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Abstract

Meson exchange contributions have been suggested as one class of medium effects
which might explain the continuing discrepancy between experimental results and
theoretical predictions for A'*-nucleus scattering. These exchange effects are negligi-
ble for near-forward A"+-deuteron scattering because of the large size of the deutcron,
but at large angles they might be expected to be significant compared to the weak
double scattering. Detailed calculations, however, show that the quadnipole and mag-
netic contributions from single scattering are large enough to dominate both double
scattering and exchange contributions even at large momentum transfers. The ex-
change contributions become significant only if the target deuteron is highly aligned
so that the single scattering contributions are greatly reduced.
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I. INTRODUCTION

Positive kaons interact very weakly with nucleons: the total cross sections are less
than 19 mb for laboratory energies in the 600-1000 MeV range(l). The corresponding
mean free paths in nuclear matter are greater than, or comparable to, the sizes of
even heavy nuclei, so that positive kaons, unlike other strongly interacting probes,
can penetrate the outer layers of large nuclei and reach the dense central regions.
The multiple scattering expansion for these interactions is also expected to converge
rapidly, with single and double scattering accounting for almost all of the total scat-
tering amplitude(2].

It was originally expected that the K* meson would be an ideal probe to study
the nuclear interior, with the scattering theory under good control. Accurate ex-
periments^] have shown, however, that there are small but definite discrepancies
between calculations and observations, the most definitive being in the ratios R[2] of
the total cross sections for scattering from heavier nuclei to that for scattering from
a deutcron. It now seems likely that this discrepancy is a medium effect[2,4], due to
the fact that the K+ is sensitive to the dense interior of nuclei. Unfortunately the
exact nature of the medium effect (or effects) is still obscure. Several different types
of medium effects have been suggested, falling into two broad classes. In the first the
possibility that the effective masses of the target nueleons or ;],e exchanged mesons
might differ from their 'vacuum' values is considered(5,6|. (At least some of these
effects are closely related to possible complications in the nuclear wave functions.)
Although the original calculations gave corrections tending to increase R, improving
the agreement with experiments, a recent paper[7] has found a significant effect in
the opposite direction.

The second class of medium corrections, which would also be expected to be more
important in the nuclear interior than in the less-dense outer regions, is that due
to the interaction of the K* with mesons being exchanged between nucleons, with
pi-mesons expected to be most important. Again these calculations are difficult since
the exchanged mesons are well off shell, but the resulting corrections to R seem to
be in the right direction [8-11]. In this paper we want to investigate whether elastic
scattering of the A'+ from a deuteron at fairly large angles can be used to probe these
corrections.

We were led to consider this possibility because of the following argument: Elastic
scattering from a deuteron has single and double scattering contributions[12|. The
single scattering falls off rapidly with increasing momentum transfer because it is
unlikely that the deuteron can remain together if only one of its constituents is
given a large kick. Therefore double scattering is expected to dominate at large
momentum transfer because if the two nucleons are given similar kicks they will
have a significant chance of remaining bound. The major contribution to double
scattering is simply successive elastic scattering from the two nucleons, but the meson
exchange contributions of the type discussed above can also be present at large angles
because they also can share the momentum transfer between the two nucleons. These
exchange contributions should be particularly important compared to the elastic
double scattering for the case of K"+ scattering because of the weakness of the K*-
nuclcon clastic interaction. (The A'+-pion interaction is not particularly weak, and is
in fact dominated by the A'*(892) resonance at high enough energy.) It thus seemed



that there might l><: a chance that large angle A'+ deuteron elastic scattering would
be particularly sensitive to meson exchange contributions.

