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Nucleon-antinucleon annihilation via confined quark-gluon states
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In this work we use the quark degrees of freedom in a nucleon to calculate a nucleon-antinucleon
annihilation potential. The range of this annihilation is determined by the 1ong-range confinement
forces giving the quark wave functions which also reproduce the nucleon charge radius. %'e find
that NN scattering is sensitive to the annihilation mainly between 0.5 and 2.0 fm. Our annihilation
model shows that the dominant annihilation contribution to NN scattering comes from qqq q multi-

gluon intermediate states and that the intermediate qq multigluon as well as pure gluonic states are
less important for NN scattering.

I. INTRODUCTION

The nucleon-antinucleon (NN) interaction at low ener-

gy is dominated by the annihilation process but the ratio
of the total elastic to total cross section indicates that we
have some real, attractive forces extending beyond a possi-
ble black sphere characterizing the annihilation. At
higher energies meson production becomes important and

pp and pp scattering both become similar, dominated by
diffractive particle production. From the chiral quark
models' we know that the nucleon has a quark core sur-
rounded by a pion cloud. These models have been very
successful in describing static hadronic properties '" and
nucleon charge and axial-vector form factors, and give us
a hint as to how to understand nucleon-antinucleon low-
energy scattering; for scattering with a large impact pa-
rameter (large l partial waves) we should expect mainly
the meson clouds to interact and the standard one-boson-
exchange potential (OBEP) should be a reasonable approx-
imation. However, for small impact parameters the two
quark cores in N and N should overlap. This means that
we may not completely understand the low NN partial
wave scattering without including the quark degrees of
freedom. Here we immediately have a nice picture com-
plementing the early dispersion argument of Martin as to
why the annihilation forces are a short-distance
phenomenon: the NN only annihilate when the two quark
cores overlap. These arguments are in line with the pro-
posed coupled-channel nucleon-nucleon (NÃ) description
of, e.g., Simonov or Lomon, who try to resolve the am-
biguous dual picture of treating nucleon-nucleon scatter-
ing through meson exchanges as well as via quark-quark
interactions. As a first step the simple NN black-sphere
annihilation model (complemented with a meson-
exchange potential for longer distances) of Dalkarov and
Myhrer fits nicely into this modern understanding. In a

previous work we have compared a few NN model
descriptions with data. One interesting result in that
work, relevant to the present argument, is that at back-
ward pp scattering simple annihilation models deviate
from. data. This might indicate the need for a dynamical
description of the annihilation process, which we will
start developing in this work.

In the following we will show that the long-range QCD
confinement forces determine the range of the annihila-
tion process. In this work we use the MIT bag model' or
the Regensburg scalar confinement potential' to derive
the radial dependence of an annihilation potential. The
quark-antiquark annihilation into one or more hard, but
confined, gluons is presumably, of very short range and
can therefore be calculated perturbatively. The annihila-
tion of two or more qq pairs into two or more gluons is
also calculated (in the coherent approximation) and we
will discuss the radial dependence of these processes for
pp scattering. As we will discuss, the radial dependences
of the different processes are mainly determined by quark
confinement which already includes implicitly the bulk of
the soft multigluon effects. We will argue that these pro-
cesses only enter in determining the effective annihilation
strength required to describe NN scattering data.

Several groups have considered the quark-rearrange-
ment model. ' '" %'e prefer as a start to explicitly use a
model with more dynamics involved in order to under-
stand this annihilation process better following early sug-
gestions in this direction. ' ' Both from topological
arguments' "and in the 1/N expansion' ' ' nonplanar di-
agrams (like the rearrangement diagrams) are considered
higher-order corrections to planar diagrams. For discus-
sions on these points see Rossi' "and a recent discussion
based on the Po annihilation model by Dover and
Fishbane. ' ' ' As stated, we will here as a first approxi-
mation consider the planar one-gluon and two-gluon an-
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nihilation channels of Figs. 1(a)—1(c). The chiral poten-
tial quark models and the chiral bag models require the
presence of the pion, and one finds that in all these
models the source of the pion is surface peaked and the
pion field is suppressed inside the quark confinement re-
gion. This pion field which is demanded by the underly-
ing chiral symmetry, however, does not contribute directly
to the XX annihilation but is included in the Iong-range
part of the NN OBEP. This means that in addition to the
annihilation optical potential, where the annihilation is
supposed to proceed via intermediate confined antiquark-
quark-gluon states, we assume that the real NN potential
is the G-parity-transformed meson-exchange potential of
either Bryan and Phillips, ' Nijmegen's D model, ' or the
static Paris potential of Richard all three meson-
exchange models are discussed in our previous work.

