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We discuss the relative importance of several possible hadron-hadron interaction mechanisms and re-
view a coupled-channel Schrédinger model incorporating some of these mechanisms. Its application to
pseudoscalar-pseudoscalar S-wave scattering is reviewed and updated to include new insights about the
underlying intermeson interactions. We find that s-channel resonance formation and quark-exchange
processes are sufficient to reproduce experimental observations, and that the new predictions are qualita-
tively consistent with the earlier results. New results for exotic K "K * scattering are also presented and
compared with a Born-level quark-exchange calculation.
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INTRODUCTION

A common approach to modeling hadron-hadron in-
teractions is to sum the effects of both s-channel and ?-
channel meson exchange. Another possible interaction
mechanism is quark exchange between two nearby had-
rons. In several earlier papers we presented results based
on a combination of quark-exchange and s-channel reso-
nance interactions (in those isospin and strangeness sec-
tors where such s-channel resonances exist) for all S-wave
pseudoscalar-pseudoscalar (PP) systems [1-3] except the
exotic KK systems which we report on here.

Quark-exchange interactions have recently been stud-
ied in systems of S-wave vector-vector states by Dooley,
Swanson, and Barnes using the Born approximation and
calculating phase shifts and effective meson-meson poten-
tials [4]. These techniques have also been applied by
Barnes and Swanson [5] to single channel w7t and
K*tK™ systems, and they suggest that certain assump-
tions in our earlier coupled channel studies are not ap-
propriate.

In this paper we first discuss the differences between ¢-
channel meson exchange and quark exchange, and show
that quark-exchange diagrams represent new physics.
We then apply the insights of the Born-approximation
work to the coupled-channel analysis presented earlier,
and show that the formalism developed there survives the
suggested modifications. Finally, we show predictions for
the unmeasured K YK phase shift and cross section,
and compare these results with the Born-approximation
calculations of Barnes and Swanson [5].

HADRON-HADRON INTERACTIONS

When two scattering hadrons are within a few fm of
each other they may interact via the strong force, but the
mechanisms driving their interactions are still not well
understood. One idea, dating back to Yukawa [6], is that
the interaction takes place via t-channel meson exchange
as depicted in Fig. 1(a) for the specific case of meson-
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meson (MM) scattering. The S matrix for hadron-hadron
scattering may be formally determined by summing over
the exchange of all allowed intermediate mesons. The
range of these interactions is, however, dependent on the
mass m of the exchanged meson, and is of the order of
the Compton wavelength A=%/mc. The Compton wave-
length of the 7 is about 1.4 fm, but for the next lightest
pseudoscalar mesons, the K and the 77, Ay =0.4 fm and
A,=0.36 fm. The lightest vector meson is the p and
AP=0. 26 fm. Thus, when two scattering hadrons, whose
individual wave functions are significant over ranges of
about 1 fm, are close enough to scatter via meson ex-
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FIG. 1. Quark line diagrams of several possible interaction
mechanisms in meson-meson scattering; (a) z-channel meson ex-
change, (b) s-channel resonances, and (c) quark exchange. In (d)
we show a quark-exchange process deformed by having a quark
line scatter backwards and forwards in time.
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change, they are, with the exception of 7 exchange, over-
lapping. It follows that the whole picture of meson-
exchange interactions between pointlike hadrons loses
much of its justification when applied to physical had-
rons.

The picture of overlapping-hadron wave functions,
which undermines the meson-exchange picture, suggests
two other interaction mechanisms. One is due to gg-
annihilation and creation processes, depicted in Fig. 1(b)
for MM scattering, which occurs when a quark in one
meson annihilates with an antiquark in the other meson.
This leads to the production of an s-channel meson, and
the S matrix can again be determined by summing over
all s-channel resonances. The duality of s- and ¢t-channel
meson exchange for MM scattering is evident from Figs.
1(a) and 1(b), which may be continuously deformed into
one another. Thus, the S matrix can be described in
terms of a complete set of either process; considering sub-
sets of both processes runs the risk of unphysical predic-
tions due to double counting.

