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The theory of the coupled m.NN-NN systems is applied to the unified description of the ~d-~d,
m.d-NN, and NN-NN reactions in the intermediate energy range. Off-shell modifications are intro-
duced in the P33 and P» ~N channels and the effects of heavy meson exchange are investigated. In
general, results for various observables are in agreement with experiments. We have assessed certain
aspects upon which future work should improve.

I. INTRODUCTION

Recent years have witnessed an increasing amount of
study in the theoretical investigation of the coupled
mNN-NN problem. ' " This is due to (i) a continued ef-
fort to build a consistent theory of the nucleus with an ex-
plicit treatment of the pion and b, degrees of freedom, for
which the vrNN-NN system is the fundamental testing
ground ' ' and (ii) a large body of experiments done dur-
ing the past several years in the ~d~~d, ~d~NN, and
NN~NN channels in an attempt to search for the signals
from the possible isospin-one dibaryon resonances. '

The ultimate goal of this ~NN-NN theory is to attain a
certain degree of successful description of the ~d elastic,
md~NN, and NN~NN processes (and furthermore of
the processes with three-body final states: NN~mNN
and nd~vrNN), or at least to isolate (or identify) its in-
herent deficiency in cases where the agreement with ex-
periment may not be achieved. This then requires a care-
ful selection and/or construction of the input first and a
large scale numerical solution for the observables, which
needs some extended effort in time. Since our last publi-
cation we have improved our calculation in a number of
ways, the results of which have been reported occasionally
at various conferences and workshops as well as supplied
to experimentalists working on related subjects, but which
have never been written up for publication. We are still in
the process of extending our models, and in the sense our
work is still not completed. But since the bulk of our re-
sults has accumulated to a certain threshold, and since
several calculations based upon sets of equations similar
to our have appeared, ' ' "" we have decided to put to-
gether a part of our results for publication.

The present body of results is concerned with the uni-
fied description of the ~d~~d, md~NN, and NN~NN
observables for the energy range T&,b —560—800 MeV
(T~,b —140—260 MeV). One of the novel features of our
calculation as compared with the previous one is the in-
troduction of the heavy meson exchanges (HMX) in the
two-body NN sector (not in the NN interaction in the
mNN sector). This is expected to improve the result in the
elastic NN and NN~m. d channels at intermediate ener-
gies. For this objective we have employed one version of

the one-boson-exchange (OBEP) Bonn potentials' replac-
ing its one-pion-exchange (OPE) part by the one generated
in our equation and readjusting the coupling strengths of
o, cg, and p exchanges, as the two-pion exchange NA box
contribution generated by the equation accounts to a large
extent for the intermediate range attraction in the OBEP.
This adjustment has been done qualitatively but not quan-
titatively since we have restricted our aim to be rather
modest in the present work, viz. , to study the HMX ef-
fects principally in the ~d~~d and ~d~NN channels. A
more extensive study (including the consideration of p ex-
change in the Nh~NN and NEMAN Born terms) to
better account for the NN channel will be discussed in a
separate publication. Another important ingredient which
may require some expose is the off-shell modification of
the ~N P33 and P» t matrix in our two-body input. This
procedure was already adopted in our previous publica-
tion.

When compared with the recent semirelativistic calcu-
lation of Afnan and McLeod, ' our present work may be
regarded to some extent as complementary in the follow-
ing sense: (i) they adhered to the P33 model of Thomas, '

while we employed an off-shell modification to the P33
matrix of Crraz' and the modified Koch-Pietarinen
model; (ii) we have chosen, among our several P&& t ma-
trices, the one which we judged to be best and applied an
off-shell modification to it, whereas they employed and
compared various P» models that they generated; (iii) se-
parable NN t matrices in all the S and P waves are imple-
mented in their calculation in three-body sectors (where
the pion remains as a spectator). Their claim is that those
interactions affect the ~d~NN and NN~NN observ-
ables ' and that the S&- D& alone is not enough. We only
included S& D, partial waves-in the (NN) +m. part of
the three-body sector but, as has been mentioned, included
the HMX in the NN sector.

The organization of the present article goes as follows:
Section II gives a brief account of the equations as well as
the input and the numerical procedure used in our calcu-
lation. We describe the procedure for the off-shell modi-
fication in the mN P33 and P» amplitudes in Sec. III and
give a first series of results for the md-md, ~d-NN, and
NN-NN reactions. Section IV is devoted to the heavy
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meson exchange potential in the NN sector and its re-
adjustment in our equations. Then our results with HMX
effects are presented for the above three processes. The
discussion and conclusion appear in Sec. V, where each re-
action is examined in relation to the other two, and, wher-
ever appropriate, to other works.

II. THEORETICAL ASPECTS

A. Equations for the coupled ~NN-NN systems

Assuming separable interactions for the ~N and NN
two-body subsystems, the equations for the coupled
m NN-NN systems derived by Avishai and Mizutani
(AM), Afnan and Blankleider (AB), and Rinat and Star-
kand (RS) are similar to the usual Faddeev-Lovelace
equations. In operator form they read

0
Xhd Zhd + [+] Xhd

ZNd JNdJNd

for the ~d~~d, and ~d~NN reactions where the kernel
is given by

0 ZdgR g ZdNR~

[E]= ZhdRd Zgt, Rs ZtNRN

ZNdR d ZNgR g ZNNR N

JNN ZNN

In the above expressions J are the three-body amplitudes,
Z the Born terms (or driving terms), and R the two-body
propagators in three-body Hilbert space. The index d
refers to the n.(NN) three-body channel where the NN
pair interacts in the S~ D& (deuteron) and e-ventually in
any other partial wave, 6 corresponds to channels N(~N)
with (mN) interacting pairs in the S and P partial waves
(including the P» nonpole part), and N refers to the N(N)
channel where (N) is the (mN) P» pole part. These are by
now standard notations.

The Jdd, JNd, and JNN terms evaluated on-shell corre-
spond to the physical t matrices for the ~d ~md,
m.d~NN, and NN~NN reactions, respectively.

In the Afnan-Blankleider ' (AB) approach, relativistic
kinematics is used for the pion only, while the nucleons
are considered as nonrelativistic particles [relativistic pion
kinematics (RPK) approach]. In our approach, as well as
in Rinat-Starkand (RS), a fully relativistic treatment has
been used. Following the Aaron-Amado- Young pro-
cedure, the Blanckenbecler-Sugar reduction is used to in-
tegrate over the relative energy, so that the relativistic
four-dimensional equations are reduced to a set of coupled
three-dimensional integral equations which are Lorentz
invariant and satisfy two- and three-body unitarity. After

The NN~~d and NN~NN reactions are obtained
through a similar set of equations with the same kernel:

I

JdN Zd JdN

XgN —— ZgN + [K] XaN

angular momentum decomposition, one obtains a set of
coupled one-dimensional integral equations to be solved
numerically.

