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Although the models are largely determined by theory, they have some parameters
(described in Section Il) which are fixed by comparison with phase shift analyses of
the data for laboratory energy T, < 1 GeV. For some of the results we use the models
described in Refs. [4]. Because of the sensitivity to details when extrapolating from
Ty =1 GeV to T, < 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 improved model of the
resonant 'Sy phase shift described in Section Il. We also extend the methods of Ref.
[6] to determine the six-quark structure in the 1 D, state which is predicted to have a
mass near 2.88 GeV/c? for the CBM dynamics.

As the ! D, six-quark resonance energy corresponds to extrapolating a further 0.5
GeV in T, both the position of the structure and its interference with background
partial waves have more uncertainty than for the !So structure. Consequently. we
have not attempted detailed prediction of the effect on observables of this structure.
However, the amplitudes of the structure in the ! D, partial wave is shown to be ample
to result in measurable effects.

In Section |1l we investigate the correlations of the predictions of the above choices
of 1.5, resonant models with the Aoy, Crr and Cnn data in the region of the observed
resonance. The predicted mass of the resonance is consistent 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 comparison shows that more precise data at
lower energy intervals is needed to establish a structure and to show positively that its
characteristics are the ones required by the six-quark state.

In Section Il we also show the predicted structure in several other observables
which presently have little or no data in the resonance energy region. Section IV draws

conclusions and indicated future directions for experimental verification and model
improvements.

Il. THE MODEL FOR THE 'S, AND D, CHANNELS

The application of the R-matrix method. in its f-matrix form, to the study of
nucleon-nucleon scattering has been described elsewhere.4: ¢ 7 Briefly, space is divided
into two regions in which different approximate forms of the Hamiltonian are appli-
cable. In terms of the nucleon-nucleon relative coordinate, r, there is a boundary
(or separation) radius ro. For r > rq the interaction is given by a meson exchange
potential-matrix between nucleons and isobars. For r < ro a model incorporating the
short range asymptotic freedom of quarks and gluons (such as various “bag” or “con-
stituent quark” models) is used. The energy dependence of the boundary condition on
the external wavefunction at rq is determined by a complete set of interior six-quark
states. When the interior states are characterized by vanishing wavefunctions at ro
(which seems appropriate in connection with the confinement features of QCD) then
the boundary condition is on the logarithmic derivative of the wavefunction, stated in
terms of the f-matrix w

ro a3 fugt (ro) o)
ro B

2

with :
_ 0 Pap
fap=fop + M W_w, 2
where the W; are the energies of the internal six-quark states and
. W; . ..
Pap = —To aro &6 (3)

the & being the fractional percentage coefficient of channel a to the internal state 1.
Only the constant terms \mm are completely free parameters.

The value of rg is constrained by the requirements of asymptotic freedom in the
interior, and adequate clustering into hadrons, due to the onset of confinement, in the
exterior. This implies* that

087eg <10 <Teq - (4)

where r.q is the internucleon distance for the equilibrium radius of the particular quark
model. Fitting the nucleon-nucleon scattering data for T, < 1 GeV determines whether
an rg in the above range is allowable and. if so, fine tunes the value.

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 =-, 5-,
p- and w-meson exchange and two-pion exchange contributions (the non-relativistic
nature of the two-pion contribution introduces two parameters which were completely
determined® by the data for T < 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 two-pion range Yukawa potential of parameterized strength.

A. THE 'S; NUCLEON-NUCLEON STATE

The 1S analyses of Refs. [4] and [7] have been revised with the improved formal-
ism 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 Ty, = 0.8 GeV, which being small, severly limits the coupling to the S-wave AA and
NN*(1440) channels.'® Consequently, in order to maintain a fit to the §(1So) energy
dependence, coupling strength has to be shifted (via the constant terms in the f-matrix)
to the .Zbﬁmbov state. This in turn increases the inelasticity near T, = 800 MeV.
The fits shown in Fig. 1 (for values of ro corresponding to the Feshbach-Lomon
interaction,® rfL' = 0.75fm and to the CBM interior,* rf§BM = 1.05fm) assume
that about one-half of the two-pion production at Ty, = 0.8 GeV comes from the 150
partial wave. As shown, the resulting 5(1So) is smaller than that of the phase shift
analysis!12 near 0.8 GeV, especially for the r$BM case. This situation could be im-
proved by coupling to isobar channels with higher energy thresholds, by data indicating
that nearly all of the two-pion production comes from the ! S, 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 ro. There are similar indications in the fitting of
the 3S; — 3D, channel.# Therefore, the CBM dynamics may need some modification
for complete consistency with two-nucleon data. We note that the addition to the CBM