Another possible interaction mechanism is quark ex-
change [Fig. 1(c)] between two nearby scattering hadrons
whose wave functions overlap. If there are identical par-
ticles in the scattering hadrons the complete wave func-
tion of the system must, in fact, contain such diagrams in
order to be antisymmetrized. Hence the dynamics of
quark exchange are intrinsic to the dynamics of hadron
scattering.

Earlier we noted that the s- and ¢t-channel diagrams for
MM scattering may be continuously deformed into one
another. It is often supposed that quark-exchange dia-
grams are merely another way of modeling z-channel
meson exchange, but we argue that this assertion is not
correct by considering a deformation of the quark-
exchange diagram [Fig. 1(c)] that looks like a particular
type of t-channel meson exchange [Fig. 1(d)]. This dia-
gram results from scattering the exchanged quark back-
wards and then forwards in time, and requires the intro-
duction of additional gg-annihilation and creation opera-
tors into the Hamiltonian. In Fig. 1(d) we have an inter-
mediate state with six quark lines, but in Fig. 1(a) we can
cut the diagram and have only two lines [7]. Hence
quark-exchange processes may look like ¢-channel
meson-exchange processes, but they cannot look like s-
channel resonance processes and must therefore represent
new physics beyond the usual s-z duality.

In our earlier papers on this subject we described how
we used the nonrelativistic quark model to calculate
effective potentials based on quark exchange. The Hamil-
tonian used in those calculations is a simplified version of
the quark-model Hamiltonian used in calculations of the
spectroscopy and decays of mesons and baryons [8,9], as
well as the properties of the deuteron [10], thus leading to
a unified description of both stationary ¢g and scattering
hadron states from a single model. Here we review the
physics underlying scattering systems based on s-channel
meson resonances and quark-exchange dynamics in a
coupled-channel Schrdédinger picture. It turns out that,
at the present levels of experimental and theoretical accu-
racy, no contributions from z-channel meson exchange
are required.

AN APPLICATION TO S-WAVE
PSEUDOSCALAR-PSEUDOSCALAR SCATTERING

An incoming I =0 7 7~ scattering state, for example,
may scatter through an s-channel meson resonance via
gg-annihilation and creation or through a quark-
exchange process into an outgoing asymptotic 91 (or nn’
or n'ny’) state if the mm invariant mass exceeds the ap-
propriate threshold. This same initial state may also
scatter into a KK~ final state via an s-channel reso-
nance if the creation vertex [Fig. 1(b)] produces an s
pair.

A 7 state below 77 threshold may also scatter via
quark exchange into a virtual 77 state, and the amplitude
for this process increases if there is an attractive nm po-
tential near the origin which effectively lowers the thresh-
old. (Here and below we use 7 as a generic label for ei-
ther an 7 or 7’ state.) Because of strong mixing between
the (uif +dd)/V'2 and s§ components of the physical 7,
this virtual state may make a transition to a gggg MM
state with one ¢g pair being an s5 pair. A second quark-
exchange scattering can then complete an indirect
second-order transition from I =0 w7 to KK. This pro-
cess is known to play an essential role in the dynamics of
such systems in our coupled-channel model, as discussed
in Refs. [2] and [3] and below. Thus we see that a com-
plete description of these scattering processes requires a
coupled-channel approach, and that the 7 (and %’ and
7n'n’) channels are potentially important even at energies
where they are virtual processes.

A reasonable starting point for S-wave PP scattering is
the radial coupled-channel matrix Schrodinger equation

(K+M+V)u, s(r)=Eu; s(u). (1)

Here the radial wave function u; ¢(r) represents the am-
plitude for two mesons or a gg system with net isospin 7
and strangeness S to have relative separation r. In Eq.
(1), K is a diagonal nonrelativistic kinetic energy opera-
tor, and M is a diagonal mass matrix, so that E is the to-
tal nonrelativistic energy and not simply the kinetic ener-
gy. The nondiagonal potential matrix ¥ contains three
different types of entries which correspond to three dis-
tinct physical processes: P;P,«>PiP; of Fig. 1(c), and
P,P,«<>S and S<S, which are the components of Fig.
1(b) (where P; represents a pseudoscalar and S a scalar
meson).

