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Correlation of pp data with predictions of improved six-quark structure models
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Recent experimental data indicate a structure in b,oL corresponding to a pp mass of 2.7 GeV/c,
as earlier predicted for a six-quark 'So state by an R-matrix treatment of the cloudy-bag-model

quark degrees of freedom interior to a coupled-isobar-channel system. The 'So model is improved to
agree with 2m production data at 800 MeV laboratory energy. The resulting 'So partial wave and re-

cently improved models of the background partial waves as well as older versions of the phase pa-
rameters predict experimental observables in the resonance region. The predicted width and inelasti-

city are consistent with the data. Detailed energy and angular dependence of the model are in agree-

ment with Ao.L, CLI, and Cz~ data in the resonance energy region. More data on these observables

are needed to confirm the structure and its characteristics. Measurable aspects of the structure in

other observables are displayed. Another six-quark resonance structure, in the 'D2 state, is

described.

I. INTRODUCTION

Recent experimental data' show a new structure in
hcrL, the difference between proton-proton total cross sec-
tions for antiparallel and parallel longitudinally polarized
spin states, at PL ——2.75 GeV/ .cEarlier assertions of
structure in NX data at this laboratory momentum were
made on the basis of CLL (Ref. 2) and C&~ (Ref. 3) mea-
surements near 90. If the present data are ascribed to a
resonance its mass would be about 2.70 GeV/c, the
width less than 80 MeV, and the elasticity greater than 0.1

(Ref. 1). These characteristics have been predicted to re-
sult from a six-quark state in a model using cloudy-bag-
model (CBM) dynamics at short range and meson-
exchange potentials between nucleons and isobars at long
range. The R-matrix formalism determines the interior
boundary condition on the hadronic wave functions in
terms of the interior six-quark states.

In this model, the width, energy splitting, and inelastic
modes of the resonances (sometimes referred to as di-
baryons) are characteristic of general properties of the
six-quark states, and their absolute masses are characteris-
tic of the particular quark model used. The amplitude of
the structures and backgrounds are sensitive to the long-
range hadronic characteristics of the interaction. Because
these hadronic interactions have parameters fitted to the
data at lower energies, it is the structure amplitudes and
backgrounds which are least reliably determined at the
resonance energy.

Although the models are largely determined by theory,
they have some parameters (described in Sec. II) which are
fixed by comparison with phase shift analyses of the data
for laboratory energy TL & 1 GeV. For some of the re-
sults we use the models described in Ref. 4. Because of
the sensitivity to details when extrapolating from Tz ——1

GeV to TL &2 GeV, we also show the result of (a) using
the improved models for the background partial waves of
Ref. 6, and (b) a new, in some respects improved, model of
the resonant 'So phase shift described in Sec. II. We also
extend the methods of Ref. 6 to determine the six-quark

structure in the 'D2 state which is predicted to have a
mass near 2.88 GeV/c for the CBM dynamics.

As the 'D2 six-quark resonance energy corresponds to
extrapolating a further 0.5 GeV in Tz, both the position
of the structure and its interference with background par-
tial waves have more uncertainty than for the 'So struc-
ture. Consequently, we have not attempted a detailed pre-
diction of the effect on observables of this structure.
However, the amplitude of the structure in the 'D2 partial
wave is shown to be ample to result in measurable effects.

En Sec. III we investigate the correlations of the predic-
tions of the above choices of 'So resonant models with the
Ao.L, CLL, and C&z data in the region of the observed
resonance. The predicted mass of the resonance is con-
sistent with that indicated by the data, but may be up to
25 MeV/c lower. The predicted width and inelasticity
are consistent with the data. We find many similarities of
detailed energy and angular dependence, if one allows for
small shifts of angle and some disagreement with back-
ground values of the observables. The situation is not yet
conclusive, and more precise data at smaller energy inter-
vals is needed to establish a structure and to show posi-
tively that its characteristics are the ones required by the
six-quark state.

In Sec. III we also show, at the most sensitive angles,
the predicted structure in several other observables which
presently have little or no data in the resonance energy re-
gion. Section IV draws conclusions and indicates future
directions for experimental verification and model im-
provements.

