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Spin observables in low energy nucleon-antinucleon scattering
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We discuss the model dependence of the spin parameters for low and medium energy

antinucleon-nucleon (NN) scattering. An NN potential model is used, consisting of a t-

channel meson exchange part, supplemented by a complex annihilation potential, adjusted

to reproduce the observed energy dependence of total elastic, inelastic, and charge exchange

cross sections. A number of striking spin effects are predicted, particularly in the charge
exchange channel. We explore the sensitivity of the effects to changes in the real and ima-

ginary parts of the NN potential; in particular, we assess the possibility of extracting the

strength of the coherent NN tensor potential due to m, p, and co exchange from future data.
Some implications of our results for future experiments are mentioned.

NUCLEAR REACTIONS Nucleon-antinucleon scattering, spin-

dependent observables.

I. INTRODUCTION

Except for some rather crude pp polarization
measurements at a few low energies, ' there is very
little experimental data on the spin dependence of
the antinucleon-nucleon (NN) interaction, in con-
trast to the situation for the NN system, where the
spin effects are well mapped out. Apart from a few

angular distributions, most of the available NN
data involve integrated elastic cross sections which
can be reasonably well fitted by very crude models,
such as a boundary condition or black sphere
model (see, e.g., Fig. 7 in Ref. 5). Total absorption
cross sections can even be accounted for in terms of
a purely imaginary potential, so such data do not
provide a sensitive test of the Yukawa theory for
the long range real part of the NN interaction. An-

gular distributions, especially for @penn charge ex-

change, depend, of course, much more on the
meson-exchange tail, particularly the one pion ex-

change part. They, however, do not sensitively test
the characteristic spin dependence (particularly ten-
sor forces due to m.m. and co exchanges) of this part
of the interaction. We indicate here that certain
NN spin observables are in fact very sensitive to
such details of the interaction and promise to pro-
vide useful constraints on models of the NN interac-
tion.

The LEAR facility at CERN, which will deliver
high quality intense antinucleon beams at low ener-

gies, promises to greatly expand our empirical

knowledge of the NN interaction. In particular, ex-

periments to measure NN spin dependent observ-
ables should become possible in the near future. It
thus seems appropriate to examine some models for
the NN interaction in order to see what sort of spin
effects may be anticipated, and how they may re-
veal interesting details of the spin structure of the
NN potential. We emphasize here the qualitative
features; the detailed predictions will of course
change as the models are refined. Our observations
may be of some interest in planning future experi-
ments at LEAR.

In Sec. II, we present a brief review of the poten-
tial model employed to describe the NN interaction,
as well as the formalism pertinent to the NN spin
observables. In Sec. III, we discuss selected numeri-
cal results based on a potential model for the NN
interaction, adjusted to fit the observed energy
dependence of total elastic, and charge exchange
cross sections.

II. THE NN POTENTIAL
AND SPIN OBSERVABLES

To describe the NN interaction arising from me-
son exchange (r channel), we start with the Paris
model for the NN potential, and use the G-parity
transformation to relate the NN and NN potentials
(sign change for G =—I exchanges such as mand.
co). This provides a model for the medium and long
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range parts of the potential of the form (r )ro)

V, "(~)= V (r)+ Vi~(r)+ V„(i),

V, (r) =—V~(r)+ V2~(r) V„(—r) .
(2.1)

VsR(r)= —(Vp+iWp)l(1+e'" "' ') . (2.2)

The parameters Vp, 8'p, R, and a can be determined
by a fit to total cross section data (elastic, inelastic,
and charge exchange). One of our goals here is to
test the sensitivity of the NN spin observables to the
parameters of the absorptive potential. According-
ly, we consider two models which produce essential-
ly the same quality of fit to total cross section data.
Model I is taken from Ref. 10, and consists of the
choice

In the Paris model, the two pion exchange piece
Vz (r) [which includes the p and e contributions of
more phenomenological one boson exchange (OBE)
models] is calculated in a dispersion theory ap-
proach, using mN and mw scattering data as input.
The details of the Paris potential are discussed in
Refs. 7 and 8, and its implications for the NN in-
teraction in Refs. 5 and 9. The behavior of the real
NN potential at short distances is essentially un-
known theoretically, and is largely unconstrained by
the existing NN scattering data. We have chosen a
square well cutoff Vzz(r) = V~&(ro) for r & ro 0.8——
fm as in Ref. 10.