B. Two-body input

The a and 6; parameters are fitted to the S1 phase
shift, binding energy, D-state probability (6.7%), quadru-
pole moment, and charge form factor of the deuteron.
Within the RPK approach we have tested the rank-two
S1

- D 1 interactions which also reproduced the D 1 phase
shift. No significant difference has been seen and so we
thus decided to stay within the rank-one model.

For the ~N interaction, we take into account all the S
and P partial waves. For all channels, except for the P33
and P», which will be discussed separately, we take the
parametrizations of Schwarz et a/. ' with the following
form factors:

( )
L A B

2 2 2 62p +a p +b

the parameters of which are fitted to the phase shifts and
scattering lengths (or volumes).

In the b, (P33) AN channel, we use a form factor like in
Eq. (6) with B =0 and we take the strength A to be ener-

gy dependent (A '=s —M t, ) in order to reproduce the
position of the resonance (M~ = 1322.4 MeV; bare delta
mass). See, for example, Woloshyn et al.

The P» ~N channel where ~ absorption takes place is
parametrized according to the method of Mizutani et al.
described in Ref. 26. Namely, the total t matrix is written
as t =tp+tN~, where tz is the direct nucleon pole part
and tNp the remaining background (the nonpole part).
The nonpole part is written as a separable form:

Np(p, p', s) =g (p)RNP(s)g (p') (7)

and then, after taking into account the dressing of the ver-
tex g by the virtual pions required by two-body unitarity,
the pole part reads

tp(p, p', s) =h (p;s)RN(s)h (p';s),

where the dressed ~NN vertex h is expressed in terms of
the bare ~NN vertex and of the nonpole part, and the
dressed nucleon propagator RN is evaluated in terms of h

[see Eqs. (2.29') and (2.7') of Ref. 26).
The parameters were fitted to the P11 phase shift up to

T],b -350 MeV, the scattering volume a», and the ~NN
coupling constant f, with the constraint that the renor-
malization constant of the nucleon wave function lies be-
tween 0 and 1.

The various partia1 waves of the NN and mN interac-
tions used in the three-particle sectors are parametrized as
rank-one separable potentials:

&(p,p') =&g (p)g(p') .

For the NN interaction, we retain only the S, D~ (d)-
channel. The L =0 and L =2 form factors are chosen as

L+2
gL, (p)=p (I+ttp') + (1+b p') .



35 UNIFIED DESCRIPTION OF md-md, md-NN, AND NN-NN. . .

It may be worth pointing out that a large variation
(& 10%%uo) observed in the n.NN vertex function between
the value of momentum squared 0 and the pion pole' has
not been found in our vertex: The variation was identified
as (4%%uo, consistent with partial conservation of axial vec-
tor current (PCAC). From this we conclude that it is not
the Yamaguchi type of form factor, in contrast to that of
the Gaussian or spherical Bessel (appearing in chiral bag
models), which makes the variation undesirably large.
Rather, it must be the specific form of the parametriza-
tion adopted in Ref. 17 that has caused this problem. A
related discussion will be given in the next section.

C. Numerical procedure

In order to avoid the moving singularities on the real
axis due to the driving terms and propagators, we use the
method of contour rotation. The partial wave projection
of the driving terms and the propagators are evaluated off
the real axis through Gauss-Legendre quadratures with 16
and 40 mesh points, respectively. The choice of the mesh
points for solving the system of coupled integral equations
needs more careful treatment. We have observed that,
rather than using a single Gauss-Legendre quadrature of
order X applied directly to [0,+ oo], a better convergence
was obtained with fewer mesh points by splitting the total
interval into three parts, [O, k ], [k-,kz], and [k~, + "]
(k and k~ are the pion and nucleon on-shell momenta)
and using Gauss-Legendre quadratures with N&, Nz, and
N3 points in respective intervals. In practice, a good
compromise between convergence, memory size, and CPU
time is achieved by taking N& ——Nz ——6 and N3 ——12.

The inclusion of the NN and ~N partial waves
described in the preceding subsection leads to at most 19
coupled interval equations for a given three-body state J"
(J, total angular momentum; n., parity). Using 24 mesh
points, we thus have to in principle invert a 456&456
complex matrix. The calculations presented here have
been done on a CYBER-750 and an IBM-3081 by means
of the diagonal Pade approximants technique. We have
found that a [5/5] Pade (11 iterations) was necessary for
J&4, while the first iterate was sufficient for J~4 up to
J=9 (this maximum J value is enough to make the par-
tial wave decomposition in the considered energy range
convergent).

Besides the intrinsic convergence of each md-~d, ~d-
NN, and NN-NN partial wave with respect to the number
of' mesh points, rotation angle, and the order of Pade, we
have a very strict criterion for numerical accuracy by
comparing the nondia~onal m.d elastic scattering ampli-
tudes TJ & J + &

and TJ+ & J &. These amplitudes are ob-
tained from separate equations: The former from the
equationinvolving Tf &, z i and TJ i J+~, and thelatter
from the one where only TJ+ I ~+i and TJ+ i z & appear.
Since the kernel is the same and the driving terms have
been checked to have good symmetry properties, we must
have TJ & J+~ ——TJ+~ J &. Similar criteria can be ex-
ploited for the off-diagonal Pz- Fz, F4- II4, . . . NN par-
tial wave amplitudes as well as for the md~NN and
NN~md partial wave amplitudes. Another check in the
NN sector is that the inelasticity parameter must be 1 at

low energies. In our calculation those criteria are satisfied
generally up to the fourth digit and in the worst case up
to the third digit.

III. THE OFF-SHELL MODIFICATION
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FICx. 1. (a) Differential cross section for the md-NN reaction
at T~",b

——142 MeV for different values of the off-shell pararne-
ters (y, y~) =(0.8, 1.2) GeV/c (full line), (0.7, 1.2) (dashed line),
and (0.8, 1.5) (dotted line). The dot-dashed curves were obtained
without off-shell modifications. Experimental data are from
Ref. 38. (b) The same legend as for (a) for the pp~m+d asyrn-
rnetry Ayo The experimental data are from Ref. 40.

With the above two-body NN and m N t matrices as in-
put, the mNN-NN equations reproduce the experimental
~d differential cross section fairly well in a wide range of
incident pion energies (Ti'b(300 MeV) [see Fig. 2(a)].
On the contrary, it is found that the equations do rather
poorly in both the NN~NN and NN~md sectors: The
calculated NN inelasticities as well as the NN~~d cross
sections are lower than experiment where the single pion
production is the main source for the nonelastic NN pro-
cesses. At T~,b ——142 MeV (Ti'b ——570 MeV) the calculat-
ed 'Dz phase shift is too small (Re5=2. 3 ), while a factor
of -4 is missing in the NN-n. d cross section and the A& o
polarization does not reproduce the experimental data, as
shown in Fig. 1 (dot-dashed curves). The same con-
clusions hold at higher energies. We note that similar ob-
servations were made by Araki et al. (the third article in
Ref. 11) for the NN channel and by Rinat and Starkand
for the NN~m. d channel.
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A. Off-shell modification of the P33 and P~ ~ mN channels

Since the single pion production is known to proceed
principally through the formation of the P33 (b, ) reso-
nance, one is naturally led to reexamine the P33 and P»
~N amplitudes in our calculation, where the latter ampli-
tude is responsible for the direct absorption and emission
of the pion by a nucleon.

