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The KN S-wave interaction is investigated with a coupled-channels potential model. The importance
of using relativistic kinematics and of requiring a subthreshold resonance while fitting to low-energy
scattering data is explored. A model reproducing the above-threshold data, and agreeing with the

kaonic-hydrogen energy shift, is found.
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X rays given off in transitions to the 1S level of kaonic
hydrogen show that the nuclear interaction of the kaon
shifts the atomic level to a more bound energy.'~* This
is a puzzle in that the shift is in a direction opposite to
that observed in heavier atoms,* and to that calculat-
ed>~7 with use of the analyses of low-energy KN scatter-
ing experiments.®~'¢ Unraveling this puzzle is important
for an understanding of the KN interaction and the
structure of the subthreshold A(1405) resonance.

The A(1405) is a strangeness —1, isosinglet resonance
which decays only to £x. This resonance also couples
strongly to the KN system, but does not decay to it since
the A(1405) is some 30 MeV below the KN threshold.
Whether the A(1405) is composite (KN bound state or
r resonance) or is elementary (three-quark state) is
controversial.'’"2° In a recent investigation into the na-
ture of the A(1405), Refs. 19 and 20 include a bare
three-quark state in their cloudy-bag model. They find
the A(1405) to consist of a KN bound state with only a
small admixture of elementary three-quark state. This
result suggests that while quark degrees of freedom may
be needed to describe some details of the KV interaction
(see also Maltman and Isgur?!), a reasonable model is
possible with the K, /V, Z, and r as elementary particles
interacting via potentials or exchanged mesons.

Results of the three different x-ray experiments'~3 are
displayed in Fig. 1, which clearly shows the large statisti-
cal errors. In addition, since many elements produce x
rays with energies similar to the 1S transition in kaonic
hydrogen, and since a full cascade down to the 1S level
has not been observed, it is difficult to be certain of the
identity of the observed x rays, and questions regarding
systematic errors have been raised.*?3 In light of these
experimental difficulties, a possible reconciliation of the
scattering and x-ray experiments is obtained by our
disregarding the x-ray results. However, the x-ray re-
sults represent the onl/y direct experimental evidence on
the near-zero-energy KN interaction and we choose to
search for an interpretation of the low-energy scattering
data which is not at odds with them.

In the simplest analysis, the atomic-level shift and
width are related to scattering data via the proportionali-
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ty
(AE,)/E,= —4f(E,)/nRp, (1)

where f(E,) is the complex K ~p scattering amplitude
evaluated at the Coulomb bound-state energy F,, and
Ry is the Bohr radius. The amplitude is “known” from
the many years of work on M- and K-matrix analyses,?*
and its use in (1) predicts a shift to the less bound
— which disagrees with experiment. Since corrections to
(1) found in exact calculations®”?3 are large, but not
large enough to reverse the sign of AE,, there must be a
problem with either the experiments or f(E).

The M- and K-matrix analyses extrapolate scattering
data (cross sections and amplitudes determined by
Coulomb-nuclear interference) measured at higher ener-
gies down to threshold and below. The extent of the ex-
trapolation is illustrated in Fig. 2 where it can be seen
that no data are available below kaon laboratory mo-
menta of 100 MeV/c, yet use of (1) requires the ampli-
tude “below” 0 MeV/c. The hydrogen experiment calls
this extrapolation into question. If we assume the mea-
sured shift to be correct, the puzzle centers on the energy
dependence of the scattering amplitude f(E) in the re-
gion from the Coulomb bound-state energy (8 keV below
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FIG. 1. The shifts and widths of the 1S level in kaonic hy-
drogen as measured by Ref. 1 (squares), Ref. 2 (crosses), and
Ref. 3 (circles). An exact bound-state calculation with several
K ~p potentials yields the dotted lines (nonrelativistic update
of Ref. 22), dot-dashed lines (relativistic update), solid lines
(new relativistic), and dashed lines (Ref. 22, set C).
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FIG. 2. Calculated cross sections for the three sets of poten-
tial parameters. The data are as follows: plusses, Ref. 8; open
circles, Ref. 9; filled circles, Ref. 10; filled triangles, Ref. 11;
filled squares, Ref. 12; open squares, Ref. 13; crosses, Ref. 14.
The I =1 absorption data are derived from the following: filled
lozenges, Refs. 12 and 13; open lozenges, Refs. 15 and 16.