We have determined the P, P,<>P P} potentials from a
variational nonrelativistic quark-model calculation which
concluded that the ggqqq low-lying states are mainly
scattering states of 0”0~ meson pairs (with a numerically
insignificant 171~ component) and that intermeson ‘“‘nu-
clear” forces have a significant contribution arising from
quark-exchange processes driven by, in the PP sector, the
hyperfine interaction [2,3]. One parameter in our previ-
ous analysis was chosen from a fit of the I =2 7 S-wave
phase shift to data [11] and is discussed below, while the
remaining parameters were determined by low-energy
meson spectroscopy.

The range of the quark-exchange potentials is largely
determined by the meson radii, and, as we believed that
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the quark model underestimated the experimentally-
determined meson radii by a factor of about 2, we previ-
ously [1-3] allowed ourselves the freedom to double the
range of each extracted meson-meson potential, and then
scaled each of their strengths by a common factor (deter-
mined to be 0.5) from a fit to the I =2 77 phase-shift
data [2]. We then converted these potentials to
equivalent square-well potentials with similar low-energy
single-channel phase shifts and ranges of 0.8 fm to solve
the coupled-channel Schrodinger equation numerically.
The discrepancy in the 7 radius may, however, be caused
by vector-meson dominance (VMD) which would make
its measured electromagnetic radius a convolution of the
7 and p radii. If this is the case, then our argument for
expanding the range of the potentials is suspect.

The recent results of Barnes and Swanson [5] show that
the extracted w7 potentials require significant
modification, but suggest that non-7 potentials do not.
They arrive at this conclusion because their direct calcu-
lation of the phase shift from the Born-level matrix ele-
ment for PP scattering, and the phase shifts generated by
scattering mesons through the effective threshold poten-
tial (found by taking the Fourier transform of the Born-
scattering matrix element), differ significantly for =
scattering but not for KK scattering. This suggests that
our rescaling of the effective potentials is required be-
cause the 7 mass is small, and not because the meson ra-
dii are underestimated. This in turn suggests that future
work on potential models might profitably attempt to
make contact with chiral dynamics which successfully
describes low-momentum pseudoscalar dynamics [16,18].
In the next section we will discuss the effect of this obser-
vation on our earlier I =0, %, and 1 coupled-channel re-
sults and, for the moment, continue with our review of
the model.

The P,P,<>S potentials which determine to the vertex
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FIG. 2. The S-wave phase shifts for K7—«x— K scattering
through a Breit-Wigner s-channel interaction (triangles), and
through two-channel (solid line) and four-channel (dotted line)
Schrédinger equations with no quark-exchange interactions.
Kn and K7’ thresholds are marked with vertical lines.

factors in Fig. 1(b) are calculated from an SU(3)-
symmetric *P, ¢g annihilation picture which includes
Clebsch-Gordan factors dependent on the PP, flavor
wave functions, mass-dependent form factors, and an
overall square-well depth chosen to reproduce the quark
model f(1300)— 77 width [9].

The S<>S potential, which allows the gg resonance to
propagate from one vertex to the other in Fig. 1(b), con-
sists of a repulsive 1/72 P-wave centrifugal barrier, a
deep square-well gg confining potential (normally taken
to be 10 GeV) with an interior depth (for » <0.8 fm)
chosen to reproduce the ground-state *P, masses in
agreement with both experiment and the predictions of
the quark model [8].