Complications arise, however, because of the D-wave component of the deuteron's
wave function and the spin-dependence of the K+-N scattering amplitudes[12). These
introduce into the scattering amplitudes deuteron spin-dependent terms proportional
to the deuteron's quadrupole and magnetic form factors. These form factors are small
for near-forward scattering but become larger than the spherical form factor at large
momentum transfers where the double scattering begins to be important. As we shall
see below, the contribution of the quadrupole and magnetic form factors to single
scattering dominates both the double scattering and meson exchange contributions,
greatly reducing the sensitivity of the cross-section to the exchange contributions,
even at large angles. (For other strongly interacting projectiles the double scattering
is large enough to dominate the quadrupole and magnetic terms at large angles. In wd
scattering, for example, the quadrupole term is important mainly in the single-double
transition region, while the magnetic term is almost negligible[12|.)

There is a way to avoid this reduction in sensitivity, however. If the target deuteron
is aligned, then the quadrupole contribution can interfere with the spherical contribu-
tion instead of contributing incoherently as for the case of scattering from unpolarized
deuterons. For certain choices of alignments the single and elastic double scattering
nearly cancel for a range of momentum transfers and the differential cross section
would have a fairly deep minimum were it not for the exchange and magnetic contri-
butions. Bven the latter can be eliminated if the deuteron is properly aligned along
the normal to the scattering plane. For large momentum transfers the differential
cross sections for scattering from the aligned deuterons then becomes quite sensitive
to the exchange contribution. It thus seems possible to test various prescriptions for
the exchange amplitude, but only under quite challenging experimental conditions.

We begin, in Sec. II, by reviewing the expressions for the single scattering, dou-
ble scattering, and pion exchange contributions to the A'+-deuteron scattering am-
plitude, including the contributions from the spin-dependence of the A'+-nucleon
amplitudes, and the D-wave component of the deuteron wave function. The pion ex-
change contribution depends critically on the off-shell pion-A'+ scattering amplitude,
which we discuss in more detail in Sec. III. Numerical results are presented in Sec. IV,
where it is shown that the sensitivity of the differential cross section to the exchange
contribution can be greatly enhanced if the target deuteron is in a properly chosen
alignment state. We conclude, in Sec. V, with a brief discussion of the experimental
difficulties implied by our results.

II. SCATTERING AMPLITUDE

We shall use Glauber theory to estimate the single and elastic double scattering
contributions to the A'+-deuteron scattering amplitudes. There may be some prob-
lems with the accuracy of this approximation due the short range of the K*- nucleon
interaction, but it produces simple formulas which should at least give reasonable
estimates of the various contributions in the region of momentum transfer of inter-
est here. The single scattering amplitude, corresponding to Fig. l(a), at momentum
transfer A, is then

f*«>(A) = 27(A)|50(A/2) - )J - 2)S2(A/2)1 + 2Iy(A)<>A,(A/2)(J • ») ,(1)
wh

(2)

Here // and gi are the kaon-nucleon scattering spin-independent and spin-dependent
amplitude for isospiu 1=0 or 1, respectively, while So, Sj and SM are the deuteron's
spherical, quadrupole and magnetic form factors, and J is the deuteron's spin. The
double scattering amplitude of Fig. l(b) is given by the integral

= (i/2x)J

where

G(A,6) = |3/,(i+ *.) + 3/,(
(«-) - fo(6+)fo(6-)\/8 .

(3)

(4)

The contribution to the elastic scattering due to the interaction of the kaon with a
pion exchanged between the two nucleons, as shown in Fig. l(c), is given by[13]

F(3)(A) = (3g2/32ntniklmb) ^•So(* )<H - 6-MK*
(5)

Here, and in Eq. (4), 6± = 6 ± A/2, while MK, is the isospin zero invariant
amplitude for K — w scattering. In the expressions for F^ and F ' 3 ' we have ignored
the D-wave component of the deuteron wave function, simplifying the expressions
without much loss in accuracy.

Because of the spin operators J in these expressions the differential cross section
will be dependent on the spin state of the target deuteron. (Alternatively, if the target
deuterons arc unpolarized the recoil deuterons will be polarized.)

