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otic quark states® '° requires a coupled channel model extrapolation of the background
phase parameters.

Previous coupled channel calculations®—8 have been successful in predicting many
of the features of intermediate energy nucleon-nucleon reactions, as well as of some
meson-baryon reactions.!!~!% However this extant work falls short of the realism de-
manded by the present data or the completeness required to satisfy the objectives men-
tioned above. In some cases the long range interaction is missing or inadequate,''~1%
while in others the short range interaction is not sufficiently realistic.5—% Sometimes
the decay width of the isobars is neglected. In many cases some significant coupled
channels are omitted. In Ref. [5] either the effect of the isobar decay width or of the
transition potential is taken into account, but not both together. Also in Ref. [5].
significant coupled channels are omitted from a few partial waves.

The present work is an extension of that of Ref. [5]. for several of the most
interesting nucleon-nucleon partial waves, which overcomes the width restriction and
includes more significant channels. In Ref. [5] the short range interaction is described
by an energy independent boundary condition at ro ~ wgur

dy* o

ro| 5 = T 1

ol % . £ ¥*(ro) ()]
where f is a square matrix of constant coefficients and ¥*(r) is a column matrix of
coupled channel wave functions with the strong quantum number list denoted by o (a
denotes J, S, T. and P for the systems discussed in this article.). This boundary
condition has been shown!® to represent the strong. non-local. short range interaction
below the energy of states internal to ro. Furthermore, it is easily extended? to treat the
effects of quark/gluon internal states by the addition of simple, real poles of positive
residue to the energy independent f.

Outside of ro. the interaction in the nucleon-nucleon sector is taken to be the
Feshbach-Lomon potential'” which includes the contribution of two-pion exchange as
well as of single 7, n. p and w exchange. The transition potentials from the NN
sector to the NA. AA and NN*(1440) sectors are those determined from one-pion
exchange and, sometimes, a phenomenological two-pion range potential {which may
also simulate 1, p and w exchange).

When the transition potentials are neglected the coupled isobars channels can be
eliminated. producing a complex, energy dependent, effective f-matrix in the NN sec-
tor. In Ref. [5] the width of an isobar is taken into account for this case by integrating
fest over the Breit-Wigner mass distribution of the isobar. When width effects are im-
portant {near threshold) they are treated in this way. replacing the transition potential
in that channel with a change of the corresponding f-matrix component. However.
over the extended energy region being fitted. the energy dependence of a transition
potential can differ significantly from that of boundary condition coupling. In Ref. [5]
when both transition potential effects and width effects are important in the descrip-
tion of a specific coupled system, these aspects were examined separately, but could
not be treated together.

The important technical feature of the present work is the use of a code which
treats each physical channel, such as the NA system with a given J. L. S. and T. as
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a large set of channels with distributed isobar masses. The coupling to these channels
is weighted by the Breit-Wigner distribution, both for the transition potential and the
off-diagonal f-matrix component. Widths and transition potentials are both taken into
account appropriately and simultaneously. Of course, this is at the expense of much
longer computation times. An added advantage to this approach is that the resulting
amplitudes for production of isobars of distributed mass enables the prediction of the

decay product distributions.

In some instances the computation of one-pion exchange transition potentials to
states neglected in Ref. [5] have indicated their importance and we have included them
here.

In Section Il we describe the formalism and calculational methods. In Section Il we
present applications to the 3Py, 3P,—3F,, 1 D, and 3 F;3 channels, all of which may have
resonances. We also discuss implications for the 1Sy and 3S; — 3D, channels which
have consequences for the lowest lying six-quark resonances. Section IV summarizes
the implications of the results.

Il. FORMALISM AND CALCULATIONAL METHOD

The basic formalism for coupled channel scattering used here has been described
in detail in the literature.® However, the previous computer program was not able to
simultaneously include the effects of the isobar widths and the transition potentials
for the coupling of isobar channels to stable hadron channels. When widths effects
were included, the coupling of these channels was restricted to that due to the off-
diagonal f-matrix components at the boundary. We have modified the old program to

overcome this deficiency. The price paid is an increase in computer time by an order
of magnitude.

A. COUPLED CHANNEL EQUATIONS

We write the coupled channel equations of Ref. [5} in a form that explicitely
represents the distribution of isobar masses as a distribution of channels. We ignore
the coupling of the isobar channels to each other as such coupling has only an indirect
effect on the observable results and introduces no new qualitative consequences.