In the following section we will first present our calcu-
lation of the quark-gluon annihilation model. Then in
Sec. III we will use this optical annihilation model togeth-
er with the long-range meson-exchange potential to
describe the data. We draw our conclusions in Sec. IV.

II. THE CONFINED GLUON
ANNIHILATION MODEL

N N

N N

FIG. 1. The planar NN —+mesons~NN annihilation dia-
grams discussed here in (a) the qq —+confined one gluon approx-
imation, {b) qq~two gluon, box and crossed box, and {c)
qqqq —+two gluon.

From our introduction it should be clear that for small
impact parameters the NX interaction has to be explained
by the quark (antiquark) and gluon content of the nucleon
(antinucleon). Quarks and gluons are confined within a
nucleon and this may be described either by various bag
models ' or by the scalar confinement potential
model' where effectively the quarks are given an r
dependent mass M(r)=cr" (n=2, 3), where r is the dis-
tance of a quark (antiquark) from the center of mass of
the nucleon (antinucleon). Common to all these models is
that XX annihilation proceeds only when the % and %
confinement regions (or bags) overlap so that q and q can
annihilate into gluons which hadronize into mesons. Sca-
lar confinement potential models' do not have a sharp
surface like the bag model, but the quark density dies out
very rapidly beyond a certain distance ro which we define
as the quark-core size. The overlap between X and X in
the potential model will largely be determined by the mag-
nitude of the quark (antiquark) annihilation density for a
given separation of N and N (see below).

In the following we will first calculate the imaginary
(i.e., annihilation) part of the NN potential in the
qq —+one-confined-gluon approximation [see Fig. 1(a)] (an
interaction of a very short range which should be
described in perturbative QCD). Our approach is dif-
ferent from previous ones' ' in that we investigate
several chiral quark models, the chiral bag model, and
the scalar confinement potentials' M(r)=cr". In addi-
tion we take into account the confinement effect on the
gluon propagator. Secondly, we calculate the qq~two-
gluon process in the coherent approximation. The radial
dependence of the annihilation potential thus obtained al-
lows for a direct physical interpretation in terms of a
quark (antiquark) annihilation-density function which is
described by the long-range QCD forces, and short-range
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QCD coupling a, and the confined gluon's "effective
mass. " The annihilation depends not only on the size of
the QCD coupling a, but also on the confined quark an-
nihilation density function which already includes the
bulk of soft multigluon effects and our studies indicate
that annihilation of one qq pair into two or more hard but
confined gluons within our approximations have basically
the same radial annihilation dependences in XX scatter-
ing. Detailed studies of these multigluon annihilation
channels is under way.

W;„t(x)=+4vra, Q(x)y" g(x)Gp(x) (1)
2

we calculate first the contribution of diagrams Figs. 2(a)
and 2(b) to the NN annihilation potential V(r). We have
to evaluate the matrix

(a)

FIG. 2. Feynman diagrams for the subprocess qq —+G*~qq.