II. THE MODEL FOR THE 'So AND 'D2 CHANNELS

The application of the R-matrix method, in its f-matrix
form, to the study of nucleon-nucleon scattering has been
described elsewhere. ' ' Briefly, space is divided into two
regions in which different approximate forms of the
Hamiltonian are applicable. In terms of the nucleon-
nucleon relative coordinate r there is a boundary (or
separation) radius ro For r &ro. the interaction is given
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by a meson-exchange potential matrix between nucleons
and isobars. For r &rp a model incorporating the short-
range asymptotic freedoin of quarks and gluons (such as
various "bag" or "constituent quark" models) is used.
The energy dependence of the boundary condition on the
external wave function at rp is determined by a complete
set of interior six-quark states. When the interior states
are characterized by vanishing wave functions at ro
(which seems appropriate in connection with the confine-
ment features of QCD) then the boundary condition is on
the logarithmic derivative of the wave function, stated in
terms of the fmatrix

dP
rp (1)

drp

with

two-pion range Yukawa potential of parametrized
strength.

A. The 'So nucleon-nucleon state

The 'So analyses of Refs. 4 and 7 have been revised
with the iinproved formalism of Ref. 6 (which introduces
the isobar widths by distributing isobar masses over many
channels). In addition, we now take into account the
two-pion production data at TI ——0.8 GeV
[o(pp~m+ir pp) =(3+1)X 10 mb], which, being
small, severely limits the coupling to the S-wave Ah and
NN'(1440) channels. ' Consequently, in order to main-
tain a fit to the 5('So) energy dependence, coupling
strength has to be shifted (via the constant terms in the f
matrix) to the Nh(5Du) state. This in turn increases the
inelasticity near Tl ——800 MeV. The fits shown in Fig. 1
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the g~ being the fractional parentage coefficient of chan-
nel a to the internal state i Only .the constant terms f~@
are completely free parameters.

As indicated by Eqs. (2) and (3) the positions of the
six-quark resonances are determined by the 8'-, while
their widths and inelasticities depend on the g . It follows
that the positions depend on the specific quark model, but
the widths and inelasticities depend only on the quark
configurations in each state. The constant terms in the f
matrix, f~~, are adjusted to the data for Ti &1 GeV,
which then determines the background behavior for
Tl. ) 1 GeV.

The value of rp is constrained by the requirements of
asymptotic freedom in the interior, and adequate cluster-
ing into hadrons, due to the onset of confinement, in the
exterior. This implies that
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where r,q
is the internucleon distance for the equilibriuin

radius of the particular quark model. Fitting the
nucleon-nucleon scattering data for Tz &1 GeV deter-
mines whether an r p in the above range is allowable and,
if so, fine-tunes the value. The resulting value of ro is
closely determined and contributes little to the uncertainty
in the predicted resonance properties.

With respect to the exterior interaction, the nucleon-
nucleon sector of the potential matrix is given by the
Feshbach-Lomon interaction, which is determined by o.-,

p-, and ~-meson-exchange and two-pion-exchange
contributions (the nonrelativistic nature of the two-pion
contribution introduces two parameters which were corn-
pletely determined by the data for TL &400 MeV). For
the transition potentials from the two-nucleon sector to
the sector containing isobars, only the one-pion-exchange
part is taken from theory. The contribution of two-pion
and heavier meson exchange is ignored or put in as a
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FICz. 1. The 'So phase parameters. The open triangles denote
the phase-shift analysis of Ref. 11, and the open circles that of
Ref. 12. The curves are model predictions for NN('So) coupled
to Nh( Do), NN*('So), and 44('So). The solid line represents
the CBM dynamics with ro ——1.05 fm and 8' =2.71 GeV.
The f-matrix elements are f~~ ~~ =34.78, fz~ zz 5.0, ——
f~z~ ~ze ——2.4, fez zz ——3.0, fwxN&= —14.33, fez dpi=6. 5,
and f ~ =f ~ =fzq zq =f ~ =0.0. The dashed

line corresponds to ro" boundary radius, and the f pole set by
CBM dynamics at W~ =3.445 GeV has a small, almost constant
effect over the whole range of energies considered. The poten-
tial matrix is common to both cases and is described in the text.
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(for values of r~ corresponding to the Feshbach-Lomon
interaction, ' rp ——0.75 fm and to the CBM interior,
ro ——1.05 fm) assume that one-half of the experimental
two-pion production at TL ——0.8 GeV comes from the 'Sp
partial wave. The predicted cross section increases by a
factor of 3.1 at 1.2 GeV, to a factor of 5.1 at 1.6 GeV,
then is nearly constant to 1.85 GeV where it then drops
sharply over the resonance as shown for the older case in
Fig. 4 of Ref. 4(a).