The dimensions of the matrices in Eq. (1) are deter-
mined by the number of S-wave pseudoscalar pairs and
scalar gg mesons in the flavor sector being investigated.
The wave functions u; s are of the form

Up 1=172
uy,=(ugg ), Wy 1 =(Up 1=30), W= g, )
Ui
Uk ¥ 1410)
(2)
u =0
U, =1=0
uan KK
Upg =1 U
Wo= | 4, > Uo0= | Uyy |5
n'T
7
Ua,(1300) R
Uy, (1300)
Ui (1500)

or

We solve Eq. (1) numerically to determine these
scattering-state wave functions; their asymptotic behav-
ior yields the energy-dependent phase shifts, and the
inelasticities are found by comparing the relative ampli-
tudes of outgoing waves in each channel for a given in-
coming wave.

This model can be related to the standard picture for
Breit-Wigner scattering through an s-channel resonance
of mass my and width I'y by considering a two-channel
problem in which the incoming PP system, channel 1,
scatters through annihilation to the resonance, channel 2
[Fig. 1(b)] [12]. There are no quark-exchange effects in
the Breit-Wigner model, so in our model this corresponds
to V(PP—PP)=0 but ¥(PP—S) and V(S —S) #0. In
Fig. 2 we compare the S-wave Breit-Wigner phase shift
for K m—k— K at invariant energy E:

1
TFK

m ) (3)

85 w=arctan

with m,=1.42 GeV and I',=0.38 GeV (shown as invert-
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ed triangles) to the two-channel phase shift (shown as a
solid line) with m,=1.47 and V,_ g, =0.410 (0.8 fm—r)
GeV by solving Eq. (1) numerically. We see that the two
phase shifts agree numerically except at low energies
where the Breit-Wigner model does not take into account
the K7 threshold. Note that the underlying resonance
masses are not equal [3]. We conclude that our coupled-
channel model leads to the standard Breit-Wigner results
in the appropriate two-channel limit where there are only
s-channel resonance interactions.

Shown as a dotted line in Fig. 2 is the phase shift re-
sulting when the s-channel « is also coupled to K7 and
K 7' intermediate states corresponding to a four-channel
Schrodinger equation. Note that this K7 phase shift
differs markedly from the Breit-Wigner model, and is
affected by the additional couplings even below the K7
and K7’ thresholds where these channels are virtual.

We have presented the results found when Eq. (1) is
solved numerically in the I =0, 1, 2 nonstrange sectors
and the 7 =1/2 and 3/2 strangeness +1 sectors when all
meson-meson potentials are rescaled [2,3]. We also found
that these solutions were not extremely sensitive to the
parameter set we chose for these three sets of potentials.

A comparison of the predictions of this model with ex-
perimental data has led to many insights into the behav-
ior of these systems and the possible resolution of several
outstanding problems in hadron physics. A list of
successes includes an understanding of the masses,
widths, and branching fractions of the S* and 8 [now
called the f(,(975) and a,(980) respectively] scalars and
the gg scalar mesons, low-energy PP phase shifts [2,3],
the two-photon widths of the S* and & [13], the AI=1/2
rule in K decay [14], PP-invariant mass distributions in
J/Yy—P P,V [15], and the physical origins of back-
grounds [3].

A REANALYSIS OF THE COUPLED-CHANNEL
PHASE SHIFTS

Given the wide-ranging claims for the model summa-
rized in the above paragraph, and the recent results of
Barnes and Swanson which suggests that only the 77 po-
tentials require significant rescaling, it is appropriate to
recalculate the coupled-channel results.

It is interesting to note first that some evidence sup-
porting the conclusion of Barnes and Swanson comes
from our extracted PP potentials. The S-wave I =2 77
scattering length alm . /#, where al (I denoting isospin)
is determined from

o arctan(8})

ap= kL»n}) k s (4)
is predicted to be —0.06 by Weinberg [16], and by Mor-
gan and Pennington [17], and —0.059 fm by Barnes and
Swanson [5]. In our quark model this scattering length is
—0.05, in good agreement with the above results, before
rescaling the potential, but —0.18 after rescaling. In
chiral-perturbation theory with resonance exchange a3 is
calculated to be —0.043 [18], while the empirical result is
—0.028+0.012 [18,19]. Consistency with these results

therefore supports the hypothesis that rescaling is re-
quired to increase the effect of the 7 potentials, which
are extracted from a variational calculation of the mm
ground state, on scattering systems at energies well above
threshold; near threshold the extracted potentials give
better results.