K ~ p threshold) to the low end of the scattering data (5
MeV above threshold). Either a second sign change in
f(E) is needed (i.e., in addition to the one produced by
the subthreshold resonance), or— contrary to K- and M-
matrix analyses— there is no sign change at all in f(E).
Indeed, models have been proposed?® with a second sign
change in this region. While they may be correct, they
are ad hoc, and have drawn theoretical criticism.2¢

In this Letter we describe our attempt to find a
coupled-channels potential model of the low-energy K ~ p
interaction consistent with both the scattering and atom-
ic data. We work with a potential since it builds analy-
ticity and unitarity into our scattering amplitudes and al-
lows us to solve the Coulomb plus nuclear bound-state
problem exactly; we suspect that similar results can be
obtained with more microscopic models. Our model is
designed to reveal the physics of the interaction while
keeping the computations manageable. No Coulomb
corrections to the scattering data were made, and only S
waves are considered (P waves may affect differential
cross sections at laboratory momenta as low as 150
MeV/c '*1%) " Our approach is similar to that given by
Alberg, Henley, and Wilets,?>2” and we refer the reader
there for details on notation.

At low energies the K ~p system (our main channel)
couples to the I?On, strz7, 2 xt, 2%° and A%x° Sys-
tems. Since resonance formation in the isospin-0, Xrx
channel is the main mechanism for annihilation from the
K ~ p channel, we use a second channel for it. Likewise,
since the K% channel lies only 5 MeV above K ~p
threshold, it strongly affects the value of the K " p
scattering amplitude near threshold, and it is our third
isospin-0 channel:

[D=|K"p), |2=|zm), |3)=|K").
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FIG. 3. The £z mass spectrum of Ref. 28 compared to pre-
dictions from three fits.

For isospin 1 we employ only channels | 1) and |3) but
add an imaginary part to the potential to account for
nonresonant absorption into the Xz and An channels.
This permits a direct comparison of our potential param-
eters with those of Ref. 27, and reduces the number of
parameters. We further reduce that number by placing
the three charged T states into the isospin-0 channel 2.

We solve the S-wave Lippman-Schwinger equation,
T=V+VGT, with potential, propagator, and transition
matrices, V, G, and T, 3 by 3 matrices. We use separ-
able potentials with Yamaguchi form factors,

1
Vij(k'lk) = Zg,(k')k}"g,(k),
1=0

g1(k)=1/(k*+B}),

where the subscripts indicate isospin and the superscripts
channels. The inverse range, B;, and the isospin-0
coupling-strength parameters, A7, are real. The isospin-
| coupling parameter, A{', is given an imaginary part to
provide the absorption discussed above. We invoke iso-
spin symmetry insofar as A7>=xr/>=xr}'=1}!, but use
actual masses in the propagator. The propagator,

Gy =8,/lE* — (P2+mi) "2+ (p2+m3) ',

incorporates relativistic kinematics for the two particles
in channel i. For the nonrelativistic calculation, the
channel masses are chosen to make the energy agree
with the relativistic expression at K ~p threshold.?’

The reactions fitted are shown in Figs. 2 and 3, and
the parameters determined are given in Table I. Our
work differs from Ref. 27 in our (1) using additional,
more recent data, (2) fitting the individual K ~ p elastic
and charge-exchange cross sections (Ref. 27’s good fit to
the sum did not produce equally good fits for the indivi-
dual reactions), (3) including the £z mass spectrum as a
further constraint on the potentials, (4) fitting directly to
data—as opposed to K-matrix parameters derived from
data, (5) treating K% asa separate channel with a mass



VOLUME 58, NUMBER 17

PHYSICAL REVIEW LETTERS

27 APRIL 1987

TABLE 1. Potential parameters for fits a (nonrelativistic update of Ref. 22), b (relativistic
update), ¢ (new relativistic), and d (Ref. 22, set C).