As shown, the resulting q('So) is smaller than that of
the phase-shift analysis"' near 0.8 GeV, especially for
the rp case. This deficiency is not shared by the 'Sp
model of Refs. 4 and 7. It is due to shifting coupling
strength from the two-pion producing Ah and NN' chan-
nels to the low threshold XA channel, the only one in our
present model which does not produce two pions. This
situation could be improved by coupling to single-pion
production isobar channels with higher energy thresholds,
by data indicating that nearly all of the two-pion produc-
tion comes from the 'Sp channel or by changes in the
phase-shift analysis. However, the larger deviation for the
CBM case indicates that this case may have too large a
value of rp. There are similar indications in the fitting of
the Si- D& channel. Therefore, the CBM dynamics may
need some modification for complete consistency with
two-nucleon data. We note that the addition to the CBM
of a small, attractive quark self-energy would decrease rp
while making little change in the energy of the lowest
states (as an increase in kinetic energy is countered by a
decrease in potential energy).

For the CBM case, as shown in Ref. 4, the f pole is
consistent with the data and Eq. (4) at ro= 1.05 fm and a
barycentric mass of 2.71 GeV/c (corresponding to
TL ——2.04 GeV and PL ——2.82 GeV/c). The pole resi-
dues, as determined by the nonvanishing fractional paren-
tage coefficients in the XX('So),b, b, ('So) sector, are
pNN NN

——0. 149 GeV, pNN gg ——0. 133 GeV, and
pz~ ~z ——0.118718 GeV. The constant terms in the f ma-
trix are given in the caption to Fig. 1. The transition po-
tentials for this case, as for the r p case are the one-pion-
exchange contributions

and
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with no phenomenological two-pion range potentials.
The extrapolation of the 'Sp CBM model to the six-

quark resonance region is shown in Fig. 2. Small dips in
g are present at the NN' and AA thresholds. A knee in
5('So) and a dip-bump structure in 71('So) are seen to be
centered just below the six-quark state energy. [There is a
shift in the pole of f,rf('So) due to channel coupling, as
described in Ref. 4 for the 'Sp channel and discussed
below for the 'D2 channel. ] The width of the structure is
about 50 MeV/c in barycentric mass. The value of
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FIG. 2. The higher-energy 'So phase parameters for the
CBM dynamics. The model parameters are as in Fig. 1.

g & 0.5 is consistent with the elasticity of the experimental
structure, ' which is &0.1. Note that the actual change
due to the resonance is Ag =0.1, the rest of the inelastici-
ty being due to the background. The amplitude of the
structure in both 5('So) and g('So) is about half that of
Ref. 4.

We will use both the present "new S" model (which we
will designate NS) and the "old S" of Ref. 4 (designated
by OS) to predict the pp observables. The OS predicts
much too large two-pion production at TL ——0.8 GeV;
nevertheless, it may predict the 'Sp amplitude at TI ——2
GeV better than NS. The reason is that the decreased
coupling to the hA and XN* channels in NS causes an in-
crease at high energy in the background f,ff in the
NN('So) channel. ' This increase may well be canceled
by contributions from higher-energy isobar thresh olds
that do not contribute substantially to the two-pion pro-
duction at TL ——0.8 GeV, but all of which decrease f,rf.
The larger f,ff act as a repulsive core, decreasing the cou-
pling to the interior six-quark states and decreasing the
amplitudes of the inelastic resonance. Because we have
not yet included the coupling to the higher threshold iso-
bar channels, the 'Sp models compromise with the fit to
the data in different ways, extrapolating to different back-
ground behavior at TL ——2 GeV. Fortunately, as we shall
see, the predictions of observables in that energy region
are not very sensitive to this choice.

B. The 'D2 nucleon-nucleon state

A new fit to the 'D2 phase shift and inelasticity for r p"
was presented in Ref. 6. This fit properly includes transi-
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tion potentials and isobar width effects. It also includes
the Nh( Di) channel in addition to the NA( S2) channel
of Ref. 7, and fits newer phase-shift analyses.

We now include the internal CBM dynamics, increasing
the value of ro and introducing a pole into the f matrix.
The I =1,J =2+('Si&2) quark configuration has
Nb, ( S2) and b, b, ( S2) color-singlet-pair components
[g» ( Si)= —,

' and g» ( Sz)= —,', ].' The rest of the
configuration is "hidden color. "

Note that the six-quark state has no NN('D2) com-
ponent and that consequently the effect of the f-pole does
not come directly into the NN sector. However, the con-
struction of f,fr('D2) for this chain of coupling'
NN ( 'D

q )~N 6( S2 )~b b ( Sz ) shows that the pole struc-
ture is transmitted to the nucleon-nucleon state. For sim-
plicity, we describe the analytic result in the approxima-
tion that we neglect the transition potentials and all cou-
pling to the NA( D2) channel. We also use the fact that
direct boundary coupling of the NN to the AA channel is
absent in the fitted model described below. Then, as
shown in Ref. 14 (the notation assumes that the NN chan-
nel is 'D2 and that the Nb, and hb, channels are Sz),