In the I =0 sector, however, our results do not agree
so closely with Weinberg’s predicted scattering length of
0.20, or with the chiral perturbation theory prediction of
0.21. The single-channel scattering of a mm system
through the extracted 77 potential gives adm  /%=0.08
before rescaling and 0.39 after rescaling (see below for the
values of these potentials). In coupled-channel scattering
we calculate a scattering length of 0.47 before rescaling
any of the meson-meson potentials, and, with only the
mm— 1w potential rescaled, 0.77. Without the quark-
exchange potentials, the PP couplings to the f, scalar
meson alone lead to a 7 scattering length of 0.36. An
experimental measurement of this scattering length using
the K,, decay, K—mt7"e"v, finds 0.2840.05 in one
approach and 0.36+0.11 in another [20]. These results
demonstrate the strong effect of the virtual PP and scalar
channels in the 7 =0 multichannel solution all the way
down to w7 threshold, and that rescaling is required
mainly to compensate for a momentum dependence not
included in our threshold potentials.

These conclusions are also supported by results in the
I=1/2 and 3/2 K scattering sectors. In I =3/2 we
find a scattering length, now defined as a dimensionless
number times 1/m :

0(1)/2’3/2

1/2,3/2
m"+80

B V' (Vs —mg—m_2mgm_/(mg+m_)
@)

of —0.07 for unrescaled potentials and —0.18 for res-
caled potentials. The chiral result is —0.06 and the ex-
perimental results lie in the range —0.13 to —0.05 [21].
We find a}’? to be 0.16 with K* exchange alone, 0.26
with all PP potentials unrescaled, and 0.42 with poten-
tials involving a 7 being rescaled. The chiral result is
0.19 and the experimental data range from 0.13 to 0.24,
showing that our best agreement for these threshold mea-
surements comes when we do not rescale any potentials.
One might ask why the threshold results do not obviate
the need for any rescaling of our extracted PP potentials.
However, since we wish to describe data from the thresh-
olds to about 1.5 GeV, well beyond the viability of the
chiral approach, we have opted for a more global ap-
proach and have rescaled those potentials involving
pions, as suggested by the results of Barnes and Swanson.
We have recalculated for seven-channel I =0 =,
four-channel I =1 K, and four-channel I =1 7 elastic
phase shifts in the square-well approximation by replac-
ing the extracted potentials with equivalent square-well
potentials which give approximately the same low-energy
phase shifts in a single-channel scattering approximation.
These new equivalent potentials are 0.8 fm wide and have
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strengths of V;=+0.15, Vi=+0.105, VS;=+0.07,
Vi=-—0.16, V{=—0.11, and V{=—0.06 GeV. They
may be compared with our earlier rescaled equivalent po-
tentials of Vi=+40.57, V{=+40.29, V;=+0.18,
Vi=—0.43, Vi=—0.43, and V{=—0.15 GeV and the
same range. Here the superscript e or c refers to the sym-
metry of the flavor wave function of the diquark and an-
tidiquark pairs; they are either “cryptoexotic” 3®3 (V°)
as ordinary g mesons or they are “exotic” 6®6 (V°) [22].
The subscripts refer to the mass of the quarks which are
used to calculate the SU(3) symmetric potentials, V, for
uuiizi (with u generic for u and d), V, for us#s, and V, for
ss55 systems. We use u- and s-quark masses of 0.375 and
0.600 GeV respectively and take the average mass for the
“k” quark. For the I =] Kw/K7n/K7' system we use
average potentials, and use the old rescaled V.%® poten-
tials only when pions are involved. A more detailed
background to this procedure may be found in Refs. [2]
and [3].