~ ~b, I", bg 7" ~a T
4y = f Id rid r'& ()y)y )r'4ere, i7 r( ——y e r( + — D„((r

&

—r&)+'4 , rrrer~e+ —y" e r& —— ))r))r
2 2 2 2 2 2

tDab(z) gab J q e iq z J d—~ (1)(~)
(2~) q —0 + l 6'

(3)

and the wave functions u and U are solutions of the bound
Dirac equation,

[i&„—M(x)]u (x)=0=[iet~+M(y)]U(y) (4)

where r is the relative distance between the X and K
centers and where D&,(z) is the confined gluon propaga-
tor, in terms of the spin-one part of the spectral functions

p ~ viz. ,

menta (apart from internal Fermi motion). Hence, the
momentum transfer q to the gluon can only come from
their Fermi momenta inside their confinement domains in
the nucleon and antinucleon, respectively. Since the ener-

gy Ep Ep of lowest-lying 1S&&2 quarks and antiquarks in
their confining potential M(r)=cr" is 500—600 MeV,
their energy transfer qp is larger than —1 GeV and hence
on the average larger than their Fermi momenta (-270
MeV/c). Within the confined one-gluon annihilation ap-
proximation we therefore neglect the momentum transfer
q to the gluon as compared to the energy transfer qo.

With this approximation in mind I', is easily evaluated,

i =Ik}

with the confinement coordinates (the time-dependent
part of u, v is e+' ', as usual) x=r& —r/2, y=r&+r/2
(see Fig. 3) and the confining potential M (x )
= c

~

x
~

"(n =2,3). The evaluation of M, Eq. (2), becomes
more transparent if we define a form factor as

ye(r(, r)—:I d'y e 'e' e(y)y" e (y —r))2

GIuon

1

which describes the vertex for qq annihilation into a gluon
where the r dependence is due to the important fact that
the gluon couples to a quark and an antiquark which are
confined with respect to different centers (c.m. of N and
N, respectively, which are separated by a distance r).
Another observation is the magnitude of the four-
momentum transfer q„=(qp, q) of the quark-antiquark to
the gluon. In the center-of-mass system of X and % the
annihilating qq pairs will have equal and opposite mo-

FIG. 3. NN kinematics. N (quarks 1,2,3), N (antiquarks
4,5,6), r =R~ —R~; in the c.m. system of
R=—~ (R~+R~ ) =0, R~ ——r/2 = —R~.
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0
F,"(

I q I «qo, r) =p(r) g ( —1)™X"(—m, ) X(m;)g,
i =, 1,2, 3

j=4, 5, 6

where p(r) is our annihilation density function [see Eq.
(7)], g is a SU(3) color spinor, and X is a Pauli spinor-
isospinor. In particular, F"= (q—:0;r)—:O„which is exact.
The result for the spatial part (p=k) is

p(p)—:Pt(p)P(p) (7b)

and P(p) is the Fourier transform of the spatial part of

up to terms which are proportional to the lower spinor
component squared or higher. We neglect in this paper
these correction terms since the one-gluon annihilation is
already an approximation. The r dependence is then
given by one function,

p(r)= f,e'~'p(p),dp i r-
(7a)

(2n )'
where

the quark or antiquark spinor u(r) or U(r) (the time-
dependent part is e —' '). In the matrix M, Eq. (2), the
gluon propagator D'„„will be contracted with the follow-
ing combinations of the form factor F": F,"(Fb )t.

To the extent that the momentum transfer q can be
neglected relative to qo, as discussed before Eq. (6), there
is no (p=0, v=O) contribution to the matrix M, i.e., Doo
is irrelevant here. The gluon propagator in momentum
space is then very simple since the contribution from the
part -q„q /o drops out for q «o.. This is extremely
important since this part of the gluon propagator is gauge
dependent. If the gluon spectral function p"'(cr) is dom-
inated by the lowest-lying gluon eigenstate (predictions
range from MG ——700—1200 MeV for the lowest gluonic
eigenmode in a cavity '), i.e., p"'(o )-6(o —Mo ), the ap-
proximation q &&o.=MG is reasonable. The further
evaluation of M is standard and we obtain with
p"'(o)=go6(o —Mo ) the NN potential (effectively go
depends on Mo in this approximation)