1VNfe« =fNN, NN

(f )'fNNNa
( )

fxa, ~a (fxa, »)—(f»,»+As) '+~ra
where the 0+ functions ' ' are the logarithmic derivative
of the outgoing wave functions in the designated channels.
Using f~~~z f~~~~ a—n—d that for the Nb and
channels fJ =f1 +p;1( W —W~ ) ', we get, after perform-
ing some algebra and using p;J =(p;;pjj )'

feff =fNN, NN +Pe«( ~ ~e«) (6)

where

We note that the pure pole dependence of the f-matrix
components is modified in f,rf by the analytic structure of
the 0+ functions, which, however, have little energy
dependence in the resonance region.

As in Ref. 4, the value of ro is determined by the cross-
over of the six-quark-state energy and the (extrapolated)
f-pole energy curves as a function of r F.igure 3 shows
the mass curves for both the MIT and cloudy bag models.
The f-pole curve is based on the phase-shift analysis' up
to Ti ——0.8 GeV. For the MIT bag model, it is seen that
rz &r,q in contradiction with our requirements, Eq. (4).
As it is for the 'S0 and S~ states, the MIT bag model is
inconsistent with the TL &1 GeV data. For the CBM,
consistency with Eq. (4) is clearly possible. Unfortunate-
ly, given the large extrapolation needed, the whole range
of Eq. (4) is consistent. The ro =1.05 fm for the 'So
state is at the lower end of the range. For our present pre-
dictions, we choose this value for simplicity, and also be-
cause the data, as for the 'So and Si cases, is better fitted
with a smaller radius. This choice of ro predicts an f
pole at 2.88 GeV/c (corresponding to TL ——2.54 GeV),
and p&~ &~ ——0.26 GeV, p&~ ~~ ——0. 1163 GeV and

p»» ——0.052 GeV. The effect of increasing ro to 0.9r,q

would be to shift the pole to 2.74 GeV/c and to decrease
the residues (and consequently the predicted width) by a
factor of 2.

The fit to 5('Dz) and t)('Dq) for TL &0.8 GeV is not
visibly different from that shown in Fig. 1 of Ref. 6, for
r0 ——r0, and we do not reproduce it here. However, we
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Equations (8) and (9) show that the residue is positive
when (9aa and 8&z are real, so that df,«/dW' &0 below
inelastic threshold as required. We also note that when

f~a «=0, as in our present fit, Eqs. (8) and (9) are great-
ly simplified and consequently
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Equation (7') shows that ReW', « is shifted downwards
slightly from 8'~.

FIG. 3. Quark-model masses and experimental f-matrix
poles for the 'D2 system. The solid curves are the barycentric
energies of the MIT bag and cloudy-bag-model dynamics with
quarks confined at Rp=0. 88rp (r is the internucleon distance).
The triangles represent the f-matrix pole energy at each r de-
rived from the experimental 'D2 phase parameters (Ref. 12) and
the potential matrix described in the text. The dashed line is our
chosen extrapolation of the f-pole curve.
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remind the reader that the 'D2 resonance at Tz ——0.6 CieV
is well reproduced by the effect of the %h threshold. The
potential matrix is given in Ref. 6, including the fitted
V2 coefficients. The constant part of the f matrix is
given in the caption to Fig. 4 which shows the extrapola-
tion of the fit to T~ ——3.2 GeV. The six-quark resonance
produces a small knee in 5('D2) and a substantial peak in
rI('D2) centered just below TL ——2.54 GeV, with a width
of about 100 MeV. The width is larger than for the 'So
case because [g)vd &d('D2)] =1.5[gdd dd('So)] and be-
cause () W/()rz is larger due to the higher energy of the 2+
quark configuration. The amplitude of the pole effect in
5 and g is about half that in the 'So case. The structure is
about half inelastic as r)('Dq) =0.7 at the resonance peak.
Figure 5 shows that the 'D2 contribution to XA produc-
tion has a dip at the resonance. We note that the 'Dz
structure is predicted to be about 170 MeV/c above the
'So structure for our present choice of re=0 8r,q., but
that it would be only about 30 MeV/c higher if
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FIG. 5. One-pion production from the NN('D2) model
described in Fig. 4, through the Nh('S2) and NA('D~) channels.
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' I ro ——0.9r,q. As for the S-wave six-quark resonances, the
dominance of the interior free-quark wave functions at
the resonance is shown in Fig. 6.

