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K +-Nucleus Scattering and the "Swelling" of Nucleons in Nuclei
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We investigate the utility of the K+ meson as a probe of effective-size modifications ("swelling" ) of
nucleons in the nuclear medium. The K -nucleus elastic and total cross sections are found to be sensi-

tive to the density-dependent effective masses of the vector mesons (p, tv) whose exchange is responsible

for the dominant part of the low-energy K -nucleon interaction. This density dependence is estimated

in several ways and used to construct a K+-nucleus optical potential. Such a model is consistent with

the K++ '2C data at 800 MeV/c, and provides a physical picture of the "swelling" mechanism in terms

of the medium modifications of the meson cloud of the nucleon.

PACS numbers: 25.80.Nv, 21.65.+f

The European Muon Collaboration effect' suggests
that the quark momentum distribution in a nucleon is

modified in the nucleus. It is important to search for
other processes which are sensitive to the subtle modifi-

cations of quark correlation functions in the nucleus, i.e.,
to the "swelling" of nucleons. The K+ meson is a
promising probe in this context, 2 since its interaction
with nucleons is rather weak at low energy (crit (10
mb for pL & 400 MeV/c). Because of its long mean free
path, the K+ serves as a volttme probe' of nuclei, and is

sensitive to density-dependent "swelling" phenomena
which are maximal in the nuclear interior. Strongly ab-
sorbed surface-localized particles (K, tt —,P, etc.), on

the other hand, incur large multiple-scattering correc-
tions in nuclei, and these mask the rather delicate effects
from nucleon "swelling. "

Below 300 Mev/c, the K+-nucleon interaction is

dominated by the isospin I=1 s-wave (Stt) amplitude.
The phase shift 8(S~I)= —kR, where R=0.32 fm.
Note that R = 1/mv, where mv is the vector-meson (p
or co) mass. In meson-exchange models of the K+N in-

teraction, s
p and to exchange plays a dominant role,

since one-pion exchange is not allowed. In this respect,
the E+ interacts with a nucleon much as a virtual pho-
ton does, as illustrated in Figs. 1(a) and 1(b). The elec-
tromagnetic size (r, )'1 of the nucleon is then deter-
mined partly by the vector-meson cloud and partly by
the core size (r„„)'12 according to the relation

(r,' ) =6/rrty'+(r, '„,).

The effects of isoscalar two-pion exchange (the ts) can
be largely accounted for by KN KN "box diagrams"
with K*N, Kh, and K 6 intermediate states, as shown
in Figs. 1(c) and 1(d).

If one rescales to a value R'=1.1R, one obtains a
good fit to the elastic K++'2C scattering at 800
MeV/c, as well as the ratio

RT =cr„(K + ' C)/6o„(K++d). (2)

Siegel, Kaufmann, and Gibbs attributed this rescaling
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FIG. l. (a), (b) The interaction of virtual photons and EC+

mesons with nucleons. (c),(d) Box diagrams which contribute
to kaon-nucleon scattering. (e) An exchange-current effect
due to ECx scattering.
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to "partial deconfinement" of quarks. Here we present
an alternative picture of the effective K+N interaction in
the nucleus in terms of the density-dependent masses
my(p) of the vector components of the nucleon meson
cloud. (We assume m„=m~=mv. ) Our starting point
is the Kawarabayashi-Suzuki-Riazuddin-Fayyazuddin
(KSRF) relation, which is assumed to hold not only in
vacuum, but also in the nuclear medium of density p:

mv'(p) =2f.'(p) g', (3)

where f (0) is the pion-decay constant in free space and

g is a universal gauge coupling constant determined from
the decay p x~r. If we assume g to be density indepen-
dent, then

m)2(p)/mv'(0) =f,'(p)if.'(0). (4)

m. (p)/m. (0) =1 —
—,
'

Xp/po (7)

with 0.22&A. &Q.54. Whereas 2 is model dependent,
the mass of the 0 must decrease towards the pion mass,
since the cr and z become degenerate at the chiral res-
toration density.