—V(r)=4', go f +5' 5;J.(2~)' 2~~, b

F'(
I qI «Mo r)[F$(

I qI «MG r)]'
(F-o+F-0 ) —ie—

F,'(
I

—q I
«Mo,'r)[Fj(

I

—q I «Mo,'r)]+
mq+Eo+Eo —i e

where co~:—(q +Mo )'~ and go is the coupling strength of the gluon field in the one narrow state approximation.
Inserting (6) in Eq. (8) we obtain

V(r)= 4ma, gop (r) —NN g o(i) o(j) NN f dqq2 . A.(i) A,(j) — 1 ~
2 1

i=123 2 2 2' o q +Mo (Eo+Zo) i—MoI o—
j=4, 5, 6

(9)

where we have introduced the gluon width I o of the
propagator. It is important to emphasize that this is an
energy-dependent, effective doorway width for all the de-
caying processes: gluon + qqq q —+physical channels,
which resembles the width of 6 in a nuclear medium as
treated in the isobar doorway models of pion-nucleus in-
teractions. The color matrix element between color-
singlet % and N states gives the familiar color factor —,

and the function p (r) is our r-dependent annihilation
density.

We know that the annihilation will not only proceed
through the one-gluon channel as in Ref. 13. We can easi-
ly have qq~two gluons as in Fig. 1(b), etc. In the ap-
proximation that the quark stays in its lowest confine-
ment state (the coherent approximation) the radial form
of, e.g., qq —+two gluons~qq [see Fig. 1(b)] will be p2(r),

the same as in Eq. (9). [We have assumed that the quark
wave functions vary slowly and can be taken outside the
integral over one of the gluon propagator(s). ] The prop-
agator integrals then only provide a constant coefficient in
front of the p (r) function. In the coherent approximation
the graphs where one qq pair annihilates into three or

ore gluons we also find a p (r) behavior again assum-
ing the r dependence from propagators to be slow com-
pared to the quark wave-function variations. Since here
one qq pair can go into one or two (Fig. 1) or several con-
fined gluons and each of these graphs have different spin
(angular momentum) isospin projection operators of dif-
ferent coefficients and we have to add the graphs, we will
here as a first choice average over the different spin and
isospin projection operators. 3 priori we do not know
which graph, if any, will dominate the annihilation pro-
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cess so we consider this to be a good first approximation.
To make a definite statement about any dominance we
also have to know how the intermediate multigluon
+ qqq q states couple to mesons. This hadronization pro-
cess should certainly give different energy-dependent
weights to different graphs so we may not easily add the
graphs of one qq into gluons like Figs. 1(a) and 1(b), etc.
As just discussed, our intermediate gluons and quark-
antiquark states are treated as doorway states decaying
into physical channels. However, in the coherent approxi-
mation our result that all graphs have the same r depen-
dence, p (r), equal to that from the diagram in Fig. 1(a),
allows us to make a very simple ansatz. We replace cx, by
a,* (a free parameter) which means the qq into two or
more gluons gives a constant in front of p (r) and we also
replace the one-gluon doorway width I G by a new effec-
tive, energy-dependent doorway width I G. Then our XN
annihilation potential has the following form:

V(r)= 3'—p'(r) '
gG

m'

X
1

qq
q +MG —(Ep+Ep) i—MGI G

V(r) = U(r)+—i W(r) .
(10)

Since the different graphs in Fig. 1, etc. , contribute very
differently to the real part of V(r) with different signs we
have to calculate the explicit meson annihilation channels
in this model using the same approximations that lead to
Eqs. (10) and (11) in order to be able to be more specific
about the energy dependence of the doorway width I"G
and thereby about U(r). In this first paper we therefore
ignore the real part of V(r) which is very sensitive to the
energy dependence of I G. We find that the imaginary
part of Eq. (10) is fairly insensitive to I G

16 s 2 m,*r,'
W(r) = W(0)p (r), W(0) = — gG dq q

[q (Ep—+Ep) +MG ] +MG I G

(1 la)

Typical density functions [ W(r)/W(0)]'/ are shown in
Fig. 4 and are compared to the phenomenological Wood-
Saxon form of Bryan and Phillips (Dover and Richard use
an identical r dependence). This is our main result.