,30_1 kdl }\dz 7\&2 ﬂl—l ).1“
Fit (fm) (MeV?) (MeV?2) (MeV?) (fm) (MeV?)
a 0.412 —2.62x10* 491x10* 3.49x10%  0.301 —3.51x10*—3.93x10%
b 0.261 —2.76x107 2.87x107 —3.00x107 0.226 —1.20x10°—1.99 x 104
¢ 0.0962 —1.05x10° 1.71x10° 1.29x10% 0.0678 —2.75x10®—3.77x10%
d 0.180 —3.58x10° —1.23x10° —4.52x10° 0.500 —6.08 % 10*—4.42x 104

different from that of K ~p, (6) using relativistic kine-
matics (the pion is relativistic), and (7) computing all
integrals numerically.

We find that, while the elastic and absorption data fix
the square modulus of the scattering amplitudes at ener-
gies above the K°n threshold (right of the rightmost ar-
row in Fig. 4), large differences in the amplitudes occur
below that threshold, when no subthreshold data are
fitted. In particular, fitting above-threshold data alone
does not produce a subthreshold ‘“‘resonance” [peak in
Imf(E) and sign change in Ref(E)], but imposing the
additional constraint of reproducing the zero-energy K-
matrix elements does lead to a resonance near the
A(1405). Apparently, since the K-matrix elements are
derived from the low-energy data plus a number of
theoretical assumptions,2* such as a linear energy depen-
dence for K ~!, forward dispersion relations, and cross-
ing symmetry, these assumptions are important in pro-
ducing the resonance.

To constrain our potential further, and to build in
more experimental information, we used our Xr elastic-
scattering amplitude in a simple model for the reaction
7~ p — ZzK° If we assume that the experimental mass
spectrum?® is dominated by the final-state Er interac-
tion, and use relativistic three-body phase space, we ob-
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FIG. 4. Real and imaginary parts of the K ~p elastic-
scattering amplitude. Arrows indicate threshold energies for
the =z, K ~p, and K °n channels in order from left to right.

tain the spectrum shown in Fig. 3. Being required to fit
this spectrum tends to produce a resonance, and is a
strong constraint— most of the potential parameter sets
fitted to above-threshold data alone failed. Yet even the
mass-spectrum constraint leaves many parameter sets
—each a local % minimum— from which to choose. For
example, in Figs. 2-4, the dotted curves, fit a, were ob-
tained by our using a nonrelativistic propagator and
starting the search with the parameters of Ref. 27; it is
thus an update of their work and yields similar scattering
amplitudes. The dot-dashed and solid curves, fits b and
¢, were obtained with use of the relativistic propagator
and different starting points for the seven-dimensional
searches.

If we look at the curves of K ™ p scattering amplitude
versus energy in Fig. 4, we see below-threshold reso-
nances for fits a and b, but not for fit c. This is a conse-
quence of the relativistic kinematics, and of a somewhat
weaker 1 =0 amplitude in the K ~ p channel; the fit-c Zx
amplitude (not shown) does have a nice resonance!

The importance of fit ¢ arises from its having the sign
and magnitude needed to provide agreement with the
kaonic-hydrogen experiments. To actually test that as-
sertion, we used all three coupled-channels potentials to
calculate exactly the kaonic-hydrogen energy shifts and
widths. For this purpose we used the code of Ref. 6,
which searches for det(1 —¥G) =0, with ¥ containing
Coulomb plus coupled-channels nuclear potentials. The
results obtained are shown in Fig. 1. Fit ¢ (solid line)
agrees with the present state of the kaonic-hydrogen
data. Even if one chooses to disregard the hydrogen ex-
periments, however, fit ¢ is the best fit in that it repro-
duces the elastic and reaction data with the smallest x2.
In that both the scattering data and the hydrogen data
are well described by a model which does not include a
three-quark state, our results support the conclusion of
the cloudy-bag-model work,'® namely, that the A(1405)
consists predominantly of a composite state. At present
we are testing our potential in optical potentials for
heavier kaonic atoms.
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