A result very similar to Eq. (7) is also obtained" in
the language of mesons and nucleons. Here, the de-
crease of m (p) with density follows from medium
dependence in the constituent pion propagators which
make up the effective cr exchange; specifically, from the
introduction of isobar-particle, nucleon-hole insertions in
the pion propagator. For —,

'
&g/It~ &0.45, where g)v& is

the local field correction' in pionic units, we obtain
0.2 &k &0.3 in Eq. (7).

Another way to estimate the density dependence of
vector-meson masses is to exploit the relationship of
meson and nucleon masses my(p) and m/v(p) in the con-
stituent quark model. Here m/v(p) = 3mg(p) and
my(p) is somewhat larger than 2mg(p). Thus

A, = 2 [1 —
mw (po)/m/v (0)l. (8)

Using the phenomenological value' mjv(po)/m/v(0)
=0.83-0.87 we obtain 0.26 & X & 0.34, consistent with
the above estimates.

Now consider the Born amplitude f„+/v(p) for K+N
scattering in a medium of density p through vector-

We now consider several methods of estimating f (p)/
f, (0). In the Nambu-Jona-Lasinio model, explicit cal-
culations' "give

f,(p)/f. (0) =m. (p)/m. (0),

where rn is the mass associated with the scalar a field:

m. (p) = 2mg(p).

The constituent quark mass mg(p) is obtained by our
solving the gap equation in the mean-field (Hartree) ap-
proximation. One finds" for p~ po

meson exchange. From Eqs. (4), (5), and (7), we get

f/t '/v (0)
fx w(p)= (9)

1 Xp 2pp

where we assume q ((my in the meson propagator.
From Eq. (9), we construct the K+-nucleus optical po-
tential V,~t (r):

+

—gp(r)/po 1 +.e (r R)/a

where V( =(—2tt/Er, +)f&+/v(0)po, Ett+ is the total
K+ energy, and Vo =Vt) /(1 —X). The effect of the
nonlinear density dependence in Eq. (1Q) is seen to be an
increased repulsion in the real potential and a decreased

effective radius R =R —Xa for the nucleus. This is pre-
cisely what is required in phenomenological fits7' to
K++ ' C elastic-scattering data. A similar radius
change occurs for pions, '5 because of the Lorentz-Lorenz
effect, but in this case R & R.

To demonstrate the effect of the nonlinear density
dependence in Eq. (10) on K+ scattering, we have per-
formed a series of optical model calculations of
K++ ' C elastic and total cross sections as a function of
pL. The calculations were actually done with a nonlocal
version of Eq. (10), following Siege, Kaufmann, and
Gibbs. ' We included the Coulomb potential corre-
sponding to a realistic charge density in the calculation
of do/dQ. The hadronic density was taken to be a Fer-
mi form p(r) =po/[1+exp[(r —R)/a)I with R =2.274
fm and a =0.398 fm. These parameters were adjusted to
fit electron-scattering data on '2C, with our taking into
account finite nucleon size. Angle transformations and
off-shell form factors were also included. ' ' We includ-
ed the elementary s , p-, d , an-d f-wav-e K+N ampli-
tudes of Martin. ' Paez and Landau'6 and Siegel, Kauf-
mann, and Gibbs' have studied in detail the dependence
of K++ '2C elastic scattering on changes in form fac-
tors, K+N amplitudes, etc. These changes are modest,
and none of the existing calculations involving a K+ po-
tential linear in p(r) succeeds in reproducing the data.
We note that the theoretical uncertainties in RT are
considerably smaller than the change induced by the
nonlinear density dependence of Vx~t.