The annihilation process of two qq pairs annihilating
into two gluons, Fig. 1(c) has also been calculated and
gives a radial dependence -p (r) which drops much fas-
ter with increasing r than the curves in Fig. 4. Figure 4
shows that our annihilation "range" is r dependent, un-
like, e.g., Refs. 25. and 26. If we use this function alone
and try to find one annihilation strength [constant multi-
plying p (r)] that fits pp elastic and charge-exchange
scattering data at the same energy we do not succeed. The
forward slope of elastic pP is affected if this strength is
too large for the p (r), but this strength is necessary in or-
der to have at least a forward shoulder in the charge-
exchange cross section. With the imaginary potential of
(1 la) we can reproduce data reasonably well as presented
in Sec. III. If we change the short-range r dependence of
p (r) with the restriction that p (0)=1 we find that the
calculated do. /dQ is not changed even if we deviate
strongly from the p (r) behavior for r &0.5 fm. [The
strength of the imaginary potential compared to the real
meson-exchange potential has to be constant in order to
reproduce the total cross sections, therefore p(0) = 1.] But
der/dQ is changed if we change the p (r) behavior for
r &0.5 fm. This indicates that the XX scattering is sensi-
tive to the r dependence of W(r) for values of r between
0.5 fm and up to 2 fm beyond which W(r) becomes essen-
tially zero (see Fig. 4 and discussion in Sec. III). This is
consistent with the findings of Alberg et al. ' lt suggests
that the annihilation process of Fig. 1(c) with its "range"
given by p (r) has an effective strength (for NN scatter-
ing) not much larger than the strength W(0) for the pro-

10

Av(r)/w(p)
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l

0.5 1.0
10

0.0 1.5 2.0 2.5
r [ym]

FICr. 4. [ W(r)/W(0)]'~2 versus r for various quark models:
scalar confinement potentials M(r)=c„r" (long-dashed curve,
n=2, c2 ——805 MeVfm; short-dashed curve, n=3, c3 ——930
MeVfm 3 [Refs. 19(d) and 19(e)]), and the MIT bag model
(short-dashed —long-dashed Rb,g

——1 fm; dotted-dashed,
&

bing
0 9 fm dotted &

bing
0.8 fm); also shown is the corre-

sponding Wood-Saxon form (solid line), see text. The corre-
sponding curve for the Paris annihilation potential (Ref. 25)
8'(r) -Eo(2mr) jr is plotted as the dashed —double-dotted
curve, and is much steeper than the Wood-Saxon slope.
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W(0) = ——,a,*gg [(Eo+Eo ) —Mg ] ' (1 lb)

Here the quark and antiquark energies Eo and Eo are
simply their energy eigenvalues E]j2 which they attain as
a result of their confinement in the rest system of X and
N, i.e., Eo ——Eo ——E&&2-500—600 MeV after c.m. cor-
rections. ' ' ' In the NÃ center-of-mass system the quark
and antiquark will have an additional energy which de-
pends on the NN c.m. momentum such that the energy
will be given roughly by EO=Eo=[E,&2+ —,'p, ~ ]'
With this relation we obtain for Eq. (11b)

W(0) = ——', a,*gg[4Efgp+ —,P, —Mg ]'~ (12)

cesses of Figs. 1(a) and 1(b), which have a longer "range"
determined by p (r) (see Fig. 4). This study has demon-
strated that the effective r-dependent annihilation "range"
around 0.7 to 1.5 fm cannot be much shorter than what is
displayed in Fig. 4. The annihilation process where a11

three qq pairs annihilate into three gluons (a disconnected
quark line diagram) is -p (r) and has an even shorter
"range. " We find that this p (r) behavior alone cannot
describe the der/dD's either. This must therefore also be
strongly suppressed relative to the p (r) processes. In oth-
er words, we show in our phenomenological analysis that
this last annihilation process, which is a disconnected dia-
gram in the topological quark picture, is suppressed. In
the limit I g~0 we obtain from Eq (11.a) the very simple
result which we will use to estimate a value for W(0),