We can therefore expect that experimental observables
will exhibit structures at the D2 six-quark pole of about
twice the width and half the amplitude of those due to the
'So described below. The amplitude estimate is, however,
sensitive to details of the fit to the data at TI & 1 GeV.
Furthermore, the extrapolation of the background phases
is also more model sensitive than in the 'So case because
of the higher energy. For these reasons, we postpone a de-
tailed prediction of observable consequences of this reso-
nance until the models are better determined.
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FIG. 4. The higher-energy phase parameters for the 'D2
model with CBM dynamics. The NN('D2) channel is coupled
to NA( S2), NA('D2), NN*('D2), and hh('S2). The boundary
is ro =1.05 fm and Mr=2. 88 GeV. The f-matrix elements

fNN, NN ~ 4» fNd(S), Nd(S) 2 4 fNd(D), Nd(D)

fNN+ NN+ 0i fdd dd 1 0i fNN Nd(S) 1 6~ fNN, Nd(D)=2 33»

and all other f-matrix components vanish. The potential matrix
is described in the text.

(G v)
FIG. 6. The free-quark content Ifq of the NN('D2) coupled

channel system with f-matrix pole determined by the cloudy bag
model.
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III. CORRELATIONS BETWEEN pp DATA
AND THE So STRUCTURE

In seeking correlations between our six-quark structure
predictions and data it is important to keep in mind the
relative sensitivity of different aspects of the predictions
to uncertainties in the model. The widths and inelastici-
ties of the resonances are determined by the fractional
parentage coefficients of the six-quark configuration.
This implies model independent results for the lower-lying
states in which configuration mixing is expected to be
unimportant. In particular, for the lowest 'So and S~
resonances the width is predicted to be close to 50 MeV,
and the AA channel is expected to have a partial width al-
most equal to the elastic width. We note here that the
mass difference between the 'So and S& resonances is
determined by the color-magnetic splitting, which, for
every quark model, is adjusted to the X-5 splitting.
Hence, the prediction that the SI resonance is 70
MeV/c lighter than the 'So resonance is insensitive to
the model.

The absolute position of the resonance is determined by
the quark model used in the interior and by the boundary
radius ro The la.tter is strongly restricted [Eq. (4)] by the
same model but its precise value is determined by extrapo-
lation of the experimental f pole to its crossing with the
quark state mass. For the CBM Sp the ro prediction
[(see Fig. 2 [1]of Ref. 4(a) [4(b)]) is uncertain by approxi-
mately +0.02 fm, leading to a change in barycentric mass
of +25 MeV. The CBM itself is a good candidate on the
basis of its success for hadron spectra as well as its
reasonable success in fitting the lower-energy two-nucleon
data. A small modification of the CBM, such as the in-
clusion of a quark self-energy term, may improve its fit to
the hadron and two-nucleon data while shifting the six-
quark resonance mass by the order of 25 MeV/c (in ad-
dition to the shift due to the uncertainty of ro).

The amplitude of the resonance is sensitive not only to
the residue of the f-matrix pole (which is model insensi-
tive) but also to the background amplitude of the resonat-
ing partial wave. The latter is sensitive to the detailed fit
to the data for Tr &1 GeV, via the constant f-matrix
terms and parametrized two-pion-exchange potentials.
This is also true for the nonresonating partial waves
whose interference with the resonating partial wave deter-
mines the details of the angular distributions. The ex-
trapolation of these backgrounds from Tz ——1 GeV to 2
GeV is affected not only by the uncertainties in the
lower-energy data, but also by the neglect in the model of
isobar channel thresholds at higher energies than that of
the b, A at TI ——1.4 GeV.

Consequently, as mentioned in Sec. II A, for our predic-
tions we present the results of using two 'So channel
models, the best model (in terms of physics and fit to
two-pion production) described above (NS) and the older
version of Ref. 4 (OS) which may be more appropriate at
TL ——2 GeV when the higher thresholds are coupled.

For the partial waves other than the 'So we use, for all
observables studied, the recent full model "new back-
ground" results of Ref. 6 (NB). To show the sensitivity to
the model used, we occasionally compare with the results
of using the "old background" partial waves of Refs. 4

(OB).
Below, we see that the data are consistent with the

width and inelasticity of our predicted structure; that the
energy of the predicted structure is about correct or up to
20 MeV/c lower than the experimental result; and that
the background phase shifts need to be shifted enough to
move angular peaks by about 8'.
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FIG. 7. The spin-dependent total cross section hoL in the re-
gion of the 'So six-quark resonance, for pp scattering. The solid
curve represents the OS,NB model and the dashed curve the
NS, NB model, described in the text. Ten times the dashed-
double-dotted curve is a result of extrapolating phases from the
SAID solution (Ref. 12). The circles are Argonne data points
from Ref. 1 (the open circles represent the newly analyzed data)
and the triangle is a CERN data point listed in Ref. 12. The
light long-dashed line is only to guide the eye.