As explained in Sec. IIB, a separable form has been
adopted for our m.N input. Specifically, the off-shell P33
matrix takes the form

t ( q', q;s) =g (q')R (s)g (q),
with

model: By far the dominant contribution to the elastic ~d
scattering at intermediate energies comes from the im-
pulse term through the P33 7TN scattering that is almost
on shell due to the very weak deuteron binding (a very
large angle scattering should of course be influenced by
multiple scattering and thus the off-shell situation).

To implement an appropriate off-shell structure in the
~N amplitudes and especially in the P33 channel, there
exists a procedure based upon a dispersion approach for
the half-shell extrapolation. Here we shall employ a
simpler method which has already been exploited be-
fore. ' ' ' Let q and q' be the off-shell momenta and p be
the on-shell momentum: vs =Ez+coz. Then our off-
shell extension reads

and

R(s) '=s —M g —X(s) (10) h (q'),„h (q)t(q', q;s)—: t'"(s)
h (p) h (p)

(13)

k'(Ek+ ~k )g '(k)
X(s)= dk (11)

2Ek~k(ts+ «k+~—k )']

I z(p) ~ 1m'(s) erg (p), (12)

where p is the c.m. momentum related to s; &s =Ez+coz,
but has nothing to do with the ~NA form factor which ap-
pears, i.e., in the NN~NA transition potentials as a
measure of the "off-shell-ness" of the pion. In fact, in an
explicit I(-matrix unitarization scheme for P33 the width
I [and thus g(p)] is constrained by the on-shell informa-
tion (for m. and N) alone. This means that we have to
supplement our P33 t matrix with an additional factor
representing the off-shell pion. Note that this applies for
other AN amplitudes as well. Now given this situation it
is easy to understand why the ~d elastic cross section is
reproduced reasonably by the ~Nh vertex in the separable

In the above expressions, q and q' are the magnitudes
of the off-shell momenta, Ek ——(m +k )', cok

=(m +k )'~ (m, nucleon mass; m, pion mass), Mz is
the bare delta mass, and g(q) is the AND, vertex for the
separable interaction which is determined by a fit to the
P33 phase shift up to T]» -300 MeV. This fit constrains
g (q) which, in terms of a monopole parametrization or its
variants, obtains the cutoff mass -300+50 MeV/c. ' '

When viewed as an off-shell form factor this gives a very
strong cutoff, and it is not surprising that its use has re-
sulted in the underestimation of the effect of pion produc-
tion in NN~~d and NN~NN.

To improve upon this situation we first investigated
more complicated forms of g (q) as used in the work of
Araki and Ueda» extended to implement the full relativ-
istic kinematics. However, we found no substantial in-
crease in the NN inelasticity, contrary to their claim. It
may be worth mentioning also that with essentially the
same P33 model as ours, Kloet and Silbar found very
large (more than experiment indicates) NN inelasticity.
We employed the same P33 and P» models as in their
calculation but have not, up until now, reproduced their
result. The origin of the discrepancy remains unknown.

As has correctly been pointed out by Oset et al. , the
m.NA vertex in the separable P33 model is related to the b,
width:

where t'" is the on-shell t matrix which is supplemented
by a new off-shell form factor to make up a new t matrix
t. For simplicity we take a monopole form:

h (q)= 1

q'+r' (14)

In accordance with our three-dimensional reduction of the
equation, q is taken as the magnitude of the three-vector
(actually the magic vector in the three-body equations). It
is not difficult to see that t defined above conserves the
unitarity of the equation. Regarding the value of y, it
may be usfeul to refer to the work of Reiner. In this
dispersion approach to the half-shell mN amplitudes,
Reiner showed that the P33 channel can, to an excellent
degree of accuracy, take a separable form and that in such
an approximation y should take a value around 650
MeV/c. We shall not stick strictly to this value but fix it
later by a fit to some observables. It is interesting, howev-
er, that using this fit we found y not too far from this
value.

Now when a separable form is adopted for t'"(s) we
find

t(q', q;s) =f(q',p)R (s)f (q,p),
where the new form factor stands:

(15)

f (q,p)=h (q) g (p)
h (p)

(16)

f(q,p)=f(q, pt ) (17)

or

g(p~)f (q,p) =h (q)
h 0

or some four-vector extension therefore, where p& is the
mN c.m. momentum corresponding to the 6 mass, viz. ,
v s = 1232 MeV. In a strict sense this causes the unitarity
violation. However, the violation of unitarity in practice
turns out to be extremely small due solely to the fact that
the b self-energy carries a substantial part of the pion
production contribution as compared with the three-body

In many publications which deal with the 6 degrees of
freedom this function f is taken as
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states where the pion exchanged between two baryons be-
comes physical (on shell).

As stated before, the off-shell modification discussed in
the context of the P33 wave should apply to all the rest of
the mN partial waves. We shall employ this only with
another partial wave, viz. , the P» channel since the influ-
ence from the remaining m.N partial waves is weak. In or-
der to contain the number of adjustable parameters, we
have adopted the same form factor for both the pole (P)
and nonpole (NP) parts. The modified vertices thus are

hp(q)fp(q,p)=g p(p, s)
hpp

hp(q)
fNp(q, p)=gNp(p)

~hpp

(19)

(20)

where hp is assumed to have a monopole form with a cut-
off yp. For our purpose yp takes the value 1.0—1.2
GeV/c. This will be discussed somewhat more in detail
later. One important point worthy of remark is that our
off-shell modification avoids the problem encountered in
Ref. 17 where the n.NN vertex (viz. , the vertex for the
pole part) was found to extrapolate too rapidly from the
pion on-shell point (=m ) to zero. The fact is that al-
though this extrapolation is meant for the off-shell pion,
the n.NN vertex obtained in Ref. 17 involves only the on-
shell pion leg (one of the nucleon legs may be off shell,
though). Therefore the extrapolation seems a bit contro-
versial.

B. Determination of the off-shell parameters

In order to fix the two cutoff masses y and yp we have
chosen to reproduce do/dQ for NN~md for Ti,b

——142
MeV, where experimental data are rich. We have not in-
cluded the heavy meson exchanges in this calculation.
Rather, our strategy is that the thus determined y and yp
will be used to constrain the heavy meson parameters
(notably the cr and co strengths) by selectively reproducing
certain NN partial wave phase shifts.