In Figs. 3, 4, and 5, we show the elastic =0, 1, and 1
phase shifts of the light PP pair scattering through the
old potentials (solid lines), and the new potentials where
only those potentials involving pions are rescaled (dashed
lines). Note that the overall features of the phase shifts
have remained unchanged. We also show the phase shifts
which result when the quark-exchange forces are set
equal to zero (dotted lines) and discuss them below. We
know from the exotic sectors, where gg annihilation is
not allowed, that quark exchange represents the data
quite well, so we expect these forces to be important here.

We have not tuned parameters to show that, for exam-
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FIG. 3. The elastic S-wave phase shifts for I =0 &7 scatter-
ing with all potentials rescaled (solid line), with only V!0
rescaled (dashed line), with all quark-exchange potentials turned
off (dotted line), and with all quark-exchange potentials and
couplings to the f3(1500) turned off (dot-dashed line). Most of
the points come from different analyses of the same data by
Grayer et al. [24]; however, the points marked with “X”’s are
from Protopopescu et al. [25] and the five points at low energy
come from Rosselet et al. [20].
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FIG. 4. The elastic S-wave phase shifts for I =~% K1 scatter-
ing with all potentials rescaled (solid line), with only the quark-
exchange potentials involving pions rescaled (dashed line), and
with all quark-exchange potentials turned off (dotted line). The
data is from the experiment of Aston et al. [26].

ple, agreement with the measured masses and widths of
the S *(980) and 8(975) can be achieved. Such agreement
would be much more meaningful if the actual extracted
potentials were used rather than the equivalent square-
well potentials [23]. An even better model would be to
incorporate the Born-approximation calculation directly
into a coupled-channel framework with all gg-resonance
channels and PP states included, although it is not yet
clear that this is possible. Here we simply demonstrate
that the essential predictions of the quark-exchange
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FIG. 5. The elastic S-wave phase shifts for I =1 n7 scatter-
ing with all potentials rescaled (solid line), with only the quark-
exchange potentials involving pions rescaled (dashed line), and
with all quark-exchange potentials turned off (dotted line).
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coupled-channel model are not lost when we restrict our
rescaling of the underlying potentials to the 7 sectors.

In 7 =0 (Fig. 3) we see that the phase shifts found by
scattering with all rescaled quark-exchange potentials
(solid line), and with only rescaled 7m— 77w quark-
exchange potentials (dashed line), plus, in both cases, s-
channel resonance processes, are quite similar to each
other, and both offer reasonable representations of the
data [20,24,25]. An argument could be made that the
phase shift found by rescaling only the 7w potential is
favored by the low-energy data of Rosselet et al. [20]. In
I =0 (Fig. 3) we see that the phase shift found when the
quark-exchange forces are turned off (dotted line) differs
significantly in the S* region from the phase shifts found
by including both quark-exchange and s-channel reso-
nance processes. The behavior of this s-channel-driven
phase shift at KK threshold results from the transition
matrix leaving the unitary circle and crossing below the
center of the Argand circle. No choice of parameters
produces a phase shift that continues to rise through KK
threshold. The peculiar behavior around KK threshold is
due to an interference effect between the f(1500) and
the f,(1300), as can be seen from the phase shift found
when both quark exchange and f{ couplings are turned
off (dot-dashed line). This demonstrates that the quark-
exchange forces are essential, at least in this coupled-
channel Schrodinger picture, to obtain agreement with
known data.

The effect of the quark-exchange potentials is not so
dramatic in the I =1/2 channel (Fig. 4). We have previ-
ously discussed, however, that the phase shift with
quark-exchange forces (solid line) gives a much better
representation of the data [26], especially at low K in-
variant mass, than the pure s-channel resonance-driven
interaction (dotted line) [3]. As this figure also demon-
strates, the phase shift with only quark-interaction poten-
tials involving pions rescaled (dashed line) is in good
qualitative agreement with the earlier results and the
data.