A. EoL, data

The most recent results' of the Argonne Zero Gradient
Synchrotron (ZGS) polarized-proton-beam —polarized-
hydrogen-target data, in conjunction with previous data,
reveal a maximum in b,oi near Tr ——1.97 GeV followed
by a minimum between 2.00 and 2.05 GeV. We note that
the appearance of the maximum depends on just one ex-
perimental point and requires confirmation by more data
near TL ——1.97 GeV. As shown in Fig. 7, the predictions
for both OS and NS (with NB background) have the
structure of a maximum followed by a minimum and a
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lesser maximum. In particular, for OS (the 'Sp of Refs. 4)
the maximum is at TL ——1.95 GeV and the minimum is at
2.02 GeV. The minimum is the effect of the six-quark
resonance peak which produces a minimum in rl('Sz) as
in Fig. 2 [or Fig. 2 in Ref. 4(b)]. The OS model ampli-
tude, b,or (max) —d'or (min)=0. 4, is in agreement with
that indicated by the data.

The gap in experimental data on either side of 1.97
GeV prevents an accurate determination of the positions
of the maximum and minimum and only gives an upper
limit of 80 MeV/c for the width. The 50 MeV/c
predicted model widths are compatible, while the position
of OS is either compatible with the data or low by no
more than 45 MeV (15 MeV/c mass). The NS-model
position is about 30 MeV low and its amplitude is only
about half of the experimental result. Our background
value of Ao.L has the correct sign. The OS is smaller in
magnitude than the data by only 20%, while the NS
"fits" the data (we note that the extrapolated phases of
Amdt et al. ' are 10 times the dashed-double-dotted line
and predict a b, rrr an order of magnitude too large).

B. CL,L data

It has been suggested that there is a structure near
TL ——2 GeU in CLL data. In Ref. 2, the discussion was
concentrated on the 90' c.m. values because of the simpler
phase-shift structure. However, we note that the effects
are stronger and more characteristic in the 50'—75' range.
Figure 8 shows the angular distribution of the data at two
energies and of the OS,NB model for the three energies in
the resonance region. The model predicts a maximum
near 58, while the data has a maximum at 66' (in the
TL ——1.967 GeV data there is one deviant point, produc-
ing a second maximum at 72', for which we have no ana-
log). By itself, this is not very indicative, but we also note
a correspondence of model to data in the changing energy
dependence below, at and above the angular peak. It is
evident in Fig. 8 that, for both the model and the data
below their angular peak CLL increases with energy, above
the angular peak it decreases with energy, while at the an-
gular peak there is an energy peak at resonance. In con-
trast with the data and our model result, the phase-shift
extrapolation of Ref. 12 predicts a negligible decrease
with angle to the left of the peak.

This is clearly exhibited in the excitation functions
CzL, (Tr. ) of Fig. 9, which includes TL ——2.44 GeV data in
addition to the data in Fig. 8. The experimental statistical
errors are too large and the energies too sparse to establish
the details of a 50 MeV width structure; but the central
values of the 63' experimental points increase with energy,
the 66 and 69' points have a peak near TI ——2. 1 GeV, and
the 72' and 75 points decrease with the energy. Taking
into account the 8' shift of the experimental peak for
OS,NB, the situation is analogous for that model. The 54'
excitation curve rises strongly from TI ——1.8 GeV to 2.2
GeV (we do not extrapolate our model further because of
the growing uncertainty), the 57 curve (near the angular
peak) has a distinct maximum at TL ——1.99 GeV, and the
63 curve decreases strongly with energy. The absolute
values of CIL are consistent with the experimental results.

0.4 n
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0.0

-02—

-0.4—

I

60
-0.6

ec.m (de&)
FIG. 8. CII angular distributions for energies as indicated

near the 'Sp resonance and for the OS,NB model. The experi-
mental points are those of Ref. 2. The dashed-double-dotted
curve is the phase shift extrapolation (Ref. 12).
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FIG. 9. A few CLL excitation functions at sensitive angles for
1.8 & TL &2.2 GeV. The curves for model predictions are as in
Fig. 7. The three sets of experimental points (Ref. 2) are pre-
cisely at TL ——1.967, 2.129, and 2.444 GeV (in each set, points
have been slightly separated in energy to distinguish them).