The largest uncertainties in our results are associated with the exchange contribu-
tions of Eq. (5), which we shall discuss in more detail in the next section.

III. EXCHANGE CONTRIBUTION

The invariant amplitude MK. in Eq. (5) is required for off-shell pions. In fact,
in the static approximation used to derive Eq. (5), the pion mass variables take
the values (*±)2, which are never positive. For small values of the Maudelstam
variables

3 = ml + A3/4 + 61 + 2k • 6
u = ml + A2/4 + 62 - 2* • 6

(6)

estimates of A/K, can be made using soft-pion techniques! 14,15j, but it is unlikely
that currently available results will be adequate over the variable region required to
evaluate the integral in|5|. For very energetic A'+'s, MKW will be dominated by tin:
A'*(802) resonance, and the meson exchange contribution will evolve into a piece of



the inelastic double scattering amplitude. Since the purpose of this work is to see how
sensitive large-angle A"+-deuteron scattering is to exchange contributions, we shall
simply use the prescription of Ref. 10, which includes both soft-pion and resonance
contributions. We shall not, however, include the irKKNN contact intcraction|l6]
mentioned in Ref. 10. This interaction, required to cancel the one-pion exchange
contribution to KN-»KNir at the Adler point, would tend to weaken the exchange
contribution.

Because of the spin operators in Eq. (5), F<3) has terms proportional to (J • A)2

and (J • k)3, the latter due only to the fc-dependence of MK «. which comes only from
the resonance terms. A (J • A)2 term also occurs in the quadrupole contribution to
single scattering, but the (J • k)7 operator appears only in the exchange contribution.

IV. N U M E R I C A L RESULTS

As mentioned above, the exchange contribution to /f+-deuteron scattering has
no chance of being significant except at large momentum transfers where the single
scattering has decreased and may at least partially cancel with double scattering.
In order to reach these large momentum transfers without going to near-backward
angles, where the Glauber approximation would clearly be invalid, we must go to
fairly high energies: all of the calculations below are done at a laboratory momentum
of 970 MeV/c. (The only available experimental data[17] at energies close to this are
confined to small angles.)

In evaluating the formulas in Sec. II we have used the Jf+N amplitudes of
Hashimoto[l] and the fits of Ref. 18 to the deuteron form factors for the Paris po-
tentials. The integral in[3) is weakly dependent on the JC+N amplitudes outside of
the physical region. The results below assume a constant extrapolation, but are not
much different than if the amplitudes were assumed zero outside the physical region.
The amplitudes F^ and F<3' depend smoothly on the momentum transfer A. The
integrals in Eqs. (3), (4) and (5) were evaluated for a range of A's and the results
fitted to polynomials which were then used in the numerical evaluations below.

Although the kinematics of ff+-deuteron scattering is identical to that of *•-
dcutcron scattering except for the meson masses, the weakness of the K+-nucleon
interaction compared to the ir-nucleon interaction means that some features of the
cross sections for the two interactions are quite different. Figure 1 shows the relative
sizes of the various contributions to the differential cross section as a function of -t,
the square of the momentum transfer. (The various terms can in some cases interfere
with each other when they are combined, so the total differential cross section is not
the sum of the terms shown.) The double scattering amplitude in A'+d scattering is
so small, for example, that it is dominated by the quadrupole contribution to sin-
gle scattering at large angles, in contrast to xd scattering[12j where the quadrupole
contribution is important only in the transition region, where the spherical single
scattering and double scattering amplitudes nearly cancel. Even the magnetic contri-
bution to single scattering, arising from the spin-dependent piece of the of the K+ti
amplitude, is greater than the double scattering amplitude, in contrast to the ird case
where it is almost ncgligible(12]. The exchange contribution is smaller than the double
scattering contribution by a factor of roughly five at large momentum transfers, l>tit
of course both are masked by the single scattering terms. This is seen more clearly in
Fig. 2 where the differential cross section for scattering from uupolarized deuterons

is shown with and without the contribution from the exchange contribution. Even at
the largest momentum transfers shown the exchange contribution adds only about
40% to the differential cross section.