We will use an index notation suitable for the two-nucleon reaction which wi be
the only application presented in this paper. The alteration for scattering of other stable
hadron pairs is obvious. Let e, 8 be the two-nucleon channel indices (2, B=1, 2
for the tensor coupled channels and only 1 otherwise) and let 7 be the index for isobar
channels (channels with either one isobar and one nucleon or with two isobars). We
will use « and X indices for all the channels, collectively. For the modified partial waves

ux(r) = rya(r)

1 d®ua(r)  Lo(La+1)
M ae T pamm SS+W<&3§3

. (@)
+ 3 Vailr) \ 0i(M., )AM* = k2 ua(r)

mpg
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where the X, x indices now run over the two-nucleon and all the discretized channels
ji = 1,2,...,ni+ 1 of the m isobar channels labelled by i. Therefore, n = o +
S 1 (ni+1) where no = 1 or 2 depending on whether the two-nucleon channel is not
or is tensor coupled. We have defined

Talr) = ua(r) (16a)
Tx(i,5) = wi(Maj, 1)y (16b)
where
Hy =M. - M, , Hpi1= E..?:+C — Mux, C..NNV
and )
Hj = M,;41) — Mo-1 » 71=2,...,n; (17b)
Qy.aHcN-:wwy.aHocu_mmmynn.msaﬂa.moﬁ\/.Ina (18)
Vap=MVsp Foa,=fap (19)
k72 1/2 1/2 H; . 4
Vaagg) = (MM;)"/2 [Nipi( M. )] > A i), @ (20)
— H; —
Tari) = MeoiMa)? \[ S fayi = Fai i), o (21)
and _ _
Va6 AG,5) = Mej Vi iy, aG,5) = Fii

In the limit n — co, Egs. (14) and (15) reproduce the results of Eqs. (2). (4). (8) and
(9). To minimize the number of coupled channels, n. for a given accuracy, the M.;
are concentrated where the p;(M,;) is large. In practice, this is accomplished by using
about 15 equally spaced M., ; between y; and M;+T; and two M.; for M.; > M;+T,.
Itis important to note that each M., ; produces a discrete threshold at the corresponding
two-nucleon energy, which produces cusps of magnitude o< Hj in the phase parameters
at these energies. Thus, the phase parameters at these threshold energies have the
largest errors, mid-way between thresholds the phase parameters have errors of the
opposite sign and at some off-set from these thresholds the phase parameters are
exact. The approximate value of this off-set is determined by comparison with the
results of the old code (see Eqs. (10) — (12)) for the case of vanishing transition
potential. In this way, we have obtained accurate results for most of the results in this
paper (less than 0.1° in the phase shift difference and 0.05 in the inelasticity difference
from the old code) by using 17 channels to decompose the width of one physical isobar
channel. On a VAX 780 the CPU time is about 20 minutes per energy when the width
of one physical channel is included.

When the scattering energy is far from the physical threshold region, the influence
of the width is small and accurate results are provided by the version of the old code
which neglects the width but includes transition potentials. This code only requires

6

about 20 seconds of VAX 780 CPU time per energy. It is used where appropriate to
save computing time.

Il. NUCLEON-NUCLEON SCATTERING RESULTS

A. THE !D; CHANNEL

As shown in Ref. [5]. when the A width is ignored the strong coupling of the ! D,
NN channel to the L’ = 0, 55, NA channel produces a large cusp in the phase shift at
inelastic threshold, Ty, = 630 MeV (in general, there is a discontinuity in the (L' + 1)
derivative at inelastic threshold.) It was also shown that the cusp becomes a broad
smooth maximum when the width is included. Although the transition potential then
had to be omitted in that work, an adequate fit was obtained within the uncertainty
of the experimental phase shifts at that time. Since then there has been new data
and the experimental phase shifts have changed significantly for T, > 500 MeV. Also,
the results of different phase shift analyses are now much closer than before.19—3!
Consequently, the fitting requirements are now different and more stringent than they
were in Ref. [5].

