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E+-nucleus scattering and the nucleon in the nuclear medium
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The K -nucleus interaction is investigated in the context of a covariant, momentum-space optical po-
tential that incorporates covariant kinematics, relativistic normalizations, and phase-space factors, a co-
variant treatment of the recoil of the target nucleus, utilizes invariant amplitudes which are free of kine-
matic singularities, and allows an exact performance of the Fermi integration over the momentum of the
struck nucleon. Elastic differential cross sections for K+ scattering from ' C and Ca and total cross
sections for E+ scattering from ' C are calculated. An enhanced, in-medium, two-body interaction is in-
dicated as the data is consistent with an approximate 30%%uo enhancement of the theoretical calculations.

PACS number(s): 25.80.Nv, 21.30.+y

Classical nuclear physics assumes that the properties of
the nucleon are not altered when the nucleon finds itself
in the nuclear medium. The success of classical nuclear
physics demonstrates that to some degree this is so.
However, as has been proposed in Refs. [1—5], there exists
the possibility that the nucleon in the nuclear medium
differs in a qualitative way from the free nucleon. To
probe this possibility experimentally, a probe whose
strong interaction with the nucleon is relatively weak has
distinct advantages. The weaker the two-body interac-
tion, the longer is the mean free path, A, = 1/(op). The
longer the mean free path, the deeper into the nucleus the
probe can penetrate. This results in two desirable proper-
ties. First, modifications to the nucleon might well be ex-
pected to increase with increasing nuclear density. A
probe which is able to penetrate into the nucleus would
be probing nucleons in the region where these
modifications would be largest. Second, the probe will be
able to interact with all of the nucleons. This means that
the nuclear cross section at high energies will be roughly
A times the two-body cross section. Thus, if the in-
medium two-body cross section increases by a certain
percent, the nucleus cross section will be enhanced by an
equal percent. For more strongly interacting probes, the
mean-free path is less than the nuclear radius. The in-
teraction is thus surface dominated and is diffractive in
character. The nuclear cross section is then approxi-
mately proportional to the sum of the squares of the nu-
clear radius and the radius of the projectile-nucleon in-
teraction. An increase in the projectile-nucleon interac-
tion for this case would only produce a small percentage
change in the projectile-nucleus cross section.

There is also a theoretical advantage to working at
high energies with a probe that interacts weakly —the
conventional higher-order corrections to multiple scatter-
ing theory which are difficult to calculate become less irn-
portant. Frotn Ref. [6], the ratio of the strength of the
second-order optical potential to the strength of the first-
order optical potential is roughly given by

I,
R =&o—'p,
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where 0. is the projectile-nucleon total cross section, k the
incident momentum of the projectile, l, a correlation
length, and p the nuclear density. Thus we see that a
weak two-body cross section tT and a high energy (large
k) will suppress the conventional second-order correc-
tions which both removes theoretical uncertainties and
also enhances the possibility of seeing less conventional
mechanisms which would not necessarily be equally
suppressed.

Of the strongly interacting probes, the K+ has the
weakest interaction with the nucleon, although high-
energy pions are nearly as weak. Theoretical work on
E+-nucleus elastic scattering can be found in Refs.
[5,7 —9]. It was first shown in Ref. [8] that the experi-
mental [10]K+ elastic scattering cross sections from ' C
were higher than the theory could predict. Similar re-
sults were found in Ref. [5], which led them to suggest
that an increase of 15% in the S» phase shift (an increase
of 26% in the two-body cross section) would resolve the
discrepancy. In Ref. [9], it was suggested that this in-
medium enhancement of the kaon-nucleon interaction
might arise from enhanced meson clouds caused by the
in-medium reduction of mesonic masses. Recent mea-
surements [11] of the ratio of the total cross section of
E+ scattering from ' C to six times the scattering from
the deuteron also indicate an enhanced in-medium kaon-
nucleon cross section.