The 54' and 63' curves have local maxima which would
not be manifest in the widely spaced energies of the data.
For comparison, Fig. 9 also shows the predictions of the
NS, NB model which has analogous variation with angle
(the model angular peak is at 54') of the broad energy
behavior. The small bump-dip structure of the resonance,
however, contrasts with the larger bump structure for the
OS,NB model.

The CLr (90') situation is much less satisfactory in both
the data and the model, as shown in Fig. 10. The data are
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FIG. 10. The energy dependence of CLL(90 ). The solid

curve represents the OS,NB model; the dashed curve represents
the NS, NB model; the dash-dotted curve the OS,OB model, and
the dotted curve the NS,OB model, described in the text. The
dashed-double-dotted curve is as in Fig. 8. The last plotted data
point is at TL ——2.666 GeV (Ref. 2). Note the shifted ordinate
on the right-hand side of the diagram for the data values.
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consistent with a smooth behavior for 1.8 & TL & 2.7 GeV,
although there is a hint of a knee between TL ——2. 13 and
2.44 GeV. All four models arising from the choice of OS
or NS and of OB or NB show a knee structure near
TL ——1.98 GeV which the current data is inadequate to
exhibit. The models have a slope consistent with that of
the data, but are much more negative in value (the phase-
shift extrapolation of Ref. 12 is even more negative and,
in addition has the wrong slope). It is likely that the
model is not only unreliable for the background value near
90, but also for the structure which is mostly a reflection
of the structure of do/dQ(90); i.e., it does not appear
strongly in CLI do. /dQ which is bilinear in the ampli-
tudes. The model predictions for do. /dQ qualitatively
agree with the data for 8 & 70'. However, for 70 & 8 & 90'
the data continue the monotonic decrease but the models
predict a rise to a small maximum at 90'. This implies
that the singlet (even) partial waves with L )4 (for which
the coupled-channel models have not been developed ' )

are inadequately represented but are important at this en-

ergy. The 90' predictions of the model can only be con-
sidered to give an approximate indication of the shape and
amplitude of the structure.

FIG. 11. The energy dependence of C~~(90 ) for
1.8&TL &2.2 GeV. The curves for model predictions and
phase-shift extrapolation are as in Fig. 10. The solid circles are
from Ref. 3(a) and the triangle is from Ref. 3(b).
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—--- 2.05 GBV
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minimum below 90' (62 in the data, 69' in the model). In
contrast, the phase-shift extrapolation' angular depen-
dence is opposite to the data. This gives some confidence
to our energy dependence predictions near 60 (to be ap-
plied to 53' data). Indeed, a well-marked dip-bump struc-
ture is predicted for this angle, as shown in Fig. 13. This
figure also displays predictions for 8=48, 63', and 69',
and for the NS, NB model at 63' and 69 .

C. C~~ data

The possibility of experimental structure in Czz(90)
near Tl ——2 GeV has previously been suggested. Figure
11 shows that our models are consistent in slope with the
90' data (and that the OS,NB and NS,OB models are close
in value) but that the data energy steps are much too large
to discern the predicted structure (the slope predicted by
the phase-shift extrapolation' is very different from the
data). We note that the amplitude of the structure
predicted by the OS,NB model, favored by Ao.L and CLL
data, is quite large.

As in the case of CLL, it turns out that the best evi-
dence of compatibility of our model with the Cz~ data is
in the angular distribution near the resonance energy. The
data at TL ——1.97 GeV are compared with the OS,NB
model in Fig. 12. The shape and the absolute values
match well if one allows for a shift of 7' of the first

0.0'

-0.4 I

30
I

60
ec.m. («~))

90

FIG. 12. C» angular distributions for energies near the 'So
resonance and for the OS,NB model. The data points at
TL ——1.968 GeV are those of Ref. 3(b). The curves are denoted
as in Fig. 8.
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TL (GeV)
2.2

D. Other observables

As shown in Fig. 14, any combination of models
predicts a structure in AoT and the amplitude of the
structure for the OS,NB model is large. There have re-
cently been extensive measurements' of Ao.T up to
TL ——3 GeV, but unfortunately there is no measurement
between TI ——1.8 and 2.1 GeV. At those energies the NB
models agree with the sign and slope of the data, but are
an order of magnitude too big. This indicates that some
of the background phases, which are not important in
hcrL, CLL or C&z, are important in Ao. T and are poorly
predicted by the model for those partial waves. The OB
models give the magnitude of the background, but have
the opposite slope (the phase-shift extrapolation' is close
to the data in magnitude but has the wrong slope and cur-
vature).