10

10

10

10
1.0

10'

(0) pp
P„„ = 690 MeV/c

andler et al. (1976)

T

@pi"j-

0.0
COB 8

(b) pp ~ nn
P„b = 690 MeV/c

I

—1.0

Our annihilation strength is energy dependent. A rough
estimate of this strength gives at

~
P,

~

=326 MeV/c
(P~,b ——690 MeV/c) W(0) = —2.5 GeV (Mg ——1 GeV,
gg ——5,a, =0.4) whereas for the parameters Mg ——0,
gG

——1,a,' =0.4, as an extreme case, we obtain
W(0) = —1.3 GeV. In the following we will use this an-
nihilation model with W(0) as a free parameter together
with three different OBEP's to describe pp scattering
data.

Nakamura et a]..(1984)

III. CALCULATIQNAL RESULTS

We have used the one-boson-exchange potentials
(OBEP's) of Bryan and Phillips, ' of Nijmegen model' D,
and of Richard' together with the optical potential, Eq.
(11), derived from quark-gluon dynamics to describe pp
scattering data. We have used W(0) of Eq. (11) as a free
parameter.

Our results are shown in Figs. 5—9. In Figs. 5 and 6
we show for two quark potential models, with r or r
dependence how the differential cross sections for antipro-
ton momentum pt, b

——690 MeV/c change with the free
parameter W(0) when we use the Bryan-Phillips
velocity-dependent OBEP. In Figs. 5(a) and 6(a) for elas-
tic pp scattering we see a strong dependence on W(0) for
scattering angles 0, &90 whereas the charge exchange
shows only a slight dependence on W(0). It should here
be remarked that with a value of W(0) = —1 GeV we can
describe the elastic scattering very well for both the r
and r quark potential models whereas the charge ex-
change will only have a shoulder instead of the dip-bump
structure in Figs. 5(b) and 6(b) for both potential shapes.

b
10

10
0.0

COS 8

—1.0

FIG. 5. (a) pp elastic scattering at phb ——690 MeV/c, data are
from Ref. 27. The Bryan-Phillips OBEP is combined with the
quark potential M(r)=c3r, c3 ——930 MeVfm, for different
annihilation strength, see text: solid curve, 8 (0)= —2.5 GeV;
dashed curve, 8'{0)= —4. 1 CxeV; dashed-dotted curve,
W(0)= —7.5 GeV. {b) pP ~nn at p~,b ——690 MeV/c, data are
from Ref. 28. We have renormalized these data to the total
charge-exchange cross section of Hamilton et al. (Ref. 29). The
curves are as in (a).
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andi er et al. (1976) 1O'
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10
1.0 0.0

COS 8

10 1

(b} pp ~ nn
Pg, b = 690 MeV/c

0.0
COS 8

—1.0

Nakamura et al. {1984) FIG. 7. pp elastic at p~,b
——690, 860 MeV/c with "best fits"

from Figs. 5(a) and 6(a) compared with the MIT-bag-model
(Rb,g

——1 fm) result; solid curve, M=c3r', 8'(0)= —4. 1 GeV;
dashed curve, M =czr, 8 (0)= —4. 1 GeV; dashed-dotted
curve, MIT bag 8"(0)=—7.5 GeV; data are taken from Ref.
27.

10

10
1.0 0.0

COS 8

—1.0

FIG. 6. (a) Curves and data as in Fig. 5(a) but with the quark
potential M (r ) =c2r, c2 ——805 MeV fm . The dotted curve is
for W(0) = —1.0 GeV. (b) pp~nn curves as in (a) and data as
in Fig. 5(b). The dotted curve is for W(0) = —1.0 GeV.