3
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the six-quark state energy. (There is a shift in the pole of fog('So) due to channel
coupling, as described in Refs. [4] for the 1Sy channel and discussed below for the
1D, channel.) The width of the structure is about 50 MeV/c? in barycentric mass.
The value of 2 > 0.3 is consistent with the elasticity of the experimental structure,!
which is > 0.1. Note that the actual change due to the resonance is An? = 0.1. the
rest of the inelasticity being due to the background. The amplitude of the structure in
both 5(*So) and n(*So) is about half that of that of Refs. [4].

We will use both the present model (which we will designate NS) and that of Refs.
[4] (designated by OS) to predict the pp observables. The OS predicts much too large
two-pion production at Ty, = 0.8 GeV; nevertheless, it may predict the ! Sy amplitude
at Tp, = 2 GeV better than NS. The reason is that the decreased coupling to the AA
and NN* channels in NS causes an increase at high energy in the background f.g in
the NN (So) channel.*:®: 7 This increase may well be cancelled by contributions from
higher energy isobar thresholds that do not contribute substantially to the two-pion
production at Tz = 0.8 GeV, but all of which decrease for. The larger fog act as a
repulsive core, decreasing the coupling to the interior six-quark states and decreasing
the amplitudes of the inelastic resonance.

B. THE D, NUCLEON-NUCLEON STATE

A new fit to the ! D, phase shift and inelasticity for r§L was presented in Ref.
[6]. This fit properly includes transition potentials and isobar width effects. It also
includes the NA(®D;) channel in addition to the NA(5S3) channel of Ref. [7]. and
fits newer phase shift analyses.

We now include the internal CBM dynamics. increasing the value of ro and in-
troducing a pole into the f-matrix. The I = 0, JP = 2+ A-m—\»vo quark configura-
tion has NA(%S3) and AA(®S2) color-singlet-pair components [¢%5 (5S2) = & and
£34(552) = .1 1 The rest of the configuration is “hidden color”.

Note that the six-quark state has no NN(* D;) component and that consequently
the effect of the f-pole does not come directly into the NN sector. However, the
construction of for (D;) for this chain of coupling!* NN(1D;) « NA(%S;) &
AA(5S;) shows that the pole structure is transmitted to the nucleon-nucleon state.
For simplicity, we describe the analytic result in the approximation that we neglect the
transition potentials and all coupling to the NA(®D;) 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 channel is ! D; and that the NA and AA channels are a.w»v

2
NZZ.ZD

foe" = fnN,NN - —
INaNA = fRa,an (Fan,aa +05,)7 + 654

(5)

where the 8% functions* 7:14 are the logarithmic derivative of the outgoing wavefunc-
tions in the designated channels. Using fyn, NN = b@z. ~n and that for the NA

and AA channels fi; = fJ; + pij(W — Wp)~1, we get. after performing some algebra
and using p;; = |/PiiPj;

= \w«.z. NN+ pesr(W — Weg) ™! (6)

6

where

Wert =Wy — D' [pan,an (Ffa, va +0%4) +ova,nva (fR4a, an +054)] ()

and

2
pest = D732 an.zvv» TKW. NA C.MP aa+0%,) - E-D\M.Dbb&?bb_ (®)

where .
D= C.w«? Nat+ &mbv Q.WPDD + eMbv - Q.@Pbbv 9)

Egs. (8) and (9) show that the residue is positive when 8%, and 8%, are real, so
that &..n\% < 0 below inelastic threshold as required. We also note that when

fRa,aa = 0. as in our present fit, Eqs. (8) and (9) are greatly simplified and
consequently

Wett (fa,aa =0) =Wy — pan,aa (f2a, a8 +054) ™" ()
—ona,na (fa,na+044)""

and 2 -2
pet = (fiw,na) evana (fana +054) (&)

Eq. (7’) shows that Re Weg is shifted downwards slightly from Wp.

We note that the pure pole dependence of the f-matrix components is modified in
Jest by the analytic structure of the 8+ functions, which, however, have little dependence
in the resonance region.