It is well known, however, that the shape of the differential cross section for scat-
tering from deuterons depends strongly on the polarization of the target deuteron[19],
and it is now possible to produce highly aligned deuteron targets[20]. If the deuteron
has alignment 1 (an equal mixture of m=±l,with no m=0 component) along the mo-
mentum transfer direction, then the spherical and quadrupole contributions to single
scattering become coherent, and tend to cancel near -t=8.5 fm~2. This increases the
relative importance of the exchange contribution somewhat, as shown in Fig. 3, but
its effect is still diluted considerably by the presence of the magnetic single scattering
term. This term can, however, be eliminated completely if the target deuteron has
alignment -2 (a pure m=0 state) along the normal to the scattering plane. In this
case, as shown in Fig. 4, the differential cross section above - t=8 fm~* is changed
decisively by the exchange contribution: the deep dip is partially filled in, and beyond
the dip region the cross section is increased by a factor of about 2 because of the
considerable cancellation between the double and single scattering terms. The sensi-
tivity to the exchange contribution decreases rapidly, unfortunately, as the alignment
increases from this extreme value, as can be seen by comparing Fig. 4 with Fig. 5,
which shows the differential cross section for an alignment of -1.9 along the same
direction.

V. DISCUSSION

The results above ahow that it is in principle possible to use large angle K+d
scattering experiments to probe the pion exchange contribution and to test whether
our estimates for the off-shell K+* amplitude are reasonable. Unfortunately the ex-
periments required will be quite difficult. The exchange contributions are completely
negligible until the momentum transfer squared is larger than 8 fm~2 or so, where the
differential cross section has decreased by more than two orders of magnitude from
its forward value. Furthermore, in order to maximize the sensitivity to the exchange
contribution, the target deuteron must be nearly perfectly aligned, and the angular
resolution must be quite high since the dip in the differential cross section, where the
sensitivity is greatest, is quite narrow.

It should be emphasized that the calculations here are of an exploratory nature.
The exchange contribution in particular is representative only, and we have made no
attempt to improve the prescription of Ref. 10. In this energy range the contribution
of the resonant piece of the K* — n amplitude is rather small so that it might well
be possible to use extended soft-meson or chiral perturbation theory to improve the
calculation. It appears, however, that because of the presence of the KNNKTT contact
term, a full calculation will have to involve the nucleons as well as the mesons, and
thus be quite difficult.
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Figure Captions

1. Diagrams (a), (b) and (c) correspond to the contributions to K+- deuteron
scattering from single scattering, double scattering, and meson exchange, re-
spectively. The double lines represent the deuteron, the solid curves the nucle-
ons, the dashed lines the kaon, and the dotted line a pion. The circles with
horizontal stripes indicate the JC+-nucleon amplitude, the circle with vertical
stripes the A"+-pion amplitude.

2. The calculated partial contributions to the differential cross section for K+-
deuteron elastic scattering at 970 MeV/c laboratory momentum from various
processes. Some of these partial contributions can add coherently in the total
differential cross section, which is therefore not just their sum.

3. The calculated differential cross section for A"+-deuteron elastic scattering from
unpolarized deuteron targets at 970 MeV/c with (solid curve) and without
(dashed curve) the exchange contributions. The plus signs indicate experimental
data at 890 MeV/c from Ref. 17.

4. The same as Fig. 3 except that the target deuterons have an alignment of 1.0
(no m=0 state) along the direction of the momentum transfer.

5. The same as Fig. 4 except that the alignment is -2.0 (a pure m=0 state) along
the normal to the scattering plane.

6. The same as Fig. 5 except that the alignment has been changed to -1.9, so that
the deuteron spin state has a small admixture of m=±l states.
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