As may be clear from Fig. 1(a), do/dQ (m.d~NN) is
affected sensitively by the value of y but far less so by yp.
The optimal combination found was y=0. 8 GeV/c and
yp ——1.2 GeV/c. These values are close to the ones used
in our previous publication. The asymmetry parameter
A~p is correctly reproduced at forward and backward an-
gles when off-shell modification is employed, but a max-
imum is observed at around 8, ~ =90' instead of the dip
in data. This situation is not improved by changing the
values of y and yp. The same conclusion holds at higher
energies.

the n.d elastic scattering at T~",b ——142, 180, and 256 MeV
(T~,b ——568, 644, and 796 MeV). As a reference we show
the results obtained without off-shell modifications. As
expected, der/d 0 is only slightly affected by the off-shell
effects, except at T&,b

——180 MeV, where a spectacular im-
provement is observed at backward angles. However, the
situation at 256 MeV for 0, )90' still remains to be im-
proved. Concerning it», the off-shell effects make the
maximum at 0, -80' wider, leading systematically to a
better agreement with experiment. The tensor polariza-
tion t2p is sensitive to the off-shell modifications in the
angular region 0, )80, especially at 180 MeV. We
note that, contrary to the experimental data from SIN,
the backward part of t20 at 142 MeV behaves smoothly
and is too large compared with the LAMPF and TRI-
UMF data.

The quantities do/10 and A~a for the nd~NN reac-
tion are shown in Figs. 3(a) and (b) at the three same ener-
gies as above. From examination of Fig. 3(a), it is clear
that adjusting the off-shell parameters to reproduce
do/dQ at 142 MeV is not complete satisfactory because
the theoretical curves are lower than experiment at higher
energies. Moreover, the asymmetry A~p systematically
shows a maximum at 0, -90, in disagreement with the
dip observed experimentally, and the overall magnitude
becomes much too large as energy increases.

Finally, we show in Fig. 4 the 'D2 and F3 NN phase
shifts [real part 5+ and inelasticity parameter
q=exp( —21m5)] calculated up to 1 GeV. As compared
with the data, the real part is correctly reproduced up to
-300 MeV for 'D2 and -600 MeV for F3. Above these
energies, the lack of repulsion is manifest. The inelastici-
ty parameters are correct up to -600 MeV; beyond this
energy, g('Dq) shows a bold structure, in qualitative
agreement with the Saclay data only, while the smooth
variation of g( F3) with too large a value does not corre-
spond to the experimental data. We point out that the
lack of repulsion was also observed in other phase shifts
like 'Sp and P&.

IV. INTRODUCTION OF
HEAVY MESON EXCHANGES

From the above results concerning the 'D2 and F3 NN
phase shifts, it is clear that heavy meson exchange effects
must be incorporated in our model in order to introduce
more repulsion at high energies.

A. Theoretical input

The HMX contributions are introduced at the level of
the ZNN Born terms as allowed by the AM theory; name-
ly, we write

C. Results without heavy meson exchange ZNN(total) =ZNN(m-three-body)+ g ZNN(a) . (21)
To conclude this section, we show some typical results

in which we have taken into account in an exact way the
full two-body input described in Sec. IIB [ S,- Di NN
channel, P33, P» (pole plus nonpole), and all other S and
P nNpartial waves. ] with the above off-shell modifica-
tions (y =0.8 GeV/c, yp ——1.2 GeV/c).

First, we give in Figs. 2(a)—(c) der/dQ, it», and t20 for

The first term is the three-body driving term for one-
pion exchange, and ZNN(a) is the NN one boson ex-
change potential (OBEP) generated by the exchange of the
meson a (ann. ).

For practical calculations we have used the OBEP for-
mulation of Erkelenz and Holinde. ' The ZNN(a)
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FIG. 3. {a) md-NN differential cross section at T~,b ——142, 180, and 256 MeV. Off-shell modifications are included (0.8, 1.2).
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terms for a=p, co, o, q, 5, and P are evaluated in an ap-
proximation in which both the initial and final nucleons
are put on mass shell. Their partial wave expressions in
the ( IX)J three-body basis are obtained from the helicity
state matrix elements given in Eqs. (2.11)—(2.17) of Ref.
44.

For convergence in the solution of the three-body equa-
tions, we introduce cutoff form factors at each nucleon-
nucleon vertex as

~-

0.9. .0.9.
0.8 , 0.8.
0.7 , 0.7

9 ~ e ~ ~0.6 4 2 J 0.6
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~ ~
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FIG. 4. 'Dz and F3 NN phase shifts and inelasticity parame-
ters up to T~,b ——1 GeV. Off-shell modifications are included
(0.8, 1.2). Dashed line: no HMX; solid line: HMX (TAB4) in-
cluded. The experimental data are from Refs. 42 (0) and 43
(e).

[(A —m )/(A —6 )]

where 5 is the four-momentum transfer, m the mass of
the exchanged meson, A the cutoff mass, and n a free
parameter.

The md-~d and ~d-NN observables presented hereafter
have been obtained with the HMX contributions included
for all J values. In fact, these contributions must be taken
into account at least up to J =2, their effect becoming
negligible for higher J values, as might be guessed.

B. Determination of the heavy meson parameters

For each exchanged meson, we have the following pa-
rameters: one coupling constant g for scalar or pseudo-
scalar mesons, two coupling constants for vector mesons
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(vector coupling g and ratio of tensor to vector coupling
f Ig ), the mass m, and the cutoff parameters A and
na

In conventional OBEP theories, these parameters are
determined as follows: The masses of the well-established
mesons are taken from the Particle Data Group tables,
and other parameters (o mass, cutoff masses, and cou-
pling constants) are fitted to the NN phase shifts up to
T&,b-0.4 GeV, where the inelasticity is still negligible,
with a constraint that they are consistent with the values
known from experimental or theoretical investigations
other than NN scattering.

$uch values taken in the literature have been used as
starting parameters in our Faddeev calculations. In prin-
ciple, we then have to adjust some of these parameters to
obtain a correct description of the NN phase shifts and
also of the m.d elastic and ~d-NN observables. From the
work of Kloet and Silbar, we know that the p, co, and 0
coupling constants are key variables to obtain a fit to the
NN phase shifts. After several tests, we adopted the fol-
lowing strategy: The 'D2 NN phase shift is fitted up to 1

CzeV by varying the p, co, and o. coupling parameters
within a simp1ified model where only the d-NN and
P33 +P» (pole plus nonpole part) |rN channels with off-
shell modifications are retained. This is because the D2
channel has a dominant contribution in the m.d-NN cross
section. Then, we make full runs (i,e., including the other
S and P AN partial waves) at some characteristic energies
to see if the remaining NN phase shifts as well as the n.

d-~d and md-NN cross sections are correctly reproduced.
So, starting from the HM parameters given by Holinde
(Table 4 of Ref. 16), we obtained the values shown in
Table I (hereafter referred as TAB4). In what follows, we
give some results to illustrate how this strategy was imple-
mented.