As in Refs. [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. Figure 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 T, = 0.8 GeV. For the MIT Bag Model, it is
seen that ro > r.g in contradiction with our requirements, Eq. (4). As it is for the 1S
and 35, states, the MIT Bag Model is inconsistent with the Ty, < 1 GeV data.* For
the CBM., consistency with Eq. (4) is clearly possible. Unfortunately, given the large
extrapolation needed. the whole range of Eq. (4) is consistent. The r$BM = 1.05fm
for the 1.5, state is at the lower end of the range. For our present predictions, we choose
this value for simplicity, and also because the data, as for the 150 and 38, cases, is
better fitted with a smaller radius. This choice of ro predicts an f-pole at 2.88 GeV/c?
(corresponding to Ty, = 2.54 GeV). and pna, va = 0.26 GeV, ANA, aa = 0.1163 GeV
and paa,aa = 0.052 GeV. The effect of increasing ro to 0.9 req 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 two.

The fit to §(* Dz) and n(*D,) for Ty, < 0.8 GeV is not visibly different from that
shown in Fig. 1 of Ref. [6]. for ro = r§L, and we do not reproduce it here. But, we
remind the reader that the 1 D; resonance at Tf, = 0.6 GeV is well-reproduced by the
effect of the NA threshold. The potential matrix is given in Ref. [6]. including the
fitted Va2, coefficients. The constant part of the f-matrix is given in the caption to Fig.

7
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Fig. 5:  One-pion production from the NN(! D;) model described in Fig.
4, through the NA(5S,) and NA(®D;) channels.

IIl. CONSEQUENCES BETWEEN PP DATA AND THE
'S, 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 inelasticities of the resonances are de-
termined by the fractional parentage coefficients of the six-quark configuration. This
implies model independent results for the lower lying states in which configuration mix-
ing is expected to be unimportant. In particular, for the lowest 1S, and 3S; resonances
the width is predicted to be close to 50 MeV. and the AA channel is expected to have a
partial width almost equal to the elastic width.* We note here that the mass difference
between the 1S, and 35, resonances is determined by the color magnetic splitting,
which, for every quark model. is adjusted to the N-A splitting. Hence. the prediction

that the 3S; resonance is 70 MeV/c2 lighter than the 1S, resonance is insensitive to
the model.4
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Fig. 6: The free-quark content, Iy, of the NN(*D;) coupled channel
system with f-matrix pole determined by the Cloudy Bag Model.

The absolute position of the resonance is determined by the quark model used in
the interior and by the boundary radius ro. The latter is strongly restricted [Eq. (4)] by
the same model but its precise value is determined by extrapolation of the experimental
f-pole to its crossing with the quark state mass. For the CBM 1S, prediction [see
Fig. 2(1) or Ref. 4a(b)] is uncertain by approximately +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. But a small modification of the CBM. such as the inclusion 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 addition 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 insensitive) but also to the background amplitude of the
resonating partial wave. The latter is sensitive to the detailed fit to the data for
T < 1 GeV, via the constant f-matrix terms and parameterized two-pion exchange
potentials. This is also true for the non resonating partial waves whose interference
with the resonating partial wave determines the details of the angular distributions.
The extrapolation of these backgrounds from Ty = 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 AA at T, = 1.4 GeV.

Consequently, as mentioned in Section 1I(A). for our predictions we present the
results of using two 1S, channel models, the best model (in terms of physics and fit)
described above (NS) and the older version of Refs. [4] (OS) which may be more
appropriate at T, = 2 GeV when the higher thresholds are coupled.

For the partial waves other than the ! S, we use, for all observables studied, the
recent full model results of Ref. [6] (NB). To show the sensitivity to the model used,
we occasionally compare with the results of using the background partial waves of
Refs. [4] (OB).

Below, we see that the data is 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°.

11
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Fig. 8:  CpL. angular distributions for energies near the ! S, resonance and
for the OS.NB model. The experimental points are those of Ref. [2).

near 90°, but also for the structure which is mostly a reflection of the structure of
do/df (90°), i.e. it does not appear strongly in Crrdo/dQ} which is bilinear in the
amplitudes. The model production for &\&D qualitatively agree with the data for
6 < 70°. However, for 70° < @ < 90° the data continues its 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® 7) are inadequately represented but are important at this energy. The 90°
predictions of the model can only be considered to give an indication of the width and
amplitude of the structure.