The real potential V, from meson exchange
must be supplemented by a short range part VsR ac-
counting for elastic forces in the core region and an-
nihilation into mesons. There have been several re-
cent attempts to derive the NN annihilation poten-
tial. Some groups" still consider as a guide s-
channel meson exchange diagrams, as in the early
paper of Martin. ' In this approach, mesons and
nucleons are treated as elementary objects. One can
also try to understand NN annihilation in terms of
processes involving quarks. Maruyama and Ueda, '

for instance, build their model from the assumption
of a simple rearrangement of the quarks and anti-
quarks. We note that in this approximation no EE
pairs would be produced, contrary to experiment.
In Ref. 14, the driving process is a quark-antiquark
annihilation into one gluon. The rearrangement of
the gluon and the remaining quarks into a physical
state is not considered. Also the relevance of per-
turbative quantum chrom odynamics (QCD) for
such a process is not demonstrated. In this paper,
we adopt, as in Ref. 10, a purely phenomenological
form for Vs„

R =0, a= —, fm, Vo ——21 GeV, Wo ——20 GeV

(model I) . (2.3)

A second model is obtained by allowing VsR(r) to
have a flat region for small r (i.e., R+0) and read-
justing 8'p and Vp to obtain about the same
strength in the region near r = 1.1 fm. This leads to

8=0.8 fm, a= —, fm, Vo ——500 MeV,

8'p ——500 MeV

(model II) . (2.4)

Model II corresponds to weaker absorption in the
far surface region (ry1.5 fm). As we shall see,
spin observables (which can depend on delicate in-
terferences between different amplitudes) are more
sensitive to this region than total cross sections.
Note that both models I and II include a real part
for Vs„(r); the fit' to total cross sections displays a
preference for an attraction comparable in size to
the imaginary part. Our VsR(r) is independent of
spin S, isospin I, and energy E. A more extensive
fit to NN data by Vinh Mau and collaborators" in-
dicates the need for departures from our simplified
picture. The strong dependence on S, I, and E that
they find must also exert a significant influence on
the spin observables.

The general features of NN potentials have been
reviewed in Refs. 5 and 9. The most striking
feature of V, (r), which is characteristic of any
meson exchange model, is the coherence of tensor
[Vr(r)] and quadratic spin-orbit [VLs2(r)] poten-
tials for isospin I=O. That is, the contributions to
VT(r) generated by m., p, and co exchange are all of
the same sign for I=O, leading to repulsion for
J=L and attraction for J=L+1. On the other
hand, the L.S and o ~

o.
2 potentials do not display

such coherence for NN, in contrast to the situation
for NN, where coherent repulsion of spin-orbit po-
tentials leads to a zero in the 3Po phase shift, for
instance. The NN and EN systems are thus pri-
marily sensitive to different components of the
underlying potential. Our hope is that the NN spin
observables will enable us to determine the summed
strength of the tensor interaction. Clearly, the pion
tensor force has the most important influence on
spin properties, because of its long range. It will be
interesting to see to what extent one can extract the
coherent vector meson contribution, in the presence
of a rather strong absorptive potential. We are also
interested in isolating dramatic spin effects which
are relatively model independent, i.e., driven essen-
tially by pion exchange alone. That is, we look for
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situations where one obtains lar ee o ains arge polarizations,
'za ions, spin rotations, etc. Suc

tions could be of interesu o interest for the design of polarized
ms at LEAR.

r e ana ysis of nucleon-The spin formalism for the 1

nucleon scattering experiments has been given in de-
tail in the literature. ' ' W " ee have evaluated all the

ir an ourth rankspin observables (except for third d f
spin correlation tensors) for the th

+p—p, pn~pn, and pp~nn, using both the for-
malisms of Hoshizaki' d B
Winternitz. ' Thes

an stricky
'

y, Lehar, and

ferent re r
ese two approaches whi h d'f

p esentations for the amplitudes
ic use

independentl to r
pi u es, were used

calcul
en y to provide a numerical check th

ation. We use the nor 1 t' '
ec ont e

for spin observables in t e labor
e a ivistic ex res

s iza i . With the exce tion

warded in Re. 17
r, an, in Ref. 15 (and ununfortunately for-

sistent.
in e. 17, t e two approaches weree con-

Note that t er
between the s mm

at t ere are some important diffan i erences
e symmetry properties of NN and NN

observables. For NN the Pe auli principle no longer
operates, so for each partial wave L, all four s in-

ymmetries of the spin observables due to
the transformation 8~r 8—~r —8 are no longer satisfied
or t e NN s stem.

complex amplitudes as for NN scatterin

o i
—cr2) L, which occurs in the AN p

'
for

instance, is absent for NN u - ' a-
potential for

tion.
or due to 6-parity conserva-

The potential models outlined above have been
used to compute the diffpu e e i erence of cross sections
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FIG. 3. Model dependence of the pp~pp elastic po-
larization P(0) at 130 MeV. Keeping the meson ex-

change potential fixed, the two solid curves show the ef-
fect of changing the annihilation potential (model I vs

model II). For model II, we also show the effect of omit-

ting two and three pion exchanges (m. only), or omitting
the one pion exchange contribution while retaining
heavier meson exchanges (no m).