Apart from using the new code, which allows transition potentials when the iso-
bar widths are taken into account. the present model is more realistic because of the
inclusion of the D; NA state. This was omitted in Ref. [5] because of the higher
effective threshold due to the angular momentum barrier. However, the one-pion ex-
change coupling strength to the two nucleon system is stronger than that of the %S,
partial wave. Its contribution turns out to be crucial to obtaining the correct fit at
T = 800 MeV, as this is the region of the effective threshold for the NA system in
a D-wave.

The fit to experimental data requires the introduction of two-pion exchange range
transition potentials, to reduce the effect of the one-pion exchange transition potentials.

The potentials resulting from one-pion exchange and the fitted two-pion range terms
are

V [NN(D;) - NACS,)]

I

—0.098 My Vo (myer) + 0.335 =g~ 2m=r

V [NN('D;) — NA(®D;)] = 0.1176 moVa(myr) — 1.25 r~le~2m="

I

V [NA(®S:) — NA(®S,)] = —0.079 m, Vo(myr)

where
Vo(z) =z7'¢™® and Va(z)= (z'+3272+ 3z73) "

We note that the effect of the diagonal NA(®S,) potential on the ! D; amplitude
is negligible and has been included only for completeness. Other possible coupled
channels are unimportant because of high thresholds and weak coupling.

The fit obtained for the phase shift and inelasticity is shown in Figs. 1a and 1b.
The curve of (' D) shows the effect of the coupling to the NA(5D,) channel. The
value continues to decrease sharply after 600 MeV instead of levelling shortly after
the 630 MeV threshold. The ®D; coupling also causes the steep descent of §(1 D)
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Fig. 3: (a) The 3F;3 phase shift. The phase-shift analysis points and solid
curve are denoted as in Fig. 1a. The model curve corresponds to NN (3 F)
coupled to ZDAmWwV and \22. NN = 5.4, \ZZ.ZD = 2.72, \ZD_ZD =0.3;
(b) The 3F; inelasticity. Points and curve are denoted as in Fig. 3a.

more inelastic experimental data available for these energies and beyond. However. one
is tempted to some speculation. Looking at the different couplings, it turns out that
the most favored channels are NA(®F;) and NA(®Fz). Their couplings to NN (3 F3)
are only one half to one third of that to NA(3P;). but their influence increases with
energy since their thresholds are higher.

We make a technical remark concerning this case. In the region around T =500
MeV, the instability of the numerical results with respect to the mass offset chosen has
made it necessary to increase the number of channels and conseqently the computing
time to obtain enough accuracy.

The Argand plot. Fig. 4, shows the anti-clockwise rotation of an inelastic reso-
nance beginning at T, = 425 MeV although it is not as strong as that of the 1D,
case.

10

NN (Fg) == NA(Py)

Fig. 40 Argand plot for the 3 F3 amplitude. Notation as in Fig. 2. f-matrix
parameters as in Fig. 3a.

C. THE 3P, CHANNEL

The 3P, nucleon-nucleon channel is of interest because both the experimental
data?!:2% and some models® 22 indicate that it. like the 1D, and 3F3 channels, may
be resonant at low energies. The uncertainty is due to the inelasticity which varies
greatly in the phase shift analyses and depends on short range coupling in the model.
The subject is discussed in Ref. [22] in which a model that has a slight anti-clockwise
rotation in the Argand plot is compared with data. But that model, using the old code,
did not include the effect of transition potentials. The width had to be taken into
account as the inelastic structure, if it exists, is at T, < 630 MeV.

We first remark that in the fits of Refs. [5]. and [22], 6(3P,) is somewhat too
large for Ty, < 210 MeV. This is not sensitive to the channel coupling but represents a
deficiency in the Feshbach-Lomon nucleon-nucleon potential. This is rectified here by
using wwﬂza \Aa = 13.0 but may represent a deficiency of the semi-relativistic two-pion
potential of Ref. [17].

The NA(®Po) channel is the only channel to which the NN(3P,) can couple
which has both the lowest threshold energy and the lowest L’ available. The one-pion
transition potential has moderate strength:

V [NN(*Po) — NA(*Po)] = 0.1467 m,Vo(mar) — 0.0733 m, V3 (myr)
We do not use a two-pion range potential for this case. No other NA channel can
couple. Therefore, all the remaining coupled channels have a higher threshold energy.

We present, in Figs. 5a and 5b. two fits which differ only in the strength of coupling

11
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We note that the model of Ref. [5] was forced to produce these features for Ty, > 650
MeV in order to fit the lower energy data. We now show that these features persist
with our more realistic model and that a resonance is predicted in the vicinity of 1000
MeV.