First, we show in Fig. 5 the contributions to the D2
and F3 phase shifts from the various two-body channels.
Considering the large effect of the d channel on 5~ ('Dz)
and q ('D2) at low energy, it is clear that at least the sim-
plified model must be used to get meaningful results. This
choice leads to reasonable computing time in the parame-
ter search.

The contributions of the o., co, and p mesons to 5z
('D2) are depicted in Fig. 6, which clearly shows that
these three mesons must be included all together in order

TABLE I. Heavy meson parameters (TAB4). The values
marked with an asterisk are from this work, and the others are
from Table 4 (p. 183) of Ref. 16. m and A are given in MeV.
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to combine their large individual attractive/repulsive ef-
fects. The total contribution from the other mesons g, 6,
and P was found to be small, so that Holinde's parameters
were kept unchanged.

We give in Table II the variations of 6z ('D2) and 5~
( F3 ) relative to the o, m, and p coupling constants. In
the considered range, these variations were found to be al-
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FIG. 5. Two-body channels contributions to the 'Dq and F3
NN phase shifts and inelasticity parameters. Off-shell modifi-
cations (0.8, 1.2) and HMX (TAB4) are included. Dotted line:
only P33+P~ ~ (P + NP) mN partial waves included; dashed line:
the d channel is added (the simplified model); solid line: full cal-
culation (the remaining S and P N partial waves are added).
The experimental data are as in Fig. 4.
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&5s /&(f /g)p
2

31DlD F3Ti b (MeV)

TABLE II. Variations of the real parts of the 'D2 and 'F3 NN phase shifts relative to the variations of the o., co, and p meson cou-

pling constants [5&g' &8, 18&g &22, 0.5&g~ &1.0, 40&(f/g)~&6. 6].

55g /b, g ~5s /4r' a5„/ag p'

F3 1D F3 1D

200
644

1000

+ 0.46
+ 1.1
+ 1.0

+ 0.05
+ 0.3
+ 0.46

—0.16
—0.55
—0.65

—0.02
—0.18
—0.35

+ 2.1

+ 3.8
+ 3.9

0.0
+ 0.52
+ 1.2

+ 0.25
+ 0.70
+ 0.52

0.0
+ 0.06
+ 0.15

most linear at a given energy, so we report the ratios
h6z/Ag . From this table, we see how more repulsion
can be put in the 'D2 and F3 channels either by increas-
ing q, or by decreasing the o. and/or p coupling con-
stants.

We note that we kept the o. mass fixed in order to con-
tain the number of free parameters, while the convention-
al value of g was reduced since the attractive contribu-
tion of o. is partly taken into account through the 6 box
in the three-body equations.

Lastly, we must point out that we observed a large sen-
sitivity of the 'So and P& phase shifts to the o., ~, and p
coupling constants. We do not give any values concerning
these variations since no constraint was put on these phase
shifts in our search procedure. However, we will again
consider this problem in the next subsection when the
~d-NN reaction is discussed.

C. Results

In this subsection, we report a systematic of the md-~d,
NN-NN, and md-NN, reactions. Using the full calcula-
tion (all two-body channels and off-shell modifications),
we systematically compare the results obtained without
and with heavy meson exchange contributions.

1. ad elastic scattering

The HMX contributions lead to rather small effects in
the md elastic scattering amplitudes and therefore in the
~d observables, as shown in Fig. 2: The curves calculated
without (dashed lines) and with (solid lines) HMX contri-
butions are close, even in it

& ~ and t2O, which are expected
to be sensitive to any changes in minor partia1 wave am-
plitudes.

2. NN phase shifts

As a result of our procedure for adjusting the HM pa-
rameters, 5z ('D2) is correctly reproduced (Fig. 4). The
large repulsive contribution of HMX exchange at energies)300 MeV leads to the correct behavior at high energies,
but the maximum around 500 MeV remains too high in
comparison with the experimental data. The inelasticity
parameter g ('D2 ) is also well reproduced up to 700 MeV.
At this energy, the theoretical curve has a pronounced
minimum, which agrees very well with the Saclay data
(available up to 830 MeV), but is inconsistent with the
smoothly decreasing data of Amdt et al.

In comparison with the calculation not including
HMX, the result with HMX does not reproduce so well
the structure observed experimentally in 5R ( F3) around

600 MeV, but the high energy behavior is much better
(Fig. 4). The g ( F3) inelasticity parameter is slightly af-
fected by the HMX contribution and gives too small an
inelasticity compared with the phase shift analysis of
Amdt-Roper, especially at higher energies.

The phase shifts for low angular momentum (1 & 1) are
poorly described: 5z ( 'So ) is too repulsive, and 5~ ( P

& )

starts negative and decreases up to 300 MeV, in agreement
with experiment, but then it becomes strongly attractive
and takes positive values above 800 MeV. This situation
could not be easily improved within our simplified pro-
cedure.

The peripheral phase shifts for total isospin 0 and 1 are
well reproduced up to 1 GeV (Fig. 7), except for 5~ ( Hs)
and 5z ('H5) which become, respectively, too repulsive
and too attractive above 600 MeV.

3. md-WN reaction
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FIG. 7. Peripheral NN phase shifts for total isospin I =1 (a)
and I =0 (b) up to 1 GeV. The experimental data are as in Fig.
4.

In Figs. 3(a) and (b), we note the non-negligible effect of
HMX (solid curves) on do/dQ and a smaller effect on
Ayo. The HMX contribution leads to a better description
of do/dQ at 142 MeV and especially at 180 MeV, where
the concavity observed experimentally is well reproduced.
However, do. /dQ at 256 MeV becomes worse, and no
structure is induced in Ayo with this HM pararnetrization
(TAB4) in the whole energy range.

Considering the large variations of the low- J NN phase
shifts relative to the o., co, and p coupling constants (see
the end of the preceding subsection), it is relevant to ex-
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amine the sensitivity of the low md-NN partial wave am-
plitudes to these parameters, concurrently with the varia-
tions induced in the Ayo asymmetry, the structure of
which may arise from the difference among small ampli-
tudes. By varying the (f/g)& and gz coupling constants,
we have observed that the J=0+ m.d-NN amplitude is a
very sensitive quantity, while the J&0 amplitudes were
found to exhibit more regular variations, as shown in
Table III. These variations become smaller for higher J
values, as might be guessed. Similar effects are observed
at 256 MeV. The resulting curves for do. /dQ and Ayo
corresponding to the full calculation with all the HMX
contributions are shown in Fig. 8. The solid curve is the
same as in Fig. 3 (TAB4 parameters) and serves as a refer-
ence to the other curves obtained with TAB4 parameters
for all mesons, except for the p-meson coupling constants.
The variations of do/dQ at 142 MeV are rather small,
but we note a systematic improvement at 256 MeV, espe-
cially for the values f/g =6.6 and g =1.0, which give a
very good description of the experimental shape, even if
the magnitude remains too small (by a factor of —1.2).
The most interesting feature is the structure appearing in

3~0 for the same combination (f/g=6. 6, g =1.0). At
142 MeV, even if the structure observed around 0, =90'
is not so pronounced as the experimental minimum, we
note an overall improvement in comparison with the other
curves which behave symmetrically around the maximum
at 0, -90'. A similar tendency is observed at 256 MeV,
but the calculated structure takes place at too large angles
and the overall magnitude remains too large, especially at
forward angles.