0. 1

in producing sizable spin effects in the NN system.
The effect of L S and o i o 2 terms is found to be
quite small. We illustrate this point in Figs. 1 and 2
for P(8) and C„„(8) at 130 MeV. The dashed
curves indicate the effect of turning off various
piix:es of the NN potential, leaving VsR(r) fixed.
The neglect of spin-orbit and spin-spin terms has
only a small effect on the angular shape. Neglect-
ing coherent tensor and quadratic spin-orbit terms,

however, produces a drastic change. Without these
terms, almost no pp —+pp polarization is obtained.
Note that VT(r) is much more important than

VLs2(r), due to the key role of pion exchange, which
does not generate spin-orbit terms. This is in strik-

ing contrast to the situation for the NN case, where

P(8) arises mostly from spin orbit rather than ten-

sor effects. It is clear that we are looking at com-
plementary aspects of meson exchange potentials in

NN and NN spin observables.
The model dependence of our results for the po-

larization P(8) for pp~pp and pn~pn (or np~np)
is shown in Figs. 3 and 4. The sensitivity to the ab-
sorptive potential (model I vs model II) is quite no-

ticeable, particularly in the backward hemisphere
(cos8&0). Model II, corresponding to weaker ab-

sorption, leads to larger polarizations in general
than model I; this holds also for most other spin ob-
servables. The available data for P(8) are restrict-
ed to the forward hemisphere and have large error
bars; they are consistent with both models I and II.
Note that P(8) remains rather small at all angles,
not exceixling about 0.3 in magnitude (unless the ab-

sorptive potential is weakened further). Even at
lower energies in the range 30—100 MeV, the peak

pp ~pp polarization does not exceed about 0.3 or so.
The effect of removing various components of the
real potential is also shown in Figs. 3 and 4. If the
m exchange potential is neglected, the predictions
for P(8), as well as most other spin observables,
change qualitatively; the effect is much more mod-
est for total cross sections. If the pion is retained,
but V2 and V„are neglected, the effect is less
dramatic than for V =0, but still quite noticeable,
particularly for large angles. In an eventual
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FIG. 4. Model dependence of the isospin I =1 polari-
zation (pn~pn or np~np) at 130 MeV. The effect of
omitting two and three pion exchanges is indicated by the
dashed line. The solid curves include the full meson ex-
change potential, but vary the annihilation potential. A
comparison of Figs. 3 and 4 reveals the effect of the
strong isospin dependence of the meson exchange poten-
tial (the absorptive part is taken to be isospin indepen-
dent).
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FIG. 5. Energy dependence of the elastic pp ~pp po-
larization in model II. The curves are labeled by the lab-

oratory kinetic energy.
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FIG. 6. Depolarization parameter D(0) for I=1 at
130 MeV. The solid curves correspond to choosing
model I or II for the annihilation potential. The dashed
curve shows the effect of omitting m.m and co exchange in
model II.

analysis of data, the difficulty in isolating the in-
teresting effects of scalar and vector meson ex-
change will be in distinguishing them from changes
induced by varying the short range core. As seen in
Fig. 4, for instance, changes in VsR(r) can mimic
the effect of V2 and V„. The untangling of these
effects must consider the energy dependence of a
number of spin quantities. The predicted energy
dependence of P(8) for pp~pp is shown in Fig. 5.
For cosj9&0, the polarization evolves in a very
smooth fashion as the energy increases. Larger
peak polarizations are obtained at lower energy.
For cost9 &0, very rapid energy dependences are an-
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FIG. 7. Isospin dependence of the spin rotation
parameter R(8) in model II at &30 MeV. For pp~pgyg
charge exchange, the inAuence of the one pion exchange
is also shown.
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FIG. 8. Polarization transfer A, (0) for elastic scatter-
ing at 130 MeV.

ticipated, the details of which are sensitive to the
model for VsR(r).

Several other observables display more dramatic
spin effects than P(8), although they are also more
difficult to measure. For instance, we display the
depolarization D(8) for pn~pn at 130 MeV in Fig.
6. A very small value of D(8) is predicted for
cos8= —0.4 [recall D(8)=1 in the absence of spin
dependence]. The size of this effect depends strong-
ly on the 2m and co contribution. Since models I
and II give rather similar predictions, this may af-
ford a good probe of the strength of the coherent
tensor potential.

In Fig. 7, we give an example of the strong isos-
pin dependence of spin observables, by plotting the
spin rotation parameter R(8) for pn +pn (pure—
I =1 in s channel), pp~pp (mixture of I=0, 1 both
in s and t channels), and pp~nn I=0, 1 in s chan-
nel, T =1 in t channel). The dominant role of pion
exchange in the charge exchange process is indicat-
ed by the dashed line in Fig. 7, which shows the
drastic consequence of omitting V . Note that very
large values of R(8), of either sign depending on the
channel, can be expected.

In Fig. 8, we display the polarization transfer
A, (8) for pp~pp at 130 MeV. As for D(8), the 2n.
and co exchanges, through their coherent tensor po-
tential, serve to amplify the size of A, (8). Finally,
in Fig. 9, we exhibit the spin correlation tensor A
for pp~nn. It provides an example of a number of
very dramatic spin dependences predicted in the
charge exchange channel. The extreme variation in

from essentially —1 to + 1 near the forward
direction is almost model independent. If tensor
forces are suppressed, this effect disappears, as indi-
cated by the dashed line in Fig. 9. In charge ex-
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