In Fig. 7 we have plotted the elastic do. /dQ again using
the Bryan-Phillips OBEP with the "best fitted" value of
8'(0) for the different quark model wave functions in-
cluding the MIT quark wave function with a bag radius
of 1 fm. A smaller bag size (0.8 or 0.9 fm) produces only

a shoulder in the charge exchange and much less back-
ward structure in elastic scattering, unless one is willing to
admit a much larger annihilation strength W(0) which
will damp out the heavier boson exchanges compared to
the pion-exchange. As seen in Fig. 4 we here explore
mainly how quickly the annihilation potentials decrease
for large XIV distances. Keep in mind that all three quark
models give the same nucleon-charge rms radius. In
Figs. ( 8a) and 8(b) we compare our three quark models
with the new charge-exchange data of Nakamura et al. 28

at five energies. Et is clear that the quark wave-function
models from the two potentials are very similar (both give
a quark core contribution to the proton rms radius of 0.65
fm before recoil and c.m. corrections), but none of the
three curves describes the detailed structure of the data
very well. And finally in Figs. 9(a) and 9(b) we compare
elastic and charge exchange do. /dQ with our quark po-
tential wave functions of two values of W(0) and two dif-
ferent meson-exchange models, the static Paris XX model
of Richard and the OBEP Nijmegen model D. The elastic
do/dQ can be well described for a value of 8 (0) de-

pending on the meson-exchange model used whereas both
meson exchange models have a too pronounced forward
dip-bump structure for the charge-exchange reaction com-
pared to the data of Nakamura et aI. This dip-bump
structure is not very pronounced in the Bryan-Phillips
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(&) pp ~ nn

Nakamura et al. 1984

10

(&) pp " pI
P„b = 690 MeV/c

I

10

Cl

b

b
10

10
1.0 0.0

COS 8
—1.0

10
1.0 0.0

COS 8
—1.0

(b) pp -+ nn

(b) pp ~ nn
P&~b = 690 MeV/c

Nakamura et al. (1984)

1
b

10 10
1.0 0.0

COS 8
—1,0

1.Q 0.0
COS 8

—1.Q

FIG. 8. pp~nn, at p~,b
——390, 490, 590, 690, 780 MeV/c.

Data are from Ref. 28. We have renormalized these data to the
total charge-exchange cross section of Hamilton et al. (Ref. 29).
The curves are as in Fig. 7.

FIG. 9. (a) pp elastic at p~,b
——690 MeV/c, data are from Ref.

27. The quark potential M(r)=c3r, c3 ——930 MeVfm, is
combined with two OBEP's, each with two different S'(0); see
text. Dover-Richard OBEP: W(0) = —10 GeV (solid), —2.5
GeV (long-dashed). Nijmegen model-D OBEP: W(0)= —7.5
GeV (short-dashed), —4.1 GeV (dashed-dotted). (b) pp~nn at
pj,b

——690 MeV/c, data as in Fig. 5(b) and curves as in (a).
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OBEP as seen in Fig. 8, but as discussed in Ref. 9 the for-
ward charge-exchange reaction is sensitive to the differ-
ences in the meson-exchange models.

. IV. DISCUSSION AND CONCLUSIONS

We have here presented a calculation of antiproton-
proton scattering with an annihilation potential given by
predetermined quark wave functions. These quark wave
functions, which follow from the long-range QCD forces,
reproduce in chiral models the nucleon charge radius and
give the "range" of the pp annihilation potential. As seen
from Fig. 4 this "range" is r dependent. The strength of
this potential is given by the hard, short-range processes
of one qq pair annihilating into one or more gluons, which
processes all have the same radial dependence in the
coherent approximation. We have here kept the strength
W(0) of this potential as a free parameter. In our calcu-
lation we also find that the disconnected "quark-line" an-
nihilation diagrams are suppressed as discussed in Sec. II.

To test this annihilation model and the approximations
employed in calculating the curves in -Fig. 4, we have to
calculate the meson annihilation channels using the same
approximations that lead to Eq. (10) and Fig. 4. This
should also enable us to be more specific regarding the
real part of the annihilation potential.
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