The results for the elastic angular distribution at
pL =800 MeV/c are shown in Fig. 2(a) for X, =0 and 0.2.
The choice A, =0.2 provides a good fit to the data,
whereas the choice X =0 (free K+N amplitudes) falls
short. In Fig. 2(b), we show the pL dependence of the
total cross-section ratio RT of Eq. (2), compared with
the data of Bugg et al. ' Again, the fit with X =0.2 is

adequate, whereas for k =0 one predicts "shadowing"
for pL &600 MeV/c (i.e, RT & 1). The data do not show
this effect below 1 GeV/c. Note that for K++ Ca at
800 MeV/c (not shown), we obtain only modest changes
in elastic cross section with A, , in agreement with the cal-
culations of Ref. 2. Thus, the light nuclei provide the
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The optimum choice X=0.2 used in Fig. 2 is a bit
below the range of values given by Eqs. (7) and (8).
This may imply that the mass mt (p) has a less pro-
nounced density dependence than m (p), as suggested by
Bernard and Meissner. '9

In our approach, the energy dependence of V~~, is car-
ried by the free space amplitu-de ftt+tv(0)/E„+, i.e., A. is

FIG. 2. The angular distribution for K++ ' C elastic
scattering at 800 MeV/c is shown at the top. The data are tak-
en from Marlow et al. (Ref. 7). The dashed and solid curves

correspond to optical-model calculations, following the meth-

ods of Ref. 14, for A. 0 or 0.2, respectively. At the bottom is

shown the total cross-section ratio RT of Eq. (2) as a function

of pL, for X 0 and 0.2. The data are from Bugg et al. (Ref.
18).

independent of energy. One then predicts an increasing
amount of "antishadowing" (RT &1) belo~ pL 750
MeV/c, as shown in Fig. 2(b). However, there are other
sources of energy dependence in Vf~, which could alter
the picture, namely (i) renormalization of the "box dia-
grams" [Figs. 1(c) and 1(d)] in the medium and (ii)
"exchange current" contributions in which the K+ hits a
pion [Fig. 1(e)]. Both of these yield energy-dependent
corrections of order p2(r) to Vx~&. The latter is of order
«fg,p (t')/poEtt+, where tc =0. 1 is the usual "wound in-

tegral, " and fq„ is the off-shell Ktt amplitude. Quantita-
tive estimates of (i) and (ii) are being developed.

In the preceding discussion, we have assumed that the
p- and cu-exchange contributions to fr+tv are subject to
the same density-dependent renormalization. Note that
K++ '2C elastic scattering involves the isospin-averaged
K+N amplitude, so that the p cancels out in Born ap-
proximation, and only to enters. Both the p and co con-
tribute in first order, however, to (K+,K+'N) quasifree
scattering, which constitutes the bulk of the total cross
section at 800 MeV/c. In the (K+,K ) charge-exchange
process, on the other hand, only the p contributes in first
order. Experimentally, separate measurements of K+
elastic, charge-exchange, and total-reaction cross sec-
tions on light targets as functions of pL would be an in-

valuable aid to disentangling the isospin structure of the
process and the reaction mechanism. Some new mea-
surements of RT have recently been made. 2o Data below
500 MeV/c would be particularly welcome, since here
one enters the region of s-wave dominance of the K+N
amplitude, and a simple picture in terms of a density-
dependent effective hard-sphere radius makes sense. The
picture above 600 MeV/c is complicated by the forma-
tion of possible Z resonances in K+N partial waves

with le0. The K++ He system also represents an in-

teresting case for experimental study, since here the cen-
tral density po is higher than that of ordinary nuclear
matter, and hence the nucleon "swelling" effects may be
amplified.

In summary, the apparent "swelling" of the nucleon
needed to explain K+-nucleus scattering can be under-
stood in terms of a density dependence of the vector-
meson masses mv(p) which enter into the K+-nucleon
interaction. The density dependence has been estimated
by our relating mt (p) to the effective nucleon mass

mtv(p), or by our assuming that the KSRF relation holds
in the nuclear medium. The discrepancy between first-
order "tp" calculations and the observed K++ '2C elas-
tic angular distribution and total cross section is natural-
ly explained in terms of an increased K+N effective
range arising from the decrease of the vector-meson
mass in the nucleus.
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