Finally, we give in Figs. 9 and 10 our results for other
polarization observables which have been measured re-
cently, namely the vector analyzing power i T» in the
~d ~pp reaction and the spin correlation coefficients

+yy +~, and A~ in the p p ~~d reaction. The
theoretical curves correspond to full calculations, without
HMX (dashed line), and with HMX contributions
evaluated with the TAB4 parameters (solid line) or with
the TAB4 plus p-modified parameters f/g=6. 6, g =1.0
(dotted line). The magnitude of iT„(Fig. 9) appears to
be very sensitive to HMX as energy increases, the curves
without HMX being in better agreement with the data at
high energy. On the other hand, the p-meson parameters

induce tremendous variations in this quantity: The data
at 142 MeV are well reproduced with the TAB4 values
(f/g =6.6, g =0.5) while the p-modified parameters
give completely incorrect results, but situation is opposite
at 256 MeV. Concerning the spin correlation coefficients
(Fig. 10), neither the shape nor the magnitude of the ex-
perimental data for A and A~~ are reproduced by our
calculation, while Ayy and A are well described, except
that the theoretical curves are systematically lower than
experiment, especially 3 . These coefficients are
moderately sensitive to the HMX contributions as to the
p-meson parameters. However, the calculations including
HMX have to be favored, in view of the magnitude of Ayy
and A

V. DISCUSSION AND CONCLUSION

Based upon what we have presented in the preceding
section, we shall discuss the physical content, merits,
shortcomings, etc. , of our present model calculation. We
shall quote the results of other models of similar kind
whenever some comparison may be useful.

A. m.d elastic

The principle conclusion is that the inclusion of the
heavy meson exchanges (HMX) in the NN sector has very
little influence on the observables in this channel. We
found the reason for this to be as follows: In the 6 reso-
nance region this channel is dominated principally by the
J=2+ and to a lesser extent by the 3, partial waves,
whereas the influence of the HMX is only noticeable in
the 0+ wave, which is not a dominant contribution, as the
intermediate Nb configuration coupled to this wave has
the I =2 orbital angular momentum.

As for the off-shell modification of the input m.N am-
plitudes in the P33 and P)) partial waves, one would
naturally expect that it should show up at large angles (or
at high momentum transfer). In our present model the ef-
fect manifests itself most eminently in the t20, less so but
still noticeably in the it», and least in the spin averaged
do. /dA except at T&,b ——180 MeV. This insensitivity in
the last physical quantity may be inferred from the unex-
pected success of the Glauber theory even at large angles;

TABLE III. vrd-NN partial wave amplitudes obtained within full calculations for J (2 at T~,b
——142

MeV with different p-meson coupling constants and the TAB4 parameters for the other mesons. The
amplitudes TL (NN) L (~) are dimensionless.

(6.6;0.5)
(TAB4)

(6.6;1.0)

(4.0;1.0)

(4.0;0.5)

0+ (0, 1)

—36.6+ i65.4

120.7+ i29.3

—46.2+ i84.8

40.3+ i 111.2

(1,2)
(1,0)

80.8+ i51.1

99.9—i75.8

82.1+ i52.0
101.7—i76.3

80.9+ i49.9
98.2 —i76.9

80.5+ i50.3
98.9—i75.6

(2,3)
(2, 1)

5.14—i0.61
171.0 + i630.4

5.93—i0.12
142.1 —i637.9

4.84 —i0.76
181.6 + i626.8

4.63 —i0.85
189.4 + i625.0

(3,2)
(1,2)

—11.6 —i14.8
—105.0 —i56.3

—16.9 —i 11.5
—107.0 —i84. 1

—10.1 —i15.5
—106.5 —i54.9

—9.68 —i15.1
—93.2 —i56. 1
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see, for example, Kanai et al. This apparent success in-
dicates that eventually the md scattering in the 6 region is
strongly dominated by the impulse and double scattering
processes through the m.N P33 states which stay almost
on-shell. On the other hand, at 180 MeV the off-shell
modification substantially lowers the large angle cross sec-
tion and attains remarkable agreement with the data [see
Fig. 2(a)]. We do not understand exactly why it is so at
this specific energy, but our guess is that this may be due
to the fact that in the scattering at this energy the nN
subsystem primarily sits at the 5 resonance energy. Then

the dominant P33 amplitude becomes almost purely imag-
inary, which might eventually uncover the effect of the
off-shell modification in the m.N P&i amplitude.

The off-shell modification changes only mildly and im-
proves the it

& ~ in the backward hemisphere, but no
change is observed in the forward hemisphere, where we
need an improvement around 70'. This is somewhat unex-
pected, as we had anticipated it

& ~ to be very sensitive to
the input variation judging from its defining equation
consisting of an interference between dominant and small
partial waves. On the contrary, a large variation in t2o
due to the off-shell modification is a little bit of a surprise
to us. But anyhow, this latter observable appears contro-
versial as (i) two almost mutually exclusive sets of data
have been a matter of debate during the past few years
and (ii) model calculations with different treatments of
the input P» ~N wave give considerably different re-
sults. ' ' Concerning the experimental side, the new re-
sult from TRIUMF favors the LAMPF data, which
are far smoother than the SIN data and presumably do
not require us to introduce any exotic ingredient like di-
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FIG. 8. (a) Effect of the p-meson coupling constants

(fIg;g ) on the md-NN differential cross section at T„b= 142
and 256 MeV. Solid line: TAB4 parameters (6.6; 0.5); dashed
line: (4.0; 0.5); dotted line: (6.6;1.0); dot-dashed line: (4.0; 1.0).
At 142 MeV, the solid line and the dot-dashed line are almost
identical. The experimental data are as in Fig. 3(a). (b) A~o po-
larization for the p p~n+d reaction. The legend is the same as
for (a). The experimental data are as in Fig. 3(b).