There are measurements of P at several angles for
TL ——1.968 GeV as partly shown in Fig. 15. It is possible
that measurements of P, D, and D, can be made at the
Saturne synchrotron with a gas jet target in the polarized
beam in the angular range 60'&8, &120. This has the
advantage of providing accurate measurements at every 5
or 6 MeV (Ref. 16) so that many of the structures indicat-
ed in Fig. 15 such as D(60', 69') and D, (4 ,575', 63 ) would
be detectable. ' It is indeed possible at these energies to
attain a precision of EP-0.01 and ~-0.03 (using
bigger energy steps and longer data taking time).

FIG. 14. The spin-dependent total cross section Ao. z in the
region of the 'S0 six-quark resonance. The curves represent the
four models and the phase-shift extrapolation identified in Fig.
10. Data points are from Ref. 15.

The appearance of the structure in other spin observ-
ables (A, A', R,R', Axx) at sensitive angles is shown in Fig.
16 for the OS,NB model. Some of the structures shown
are of detectable magnitude.

IV. CONCLUSIONS

We have shown that the coupled-channel model includ-
ing isobar-width effects and interior CBM dynamics can
successfully fit the 'Sp and 'D2 nucleon-nucleon scatter-
ing data (and two-pion production) for TL &1 GeV. In
the Dz case, there is more ambiguity in the choice of rp
than in the 'Sp case due to the greater extrapolation in en-
ergy needed for the experimental f-matrix pole. We have
chosen the same rp for both channels.

The extrapolation of the model phase shifts to higher
energies shows very small NN* and AA threshold struc-
tures and substantial structures at the six-quark resonance
positions for both the 'SD and 'D2 channels. The width of
the predicted 'D2 structure is about twice that of the 50
MeV/c 'Sp-structure width. The splitting of the 'D2
from the 'Sp structure is uncertain due to the relatively
large uncertainty in rp for the higher-energy 'D2 case.
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b,o.
L, , CI.L (except for 8&80) and C&~, and in addition,

that our background energy dependence (slope) agrees
with that of the b,a.T and CLL(90') data. It is in just these
aspects that our model can be expected to be least defini-
tive, as it extrapolates from TL ——1 to 2 GeV without
specific inclusion of thresholds at TI ) 1.5 GeV. A
phase-shift fit is not expected to extrapolate well over
such a range. We include those results in our figures to
establish the greater physical content of our model.

We have also predicted that measurable structures are
present in Ao T, D, D„A, A', R', and Azz. Although we
have presented some tantalizing evidence that the data
may support the existence of a structure with the charac-
teristics of our predicted So six-quark resonance, it is
clear that more data are required to verify such an asser-
tion. The data now available are at too few energies and
have insufficient precision to be conclusive. More precise
data on Ao.l, CzL, and C» at several energies close to
TL ——2 GeV are likely to be definitive. Other observables,
such as Ao.T, D, and D„may be feasible with the required
precision and energy-step size. A phase-shift analysis that
identifies the partial wave responsible for the structure
will require many measured observables. We note that the
position of the resonance depends on the quark model and
that plausible variations in that model may shift the posi-
tion of the resonance by the order of 100 MeV/c . Thus,
whether the structure is where indicated by the present
Ao.L data' or turns up elsewhere, it will be important to
verify the less model-sensitive characteristics of width and
inelasticity.

Because of its insensitivity to the particular quark- or
hadron-force model, a particularly important verification
of the six-quark resonance nature would be the discovery

of a S& resonance 70 MeV/c lower in mass than the 'So.
Experiments in the np system for TL ——1.8 GeV are high-
ly desirable. In the pp system there is similar interest in
the examination of the TL ——2.0—2.6 GeV region for a
'Dz structure, but the energy splitting is less well predict-
ed.

We have not applied our model to the pp~dn+ reac-
tion but note that, for u =0, a structure has been ob-
served' at 2.6 GeV/c with —150 MeV width. Analysis
at t =0 now indicates' structure near 2.7 GeV/c with)80 MeV width.

There are also needed improvements in the model. Al-
though the data for TI & 1 GeV is not extensive enough
for a phase-shift analysis, we intend to improve our had-
ron models by directly fitting the available background
data. This may require the coupling of additional isobar
channels of higher threshold energy. We also intend to
investigate the effects of modifying the CBM by the addi-
tion of a quark self-energy term.
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