C. Cnn DATA

The possibility of experimental structure in Cyy (90°) near Ty, = 2 GeV has
previously been noted.® 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
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Fig. 9: A few C excitation functions at sensitive angles for 1.8 < Tg, <
2.2GeV. The curves for model predictions are as in Fig. 7. The three sets of
experimental points (Ref. [2]) are precisely at T, = 1.967, 2.129 and 2.444
GeV (in each set, points have been slightly separated to distinguish them).

the data energy steps are much too large to discern the predicted structure. We note
that the amplitude of the structure predicted by OS, NB model. favored by Aoy and
CLr data, is quite large.

As in the case of CLy. it turns out that the best evidence of compatibility of our
model for Cy is in the angular distribution near the resonance energy. The data at
Tr = 1.97 GeV is compared with the OS. NB model in Fig. 12. The slope and the
absolute values match well if one allows for a shift of 7° of the first minimum below
90° (62° in the data, 69° in the model). This gives some confidence to our energy
dependence predictions near 60° (to be applied to 67° data). Indeed. a well-marked
dip-bump structure is predicted for this angle, as shown in Fig. 13. This figure also

displays predictions for = 48°, 63° and 69°, and for the NS, NB model at 63° and
69°.
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Fig. 122 Cnn angular distributions for energies near the 1S, resonance

and for the OS,NB model. The data points at T, = 1.968 GeV are those of
Ref. [3b].

In the present article we have examined the consequences of the 1S, structure for
many spin observables in the T, = 1.8 GeV to 2.2 GeV region. We postpone such
detailed predictions of the observable consequences of the 1D, structure because of
the greater uncertainty of its parameters. It is possible that the ! D, structure may be
centered as low as Tr, = 2.15 GeV. but the data we have examined gives no indication
that this is so. The knee that may be present in the Cr 1, (90°) excitation curve between
Ty = 2.13 GeV and 2.44 GeV could be a consequence of the 1D, structure. In the
near future, we intend to examine the observable consequences of the ! D, state, after
having better determined the model by using the non-resonant data for Ty, = 1—3 GeV.

We have compared in detail the observable consequences of the 1S, six-quark
structure with experiment results in the resonance region. Both the 1S, model dis-
cussed above and an older version* were used for comparison. For the other phase
shifts the best available models of Ref. [6] were used. but occasional comparisons with
the results of older models*:7 were made to indicate sensitivity.
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Fig. 13: A few Cnn excitation functions at sensitive angles and a few
data points all at Ty, = 1.968 GeV (Ref. [3b]). Except for the dotted curve
which is —Cnx (48°), the curves are as in Fig. 7.

The recently observed® bump-dip structure in Aoy, corresponds well to the predic-
tions of the OS, NB model (the NS, NB structure is similar but is of smaller amplitude).
The experimental energy points are too far apart to precisely verify either the energy
position or width. Our width of 50 MeV/c? is consistent with the experimental up-
per limit of 80 MeV/c2. The experimental energy of the structure corresponds to our
predicted mass or up to 15 MeV/c? higher.

The experimental behavior of Cp1,(0) in the energy region is also similar to the
OS. NB prediction. Allowing for a shift of 8° in the angular peak, there is a strong
correspondence of the non-trivial variation in energy dependence from below to above
the angular peak. The energy peak in the data is consistent with the mass of our
resonance, but is also consistent with a mass of up to 50 MeV/c? higher. The data
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Fig. 16: Choices among the subset of pp polarization observables A, A’.
R. R’ and Axx whose excitation functions feature the six-quark resonance.
All the curves are for the OS.NB model. There is no data in this energy
region.

Because of its sensitivity to the particular quark or hadron force model. a particu-
larly important verification of the six-quark resonance nature would be the discovery of
a 35 resonance 70 MeV/c? lower in mass than the !Sy. Experiments in the np system
for T, = 1.8 GeV are highly desirable.* In the pp system there is similar interest in
the examination of the T, = 2.0 — 2.6 GeV region for a ! D, structure, but the energy
spacing is less well-predicted.

There are also needed improvements in the model. Although the data for Ty, >
1 GeV is not extensive enough for a phase shift analysis, we intend to improve our
hadron 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
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investigate the effects of modifying the CBM by the addition of a quark self-energy
term.
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