FIG. 9. it» vector polarization in the m d ~pp reaction at
T~,b ——142, 180, and 256 MeV. Off-shell parameters: (0.8, 1.2).
Dashed-line: no HMX; solid line: HMX (TAB4) included; dot'-

ted line: HMX (TAB4) with modified coupling constants for
the p meson (f/g=6. 6; g'=1.0). The experimental data are
from Ref. 46.
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baryons. Now concerning the theoretical side, the conven-
tional nucleon pole type of m.N P» model, e.g. , Refs. 10
and 27, or its variant' used in calculations seems to
reproduce the result consistent with the LAMPF experi-
ment, whereas more refined P» models with the pole plus
nonpole decomposition including our own ' ' ' like the
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FICx. 10. (a) Spin correlation coefficients A, A~, and A

of the p p ~md reaction calculated at T~,b ——142 MeV
(T~,b ——568 MeV). The legend is the same as for Fig. 9. The ex-
perimental data at T~,b ——578 MeV are from Ref. 47. (b) A

spin correlation coefficient of the p p ~md reaction. The
legend is the same as for (a). The experimental data are from
Ref. 47 () and Ref. 48 (0).

present one (when no off-shell modification is employed)
give results not as good as those with the simpler P»
treatment. Based upon this, there appeared a repeated cri-
ticism' that the pole plus nonpole decomposition of the
P» amplitude and the subsequent separate use of those
two parts in the m.NN-NN coupled equations must be
wrong. We shall here state our point of view: Unless one
adopts the point of view of not dressing the nucleon by
the pion, the Pauli principle forces one to separately con-
sider the pole and nonpole parts of the P» amplitude, and
to independently take care of the NN channel (viz. , not as
the residue of the intermediate ~NN state when the sub-
energy of the interacting m.N pair is set equal to the nu-
cleon mass). After all, this is precisely why the coupled
~NN-NN equations are called for. Then the question still
remains as to why these refined models were not in good
agreement with the LAMPF data for tzo up until now.
The answer is that the ~N phase shift information alone
is far from sufficient in tightly constraining the pole plus
nonpole decomposition of the P» amplitude; see Refs. 26,
50, and 51. Strictly speaking, one needs all the nN inelas-
tic information at all energies. Therefore, from a practi-
cal viewpoint it is fair to say that rather the 7Td tpo data
may be used for the time being as a constraint to be im-
posed on the P» model amplitude. Note in this respect
that our present off-shell modification indicates a direc-
tion for improvement, at least at 180 MeV. We want to
point that good agreement with the existing tzo data at
256 MeV (Ref. 36) can be obtained with a certain version
of the off-shell modification which, however, is incompa-
tible with the observables in other channels. Therefore,
this question should be settled eventually not only by the
m.d elastic process alone but by simultaneously studying
other coupled channels like the NN~~d and NN~NN,
as our effort has been directed.

A recent report by Garcilazo appeared to have finally
realized the Pauli principle problem mentioned above and
made a pole plus nonpole decomposition of the P» ampli-
tude. However, it should be pointed out that the claim
therein of the nonpole part being negligibly small is based
upon a decomposition which is not compatible with the
unitarity of the three-body amplitude.

To close our discussion on the vrd elastic sector, it is im-
portant to stress that all the existing models including our
present one have problems reproducing (i) the large angle
do/dQ for T&,b -220—300 MeV, and (ii) the dip struc-
ture around 9, —70' in it&& (Ref. 34) for a similar ener-

gy range. For the former a recent independent experi-
ment confirmed the first SIN-CERN data ' so we
should take the data as reliable. As for the latter, the
problem is the development of the dip as a function of the
scattering energy: The models give a slower energy
dependence than the data show. In the context of our
present study, it seems clear that the inclusion of HMX
may not be able to cure these difficulties. There may still
be some room for improvement within the variation in the
P& &

model or in the off-shell modification of the ~N input
that we have not explored yet. There is one point worthy
of mention: Within the context of the three-body ap-
proach to m.d scattering, Giraud et al. ' pointed out the
importance of including the minor ~N partial waves in
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addition to the dominant P33 (and P» ) in order to explain
it». It appears, however, that within an essentially non-
relativistic coupled channel model' one obtains it »
which is comparable to or in some cases quantitatively
slightly better than the three-body results without includ-
ing those small nN. waves. It is thus useful to examine in
detail the quantitative similarity and difference between
this and n.NN-NN (or three-body) models. In this con-
nection it may be useful to notice that while the inclusion
of the small mN waves appears indispensable for a qualita-
tive agreement with data at —142 MeV, a better agree-
ment with the data may be attained without them at
higher energies where the discrepancies between models
and data are more explicit. This might be inferred from
Fig. 6 for it» in Ref. 24. This point needs more atten-
tion.

B. md~NN

From its very construction the off-shell modification of
our P33 and P» mN amplitudes is fixed to set the correct
scale for the spin averaged NN~md cross section der/d 0
at T~,b ——142 MeV (or T&,b ——568 MeV). As described in
Sec. III, this scale setting appears alright except at
T~",b ——256 MeV (TPb ——796 MeV) where it somewhat un-
derestimates the experimental cross section [Fig. 3(a)]. As
will be discussed later, this tendency appears also in the
NN inelasticity for the 'D2 and F3 partial waves (Figs. 4
and 5). Since NN~m. d is of course a part of the inelasti-
city in the NN reactions, this trend is a simple manifesta-
tion that our model lacks the overall strength in the NN
inelasticity above the 6 resonance region. For a compar-
ison it is useful to refer to the result of Afnan-McLeod. '

Within a model of relativistic kinematics only for the pion
they corrected for the P» amplitude of Blankleider and
Afnan which employed a nonunitarity decomposition
into the pole and nonpole parts. The use of their pre-
ferred P» model has resulted in underestimating do. /dQ
at 142 MeV while at 256 MeV the model did reasonably
well, which is just the opposite of what we have found in
our present study. This and the results with various P»
models found in Ref. 17 indicate, as already mentioned in
the preceding discussion on the md elastic result, that in
fact we still have a considerable degree of freedom in the
pole plus nonpole decomposition of the P» amplitude.

Other than changing the scale for do /d Q and A~a, the
off-shell modification does not appear to modify the an-
gular dependence of various md~NN spin observables.
The effect of the heavy meson exchange in the NN sector
affects the m.d~NN observable most sensitively through
the p meson, as described in the preceding section. From
Table III, it is clear that the p exchange influences mostly
the J =0+ partial wave amplitude, while the most dom-
inant 2+ amplitude is only moderately modified. With a
suitable choice of the p parameter (g =1.0, f/g =6.6),
which apparently gives a slightly stronger rho effect than
in conventional OBEP models, Ayp tends to be improved,
at least becoming closer to the dip structure observed in
the data both at T~,b ——142 and 256 MeV, and do/d 0 at
256 MeV comes out with the right curvature. In order to
study this point more closely, we have freely varied the
values of our vrd-NN partial wave amplitude at T~,b ——142