Here we examine the interaction of the kaon with a nu-
cleus in the context of a covariant multiple scattering
theory originally developed for the pion-nucleus interac-
tion. In this theory, the first-order, impulse approxima-
tion to the optical potential is calculated without approx-
imation in momentum space and used in a relativistic
Schrodinger equation to generate elastic scattering
differential cross sections and the total and the total reac-
tion cross sections. The convergence parameter R of Eq.
(1) for a 450 MeV K+ is quite small, R =0.02 for a corre-
lation length I, =0.5 frn. We thus expect the convention-
al higher-order corrections to be negligible and a careful
treatment of the first-order optical potential to produce
quantitative results. Some of the features which we in-
corporate into the theory and the calculation are (1) kine-
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matics are treated [12] in a fully covariant manner, (2) in-
variant amplitudes [13,14] and invariant phase space and
normalizations are used, (3) finite-range two-body scatter-
ing amplitudes are used and there is no limit on the num-
ber of two-body partial waves which can be incorporated,
and (4) the Fermi-averaging integral over the momentum
of the struck nucleon is performed exactly. The details of
this formalism may be found in Ref. [13] and summaries
may be found in Ref. [15].

To perform the calculation, we require an off-shell ex-
trapolation of the kaon-nucleon amplitude. We choose a
simple separable form for each spin, isospin channel a,
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Any t matrix, independent of the underlying physics, can
be approximated [16] by such a separable form. For nu-
merical convenience we choose a Gaussian form for
u(k), v(k)=exp( —k /P ). Calculated differential cross
sections for the elastic scattering of E+ from ' C and

Ca at a laboratory momentum of 800 MeV/c are given
in Figs. 1 and 2 and compared with the data of Ref. [10].
The nuclear target wave functions are from Refs. [17,18].
In order to estimate the magnitude of the discrepancy be-
tween the theory and the data, we have scaled the
theoretical calculations so that they fit the experimental
cross section in the forward direction. We find a 33% ad-
justment is required for both ' C and Ca. This is in
agreement with the original momentum-space calcula-
tions of Ref. [8].

The total cross section for E+ scattering from ' C in
the range P&,b=450—750 MeV is pictured in Fig. 3 and
compared with the data of Ref. [11]. Because the data
are given as the ratio of the ' C total cross section to six
times the deuteron cross section, we divide our calculated
' C cross sections by six times a smooth fit to the experi-
mental [19] deuteron cross section. Here we find that we
must scale the theoretical results by 25% to be in agree-
ment with the data. Given that there is a systematic er-
ror of 17% for the differential cross section measure-
ments of Ref. [10], the 25% increase for the total cross
section is not inconsistent with the 33%%uo increase needed
for the differential cross section.

The question arises as to how model dependent is this
discrepancy? We have checked the following depen-
dences and found that in all cases we have less than one
percent changes in the predicted cross sections. We may
include the binding energy of the struck nucleon in calcu-
lating the energy at which the two-body amplitude is
evaluated. This produces an effective energy shift of
about 20 MeV, but as the kaon-nucleon amplitude is
smooth over this energy range, such shifts do not matter.
We vary the off-shell parameter P, which we expect to be
near 1 GeV, from a value of 500 MeV to basically infinity
and find negligible variation in the predicted cross sec-
tions. This is somewhat less sensitive than what was
found in Ref. [8]. We have used the on-shell amplitudes
of Amdt and co-workers [20]. We find that the older am-
plitudes of Martin [21] produce the same results. We
have also calculated the second-order correlation correc-
tions [22] for a short-range nucleon-nucleon repulsive
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FIG. 2. The same as Fig. 1 except the target is Ca.

