547~1993!.

@17# A. Jahns, C. Spieles, R. Mattiello, H. Sto¨cker, W. Greiner, and
H. Sorge, Phys. Lett B308, 11 ~1993!; A. Jahns, C. Spieles, H.
Sorge, H. Sto¨cker, and W. Greiner, Phys. Rev. Lett.72, 3464
~1994!.

@18# H. Sorge, M. Berenguer, H. Sto¨cker, and W. Greiner, Phys.
Lett. B 289, 6 ~1992!.