MeV and found that in fact the 0+ partial wave is dom-
inantly responsible for the shape of 3~0. In fact, by suit-
ably choosing the value of this amplitude it was possible
to make Ayp very close to the data. However, the situa-
tion at 256 MeV turned out not as simple as that at 142
MeV. That our overall scale for A&p has come out too
high may be directly related to the fact that our unpolar-
ized do. /dA, which appears in the denominator of A„p, is
lower than the data. This, of course, cannot be cured by
simply varying the 0+ amplitude without further
strengthening the dominant 2+ and 3+ amplitudes, specif-
ically the latter at this energy. As for the numerator of
Ayp which controls the dip and the asymmetric structure,
it consists of the products of singlet-triplet as well as
triplet-triplet amplitudes (in terms of the total spin of the
NN channel). Thus it is natural that varying only the 0+
partial wave (part of the singlet amplitude) could only im-
prove the situation partially. We remind the reader of a
work by Locher and Svarc in which they observed that
the dip in A„p is largely controlled by the phase of the 0+
amplitude. As pointed out by Saha et al. ' in their
analysis of experimental Ayp, it appears that existing
theories lack the strength in the NN triplet related chan-
nels, and our present result is no exception. By comparing
data on several NN~~d spin observables with their own
relativistic model calculation, Grein et al. also reached a
similar conclusion. Also, a recent experiment on the ALL
and AsL for p p ~md (Ref. 56) indicates the missing
strength in the triplet channel above the 5 resonance re-
gion. This is in line with our small inelasticity in the NN
F3 partial wave above T~,b —650 MeV, as will be dis-

cussed below. The origin of this missing triplet strength
at higher energies appears to be a very serious problem in
existing theoretical models, and requires a considerable
theoretical endeavor.

Coming back to the effect of the p exchange in the NN
channel on the m.d~NN spin observables, it is rather mild
in almost all of them except it», where the strong' ex-
change worsens the agreement with the data at
T&,b ——142 MeV. Again, since the NN p exchange in our
present model primarily modifies the 0+ partial wave, this
result indicates the relative importance (unimportance) of
this wave in it» (other spin observables). In fact, Locher
and Svarc found that the sign of it » is controlled by the
phase of the 0+ amplitude, just like the dip structure of
Ayp. Since our present objective is not to provide a good
description of the central partial waves in the NN channel
as stated in the Introduction, the outcome is not very
surprising. However, the dominant influence from the p
meson exchange as compared with others, e.g., cr and co

exchanges, is something we had least expected. A sys-
tematic study on this point is certainly needed.

Apparently it&& in our calculation is better described
when no heavy meson exchange is included in the NN
channel, as mentioned earlier. Yet as the energy increases,
the agreement with the data gradually deteriorates, typi-
cally at T&,b & 200 MeV. This tendency is shared as well
by do/dA and Ayp within the ~d~NN process, and our
suspicion is that it may be related again to the missing
triplet strength.

Before ending this subsection we want to make one re-
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mark. Contrary to the claim of Betz et al. , we have not
found that the 3„0 is sensitive to the D-state probability
of the deuteron. It should be remarked that while we
have adopted a single deuteron model with varying D-
state probability constrained by ordinary static properties
and the change form factor of the deuteron, they adopt-
ed different deuteron models for different D-state proba-
bilities with no constraint on the charge form factor.
Therefore, it is our opinion that their conclusion should
be taken with some reservation.

C. NN~NN

As stated in the Introduction, we have only aimed at at-
taining a quantitative agreement with the data (phase shift
analyses) for I) 2 NN partial waves, although the dom-
inant role of the heavy meson exchange exists in the cen-
tral waves. Therefore, the l (1 waves have come out only
in qualitative agreement with the data or in some cases
worse, which seems to be reflected in the NN-m. d spin ob-
servables as discussed in the preceding subsection. The
N4 dominated partial waves, specifically the 'Dz channel
(lNa=0) has turned out to be reasonably well described
up to T~,b -650 MeV. The problem is that above this en-

ergy g increases rather rapidly, which is not observed in
the analysis of Amdt et al. , although it is consistent
with the Saclay data. Not only in our present result but
also in all the existing theoretical models known to
us' ' ' and in a more phenomenological coupled channel
model of Lomon a similar decrease or at least a satura-
tion of the inelasticity in this partial wave has been ob-
served while the data show larger inelasticity. Also in
this wave most theories underestimate the inelasticity
from the inelastic (single m production) threshold up to
-550 MeV. As correctly pointed out by van Faassen and
Tjon ' and independently by us, this should be due to
the fact that most of the models do not include the cou-
pling to the intermediate md channel which strongly influ-
ences this wave. Our success in this energy range is sim-

ply because we have this coupling. On the other hand, au-
thors of Ref. 10 apparently have succeeded in reproducing
g ('D2) of Amdt et al. in this energy range without this
extra coupling. This means that once this ~d intermediate
state is implemented in their equation, the b, (P33 ) parame-
ters, etc. , are to be readjusted to refit 5z ('D2), g ('D2),
etc. We shall discuss this problem in a separate publica-
tion.

As for the F3 partial wave, we have not succeeded in
obtaining enough inelasticity above 650 MeV. This prob-
lem is more serious than in the 'D2 wave. We note that in
an updated analysis of Amdt and Roper this F3 inelas-
ticity has increased even more as compared with the pre-
viously published version. So this lack of inelasticity
seems to have become even more problematic. Again, to
the best of our knowledge, no theoretical model to date

has successfully reproduced this quantity compatible with
the phase shift analysis. The lack of the NN spin triplet
channel strength in the md-NN channel observables as dis-
cussed in the preceding subsection seems to be due largely
to this problem in F3.

Another serious problem commonly shared by the exist-
ing models is the real P, phase shift 5z ( P& ). The result
of the phase shift analysis shows that the phase shift at
medium energies remains negative and becomes very large
in magnitude as the energy increases. Theoretical
models, on the other hand, deviate from the data at —600
MeV and stay less negative at higher energies, the cause of
which is the strong NA attraction in the P wave inter-
mediate state. This problem in models apparently causes
the minimum in Ao.z and Ao.L centered at around -800
MeV far less deep than seen in the data, as observed by
varying various partial wave amplitudes to reproduce
those total spin cross-section differences.

As a possible cure to the problems mentioned above it
may not be difficult to think about introducing the p ex-
change in the NN~NA transition interaction: In this
way one may hope to selectively reduce (increase) the Nb,
attraction for P, ('Dq and 'F3) by increasing the ~NA
strength (in terms of the vertex form factor, etc.). We
have been testing this procedure, but it has been up to now
not very promising. In fact, many NN calculations' '

at medium energy already included the p exchange in the
Nb, transition potential, yet still suffer from the problem.
Other possible sources worth investigating in order to cure
the problem are the form of the pion exchange propagator
and (again) the vertex (form factor) for the meson-baryon
coupling and the way the relativistic kinematics is imple-
mented, i.e., on-mass-shell spectator approximation, par-
tial relativistic kinematics, the forced mixture of the off-
mass-shell/off-energy-shell concepts in almost all the ex-
isting models as correctly pointed out by Anastasio and
Chemtob, etc. Those are the subject of our current in-
vestigation and the result will be reported elsewhere.

Before closing, we want to note that our most recent
study, which includes the P0, P&, P2, and 'P& NN
channels in the (NN)+m sector shows a considerable im-

provement in the do/deal (~d~NN) and it» (n d ~pp)
and some improvement in 3~0, which in part supports
the observation of Afnan et al. '
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