First, we realize that, apart from the NA(3P;) channel considered in Ref. [5].
other channels have important one-pion exchange transition potentials to the 3P; —
3F, NN channel. In particular, NA(5P;), NA(®F:). and NA(3F;) are of some
significance. It is possible to combine the effects of the two P-wave or the two F-wave
isobar channels using Eq. (31) of Ref. [5]. It turns out that the resulting potentials
provide too much coupling. As the boundary coupling has little effect on P-waves at
low energy. the way to get a fit to experimental data is to cancel some of the one-pion
exchange effect with two-pion exchange contributions of opposite sign. We have found
as the adequate final potentials, including the one-pion exchange terms obtained as
indicated above:

V [NN(P;) — NA(P)] = —0.068 myVa(myr) + 1.65 r~Le=2mn"

V [NN(3F;) — NA(P)] = —0.0762 mVa(myr) + 1.3 r~1e~2m"

V [NN(P) - NA(F)]

1

0.154 m,Va(mer) — 3.5 r~le™2m=7

V [NN(®F2) = NA(F)] = 0.116 m,Vy(myr) — 2.0 r~1e=2m" |

With this choice we get a good fit to §(3P2). n(3P,). by tuning INNEP)-NA(P).
with fy N (2 p,)—-NN(sP,;) cOrrelated, to give the low energy §(3P,) values. The results
are shown in Figs. 7a, 7b, 8a, and 8b. As in Ref. [5]. the §(3F;) fit is poor and
is insensitive to the coupling. This is a problem with the Feshbach-Lomon nucleon-
nucleon potential.!” which may be due to its ignoring the linear and quadratic spin
orbit parts, which can be significant for L = 3. In Figs. 9a and 9b we represent the
coupling parameter ¢ and the mixing angle ¢, given by the model. The fit for ¢, is
reasonable but the model produces an oscillation in the value around Ty, = 720 MeV.
This may be ascribable to the rapid onset of inelasticity at T, = 600 MeV, followed
by a drop in §(3P;) starting near T, = 800 MeV.

The Argand plot for the 3P, complex phase. Fig. 10, shows the anti-clockwise
behavior of an inelastic resonance from T > 800 MeV.

E. COMMENTS ON THE 'S, AND 3S; — 3D; CHANNELS

The complex models required for the 'Sy and 3S; — 3D; channels will be the
subject of a forthcoming paper,24 which will also consider the effect of interior quark
states.? % 10 However, a few remarks of interest may be made now.

Because the NN(155) couples only to the NA system in the 5Dg channel, it is
important to consider the coupling to the AA and NN*(1440) systems in spite of
their greater threshold energy. In both of the latter systems there is coupling to the
18, state whose effective threshold is not far above that of the NA(5Do) channel.
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Fig. 7:  (a) The 3P, phase shift. The points and curve denote phase-shift
solutions as in Fig. 1a. The open squares denote the single energy phase
shift analysis SP85 of Ref. [20]. The solid curve is the model prediction
for NN(3P;) coupled to NN{(3F;) (via the NN tensor potential) and to
ZDAu.mm.uv and ZDAw.m.mvwv. .\m.mv = 1.73, .?vm. =-0.9, &.ﬁ_ Na(F) = —2.12,
fe.nap) = 08. frr = 40.0. fr,na(r) = fr,Na(P) = fNa@F), NA(F) =
\ZDCJ. Na(p) = 0.0, \.ZD?J.ZD:J = 0.1; (b) The 3P, inelasticity. The
points and curve denoted as in Fig. 7a.

The resultant fit to the elastic nucleon-nucleon scattering data presented in Ref. [5] is
quite good.
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Fig. 10:  Argand plot for the 3P, amplitude. Notation as in Figs. 2 and
7a. The corresponding energies are made explicit.