FIG. 1. The differential cross section for 800 MeV/c E+
elastic scattering from "C. The data are from Ref. [10]. The
solid curve is the theoretical prediction; the dashed curve is the
theoretical prediction increased by 33%.
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correlation and found that these are less than one percent
corrections. In addition, the correlation corrections
reduce the cross section and are thus of the wrong sign to
account for the discrepancy. We have also added the
kaon-nucleon D waves to the calculation and found that
they do not contribute. This is all in agreement with
Refs. [5,8]. We also note that the Born approximation in
which we set the kaon-nucleus scattering amplitude
directly equal to the optical potential is good to within
several percent. Thus the second- and higher-order
coherent scattering terms are only a couple percent of the
single-scattering term. This sets a general scale for the
double-scattering terms and indicates, but does not
prove, that all conventional multiple-scattering correc-
tions could not be much larger than a few percent. Final-
ly, we note that the ratio of the ' C total cross section to
six times the deuteron cross section is greater than one.
The theory produces an answer which is slightly less than
one, a simple consequence of shadowing. It is not impos-
sible for conventional multiple-scattering theory to pro-
duce a result greater than one, but this requires a coher-
ence between the scatterings from the individual nucleons
which seems most unlikely, and certainly does not appear
in the calculations, for the weak and repulsive two-body
interaction and the short wavelength which we have for
these high-energy kaons.

We ascribe no particular model [5,9] to the origin of
this medium modification of the amplitude. The major
conclusion here is that we corroborate at a qualitative
level the results of Refs. [5,8]. At the quantitative level,
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FIG. 4. The same as Fig. 1 except the dashed curve results
from increasing the kaon-nucleon phase shifts by 25% (an in-
crease in the two-body cross section by 36%).
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FIG. 3. Total cross section for E+-' C scattering as a func-
tion of the K+ laboratory momentum. The data are from Ref.
[11]. The solid curve is the theoretical prediction; the dashed
curve is the theoretical prediction increased by 25%.

FIG. 5. The same as Fig. 2 except the dashed curve results
from increasing the kaon-nucleon phase shifts by 42% (an in-
crease in the two-body cross section by 64%).
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we differ slightly from the results of Ref. [5]. Our 33%
discrepancy for ' C is slightly larger than what was found
for ' C in Ref. [5] and is roughly twice the discrepancy
found there for Ca. Although we do not wish to ascribe
any particular mechanism to account for the discrepancy
we find, we will investigate the model of Ref. [5] in which
the two-body phase shifts and hence the two-body cross
sections are modified to fit the data. Here, we increase all
the phase shifts by the same percentage until the theory
fits the forward angle kaon-nucleus cross sections. We
find that for ' C the phase shifts must be increased by
25% (an increase in the two-body total cross section of
36%) while for Ca the phase shifts must be increased by
42% (an increase in the two-body total cross section of
64%). These results are pictured in Figs. 4 and 5. The
difference between ' C and Ca can easily be understood.
We find a consistent 33% discrepancy for both nuclei.
However, in order to increase the forward elastic scatter-
ing on ' C by 33% we find we have to increase the two-
body cross section by 36%. These numbers match the
observation from the total cross section calculation, Fig.
3, that the E+ sees about 90% of the twelve nucleons in
' C. The shadowing effect is much greater in Ca where
the mean-free path of the kaon is approximately the ra-

dius of Ca and thus many of the nucleons in Ca are
shadowed behind other nucleons. To increase the Ca
cross section by 33% we find that it takes a 64% increase
in the two-body amplitude. In summary, we find that
there is a consistent discrepancy between the theory and
the data of about 30%.

With these limited data, it is not possible to provide
sufficient constraints so as to uniquely determine the
physical phenomena that underlie the discrepancy. More
data, particularly elastic differential cross sections at
several energies and for a set of targets, would be helpful.
Data on He, which even though it is all surface is also
exceptionally dense, and on a very heavy nucleus, could
provide some insight into the 3 dependence and maybe
the density dependence of the missing physics. Moving
to lower-energy K+ would be desirable as the two-body
cross section becomes even weaker. High-energy pions,
as they can also penetrate reasonably far into the nucleus,
should also be studied as the probe dependence of this
effect could be most illuminating. Comparisons of ~+
and vr scattering from a series of isotopes, such as the
Ca isotopes, together with charge-exchange data, would
allow a study of the isospin dependence of the underlying
physical mechanism.
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