When only the exchange potentials involving pions are
rescaled the resulting I =1 n7 phase shift (not shown)
falls at KK threshold. However, if the gg-confinement
potential for the a,(1300) is reduced from 10 GeV to 5
GeV the resulting 7 matrix crosses the Argand diagram
above the center, and the phase shift (the dashed line in
Fig. 5) is similar to the phase shift with all rescaled po-
tentials (solid line) but suggests a 6(980) width of about
25 MeV rather than the measured value of 57411 MeV.
The phase shift with no quark-exchange potentials (dot-
ted line) leads to a & effect which is lighter and much
wider than measured; the quark-exchange forces “un-
bind” the 8. This happens because the quark-exchange
forces in this sector are repulsive near threshold, for ex-
ample the nm— n7 potential is 0.28 GeV high and 0.8 fm
wide. This behavior is very different from the I =0 sec-
tor where they are attractive and increase the 7 elastic
phase shift. An experimental determination of low-
energy mm phase shifts would test this predicted thresh-
old behavior.

We now discuss whether the a,(1300) is a ¢g state or a
KK molecule. Fig. 6 shows several 5 elastic phase shifts
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FIG. 6. The elastic S-wave phase shifts for I =1 nm scatter-
ing with all quark-exchange potentials turned off and with vari-
ous couplings of the asymptotic PP states to the aq(1300). The
solid line corresponds to an @, width in two-channel
17— ao— m scattering of about 300 MeV, the dot-dashed line
to about 200 MeV, the dotted line to about 120 MeV, and the
dashed line to about 50 MeV.

due to s-channel resonance scattering alone with different
overall P,P,a, vertex strengths. In two-channel
nw—ay—mm scattering (not shown) the widths of the
resonances in Fig. 6 are 50 MeV (dashed line), 120 MeV
(dotted line), 200 MeV (dot-dashed line) and 300 MeV
(solid line). The multichannel solution in the narrow
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FIG. 7. The T-matrix element for S-wave I =1 7 scattering
with all potentials rescaled (solid line), with only the quark-
exchange potentials involving pions rescaled (dashed line), and
with all quark-exchange potentials turned off (dotted line). The
solid circles indicate 0.98 GeV, the open circles 1.00 GeV, the
squares 1.10 GeV, the triangles 1.20 GeV, and the curves end at
1.30 GeV.
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FIG. 8. The elastic S-wave phase shifts for I =1 KK scatter-
ing with all potentials rescaled (solid line), with only the quark-
exchange potentials involving pions rescaled (dashed line), and
with all quark-exchange potentials turned off (dotted line).

width case (dashed line) corresponds to a loop in the Ar-
gand circle which crosses the imaginary axis below the
center (because the inelasticity 7 is less than 0.5) and
leads to a falling phase shift on resonance. As the cou-
pling to the a, is increased, the phase shift rises through
the resonance, and the mass of the a,(1300) falls below
KK threshold. One may be tempted to conclude from
this that the § is the a@y(1300) gg quark-model state
whose mass and width have been highly altered by mul-
tichannel effects. The Argand diagram (Fig. 7) for the
solutions with quark-exchange effects, however, is very
inelastic just above KK threshold, and the KK elastic
phase shift (Fig. 8) drops at threshold, indicating that the
8 has a large KK component, a structure far removed
from a simple gg-meson resonance.

To obtain reliable quantitative results it is important to
improve upon the square-well approximation by solving
the coupled-channels equation with either actual extract-
ed potentials or with potentials that reproduce the Born-
approximation phase shifts [23].