The 35; — 3D, nucleon-nucleon system is particularly complex. Although isospin
conservation forbids any NA channel, the AA(3S;). AA(®D;), AA(*D;) and
NN*(35;) channels can all be expected to have significant roles. The AA("Dy)
has a particularly strong one-pion exchange coupling and cannot, therefore. be ignored
compared to the lower effective threshold AA(3S;) and NN*(3S;). The AA(®D,)
must also be included because of its important role in the deuteron elastic magnetic
form factor.?”=2° The large A magnetic moment and the opposing spin and orbital
angular momentun alignments of the 7D; and 3D; AA states have important con-
sequences for that form factor. The consequences of various balances between the
coupling to the four isobar channels mentioned, for both the deuteron2”>28 and the
six-quark resonances,® will be discussed.?4: 2 In particular, total coupling strength to
the AA(7D;) state is strongly restricted by deuteron data,27—29

IV. CONCLUSIONS

We have constructed realistic models for nucleon-nucleon scattering partial waves
at intermediate energies by using meson exchange potentials and short range, energy
dependent boundary conditions with explicit coupling to the low orbital angular mo-
mentum NA. AA, and NN*(1440) channels. They provide good descriptions of the
physics of all the nucleon-nucleon channels that are non-trivial for T, <1 GeV. The
spreading of the threshold effects by the Breit-Wigner mass distributions of the iso-
bars is very important in fitting the data, as is the large scale energy dependence due
to the one-pion range transition potentials. As before,5 the characteristic increase of
attraction (or decrease of repulsion) below threshold, followed by a sharp decrease in
the phase shift and a minimum in inelasticity above threshold.3° is important in fitting
the physical data. This critical behavior is not obtained by including the coupling to in-
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termediate states in the derivation of an adiabatic nucleon-nucleon potential.3!:32 The
best way to get an accurate representation of this energy dependence is to explicitly
couple channels using potential (and boundary condition) matrices.

We have re-investigated the 3Py, 2P, — 3F,, ! D3 and 3F3 two-nucleon systems
with transition potentials and width simultaneously taken into account, and with extra
isobar channels where indicated. These more realistic models provide improved fits to
the analyzed phase parameters!®~2! (some of which have changed significantly from
those available during the preparation of Ref. {5]). The results confirm the coupled
channel nature of the 1D, and 3Fs structures. There is no need to attribute these
structures to exotic six-quark states, nor does such a model describe the data well.2:3

Confirmation of the existence of the previously inferred structure in the 3P,
channel® 2128 is shown to require more experimental information on the inelastic-
ity parameter. That parameter determines the short range coupling strength which, in
turn, determines the structure. A previous prediction of coupled channel structure in
the 3P, channel.? near Ty, = 800 MeV, is confirmed, and is close to that indicated by
the recent phase shift analyses,19—21

The present method allows us to develop improved models for the 1S, system
and examine the consistency with the measured two-pion production cross section at
T = 800 MeV.28 The 35; — 3D; model is being extended to be consistent with
deuteron properties. including the sensitive magnetic form factor.27—2° Both of these,
together with the improved ! D, system model, will provide a more reliable extrapolation
of these phase parameters to the region? where six-quark f-matrix poles affect these
states. The size of these effects will be more closely predicted.24

The improved models for all of the nucleon-nucleon partial waves enable more re-
liable predictions of the magnitude of observable effects produced by the six-quark
f-poles, as these depend on interference between the resonant and non-resonant
states.% 1 The better extrapolation to higher energies will, in general, help identify
the most sensitive experiments for accurate phase shift analyses.

An important advantage of the present calculation over that of Ref. [5] is that
it predicts the S-matrix elements for the production of isobars as a function of the
isobar mass. One can then predict, through the subsequent decay of the isobars, the
observable distributions in the NN7 and NN final states.!' 33 We plan to do this
in collaboration with the authors of Ref. [1]. The comparison with production data
will further restrict our coupled channel models. The relative strength of coupling to
different isobar channels is often poorly determined by comparison with the elastic
data, but is very sensitive to production data.
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ERRATUM

ISOBAR WIDTH EFFECTS IN THE COUPLING
OF NUCLEON TO ISOBAR CHANNELS

P. Gonzales and E. L. Lomon

The following changes should be made to MIT preprint #1328 dated February
1986: '

o Page 14, 7 lines after equation: End paragraph with “The fit for € is reasonable.”,
and delete the remainder of the paragraph, s.e., “but the model produces an
oscillation in the value around T, = 720 MeV. This may be ascribable to the
‘rapid onset of inelasticity at T, = 600 MeV, followed by a drop in 6(3P;) starting
near Tz, = 800 MeV.”

e Page 17: Replace Fig. 9. Caption remains the same.
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