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A model has been constructed for nucleon-antinucleon annihilation which is of short
range but is state (energy, spin, isospin, . . . ) dependent as dictated by the calculation of
annihilation diagrams. Thb model fulfills general theoretical requirements and, at the
same time, provides a good fit of the presently available pp experimental data, better
than the existing models which are state independent but effectively long ranged. The
present results contradict the generally accepted claim that fitting the PP data requires
an effective long-ranged annihilation potential.

PACS numbers: 21.30.+y, 24.10.Ht

The low-energy antiproton ring (LEAR) will be
in operation at CERN within a short time and
several proposals for high-statistics antiproton-
nucleon experiments on cross sections as well as
on polarization (or analyzing power) have already
been scheduled. ' It is hoped that these new gener-
ation experiments will (i) improve the accuracy
of the existing experimental data and (ii) provide
results on new observables such as spin-correla-
tion parameters, etc. In view of these prospects,
a careful study of the NA' interaction is very de-
sirable.

The interest in the study of the NK interaction
has also been revived during the last few years
by the experimental indication of narrow-width

bosons strongly coupled to the NN system, the
baryonia. Although more recent experiments'
seem to question the existence of these narrow
baryonium states, theoretical interest still re-
mains. On the one hand, a baryonium state can
be viewed as a state of two quarks and two anti-
quarks confined in a color singlet system, and
very narrow widths are predicted. ' On the other
hand, a baryonium state can in a more conventioo-
al way be viewed as aNN bound state or reso-
nance and a serous study of these states requires
an accurate knowledge of the NN interaction.

As we are concerned here mostly with the low-
energy region covered by LEAR, a simple and
appropriate approach to the KN interaction is
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that using an optical potential. This has been
adopted in the past by many authors. They gen-
erally used the G-parity-transformed one-boson-
exchange NN potentials for the real. part, and for

. the imaginary part a phenomenological local and
state-independent (i.e. , central) potential of the
Woods-Saxon type. By fitting the experimental
data known at that time, or part of them, they
found the annihilation potential. to be effectively
long ranged, i.e. , still very strong even at large
distances (-150 MeV at r =1 fm). As a conse-
quence, the produced bound states and resonances
are extremely broad, and it was prematurely
concluded that narrow baryonium states cannot
be interpreted as NN bound states or resonances.

The present note reports on some results of
our KN study program. These provide the first
example of an NN annihilation potential which, in
contrast with earlier models, is of short range,
but state (energy, spin, isospin, angular mo-

mentum) dependent as given explicitly by the cal-
culation of annihilation diagrams. More in agree-
ment with general theoretical principles, ' our
model also fits the entire set of existing experi-
mental data very well and can serve as a guide
for future experiments at LEAR or at the P facil-
ities of Brookhaven National Laboratory and Na-
tional Laboratory for High Energy Physics (Ja-
pan).

Our model for the NN optical potential V»
=U» —i,W„„is as f-ol. lowe: (i) U„„is t-he G-parity
transform of the (Paris) NN potential of Lacombe
et al.s for the long- and medium-ranged parts (r
~ 0.9 fm). The short-ranged part (r ~ 0.9 fm) is
described phenomenologically, and for computa-
tional convenience we used a quadratic function
constrained to join the medium-ranged part
through two points in the neighborhood of r =1 fm,
the third parameter being adjusted to fit the data.
(ii) The absorptive part W» is of short range,
and energy and state dependent:

W„„(r)—=T(r,S (1+rf T )+rS r(1+ rfrT„)rrrr+ SrS, + r r L S——
4m2 g 4y

This form is suggested by detailed calculations'
of annihilation diagrams with two-meson (m', e,p,
(d) intermediate states which yield in momentum
space

! fective par ameters.
The parameters are adjusted to fit an up-to-

date set of 915 pp data points in the energy do-

(2)

In the above formulas, m is the nucleon mass, s
= (p, +n, )' = 2m (T~ + 2m), t = (p, -p, )', and n,. are
the usual invariants (central, spin-spin, spin-
orbit, tensor, and quadratic spin-orbit).