RESULTS FOR KK SCATTERING

The last PP S-wave system to study in this model is the
I=1 strangeness *2 spanned by the states K"K,
(KTK°+K°K*)/v2, K°K° and their Hermitian conju-
gates. There are no strangeness +2 gg states which can
be produced as s-channel resonances, so these mesons in-
teract only through quark-exchange processes in this
model. In other models one may have z-channel meson
exchange or s-channel gqgq resonances driving these reac-
tions. Also note that we do not consider the I =0
(KYK°—K°K*)/V2 system and its Hermitian conju-
gate, as they are antisymmetric in flavor and must be in
at least a relative P wave.

As discussed above, our extraction of the us#s poten-
tial predicts a repulsive potential for the exotic KK chan-

KK invariant mass (GeV)

FIG. 9. I =1 strangeness +2 KK elastic scattering S-wave
phase shifts for scattering through the potential-model-
extracted potential (solid line), for its equivalent square-well po-
tential (dot-dashed line), for the rescaled extracted potential
(dashed line), and for the Born phase shift (dotted line) [5].

nel. In the above approximations this potential is re-
placed by an equivalent square-well potential with
Vi=Vgx="10.11 or +0.29 GeV for the extracted and
rescaled potentials respectively, and a range of a =0.8 fm
in each case. In Fig. 9 we show the strangeness +2 KK
S-wave scattering phase shifts as a function of the KK
nonrelativistic energy E =T +2my, where T is the kinet-
ic energy, for the actual extracted KK potential (solid
line), for the square-well approximation to this potential
(dot-dashed line), and for the rescaled KK potential
(dashed line). We show all of these curves for complete-
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FIG. 10. The I =1 strangeness +2 KK elastic cross section
for S-wave scattering through the potential-model-extracted po-
tential (solid line), for its equivalent square-well potential (dot-
dashed line), for the rescaled extracted potential (dashed line),
and for the Born phase shift (dotted line) [5].



918 JOHN WEINSTEIN 47

ness; the predictions of the model are those generated by
scattering through the actual extracted potential (solid
line). The square-well phase shift is found by solving Eq.
(1) numerically or, equivalently, from

arctan[(k /k) tanh (ka)]—ka, T <V,

KK~ |arctan[(k /k)tan(ka)]—ka, T>V, ®)

where k=V2uT /#, k=V2u|T—V|/%, and pu
=0.5mg. The other phase shifts are found by numerical
integration of Eq. (1). The Born-approximation results of
Barnes and Swanson are shown as the dotted line, which
agrees with the quark-model calculation at the 30% level.
These phase shifts can be converted into the S-wave
cross-section predictions shown in Fig. 10 through

83 = %sinz( 85k ), (6)

and lead to threshold cross sections of 5.3, 7.1, and 58 mb
for the actual (solid), equivalent square-well (dot-dashed),
and stretched (dashed) potentials respectively. The
threshold cross section reported by Barnes and Swanson
in the Born approximation is 7.3 mb, and their cross sec-
tion, with nonrelativistic kinematics, is shown as a dotted
line. The quark-model scattering-length predictions are
—0.15, —0.17, and —0.49 fm respectively, while the
Born approximation predicts —0.17 fm.

An experimental measurement of these quantities
would be a useful test of the quark-exchange model, and

accurate data may help resolve issues regarding the re-
scaling of the non-7 potentials.

CONCLUSIONS

We have discussed possible mechanisms for the in-
teraction of scattering hadrons and conclude from both
general arguments and a specific calculation in the S-
wave PP scattering systems that the interaction is dom-
inated by s-channel resonance production and quark-
exchange effects; t-channel meson exchange is not yet re-
quired to fit the data at this accuracy. In this sector
quark exchange leads to the binding of KK states within
the framework of a matrix Schrodinger equation. As dis-
cussed elsewhere, this interpretation appears to solve
many problems in light-hadron physics. We have also
presented the phase-shift, scattering-length and cross-
section predictions of the quark-exchange meson-meson
scattering model to the I =1 strangeness +2 KK and KK
sectors. We find a repulsive KK interaction and show the
resulting elastic phase shift and cross-section predictions
which are similar to the Born-approximation results.
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