Equation (1) is obtained from Eq. (2) in the fol-
lowing way: As we are concerned with the low-
energy region, we made a Taylor expansion of
the functions p, near threshold, s = 4m', and re-
tained only the first or the first two terms. The
t' dependence of the resulting coefficients is es-
sentially of the form 1f/[/, '(t' —4m')]' ' which in
turn gives rise to the modified Bessel function
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when translated by a Fourier transformation from
momentum to coordinate space. For simplicity,
Eqs. (1) and (2) are written for a, given isospin
state. A complete treatment of 8'„„-as given by
Eq. (2) is very complicated and the coefficients
g, , f, are thus for the moment considered as ef-
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FIG. 3. Total elastic cross section vs 7'I. .

main 20 MeV ( 7'i ~ 370 MeV. We did not include
in our compilation data on integrated el.astic cross
sections o,&(Tz, ); these are usually obtained by in-
tegrating diff erential cross sections extrapolated
to the very forward angles, with the rel.ated am-
biguities in the treatment of Coulomb effects.
Anyway, rr„(Ti) are redundant whenever dv„/dQ
are given. In this work, elastic cross sections
and polarization are calculated including Coulomb
effects, while total and charge-exchange cross
sections are obtained from pure nucl. ear ampli-
tudes.

As our compilation covers experiments per-
formed between 1968 and 1981, some of them are
more accurate and hence more constraining than
others. The most accurate are those on the dif-
ferential elastic cross section at backward angles
(8, ~ = 174') measured recently by Al.ston-Garn-
jost et al. ' We found these data very constrain-
ing in the search for our solution. Our fit, dis-

played in Fig. 1, shows an excellent agreement
between theory and experiment with a y'/(number
of data) of 0.61. It is worth noting that if the spin-
orbit and tensor terms in Erl. (1) are dropped,
the X'/(number of data) climbs as high as 1.95.
For comparison, we also show. in Fig. 1 the re-
sults by Dover and Richard and by Dalkarov and
Myhrer as quoted in Bef. 8. Other measure-
ments'" of the differential elastic cross sections
were performed for 20 MeV ~ Ti & 369 MeV.
Again the agreement is good, yielding X'/(number
of data) of 2.87 for the whole set of data. An ex-
ample of our fit is shown in Fig. 2.

The total cross section rr„, (Ti) was measured
by different groups"'" and their results are not
fully consistent as can be seen in Fig. 3. We
chose to fit the data of Bef. 11 since they cover
a larger energy range, and we obtained a X'/
(number of data) of 0.96 for 65 MeV S:Ti( 370
MeV. Our total cross section was obtained via
the optical theorem.

In Fig. 4, our results for the total charge-
exchange cross section v«(T~) are compared
with the data of Hamilton et al." The X'/(num-
ber of data) is 3.25 while it is 2.41 for the few
available results' on der c~/dQ.

Our results (Fig. 5) reproduce the pol. arization
below 370 MeV" "very well fx'/(number of data)
=1]. The polarization is significant and very
sensitive to the values of our parameters, es-
pecially for angles above 90 . In view of this,
accurate polarization measurements are there-
fore very desirable.

In summary, we have produced a NK interac-
tion whose physical properties differ from those
of previous models and which fits the presently
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FIG. 5. pp polarization at T~ = 232.35 MeV.
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avail. able NN data very well. . The y'/(number of
data) is 2.80 for our complete set of 915 data.
The values for the parameters of the absorptive
part W» as defined in Eq. (1) are listed in Table
I. It should be noticed that the decrease of W»
with r is very rapid. For example, in the singlet-
isosinglet state its values are 5 GeV at x =0.5 fm
and 9 MeV ate'=1 fm for T~=0. In this note,
only some samples of different observables are
shown. Values for other observables like depol. ar-
ization, spin correlation parameters, etc. for
various energies can be provided upon request.
The masses and widths of the bound states and
resonances can be predicted from the present NN
potential and are currently under investigation.
Al.so, our model can be expected to be highl. y
relevant to antiproton-nucleus reactions which
are known to be very sensitive" to the range of
the NN annihilation.
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