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Relativistic description of m.d elastic scattering in the (3,3) resonance region
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The md elastic scattering observables are calculated in the 142 to 256 MeV energy range within a
relativistic three-body theory without n absorption. The nonresonant mN partial waves are included
perturbatively to an excellent degree of accuracy. Various NN tensor forces are elaborated at different levels
of quality. The sensitivity of elastic differential cross sections and polarization parameters to the description
of the NN and mN channels is investigated. The importance of using a realistic deuteron wave function is
demonstrated.

NUCLEAR REACTIONS ~d elastic scattering, &,=140-260 MeV, do/dQ, total
cross section, vector and tensor polarizations, Faddeev calculation, relativistic.

NN tensor force.

I. INTRODUCTION

Recently, ' we have performed detailed calcula-
tions of md elastic scattering at 142 and 180 MeV,
based on the nonrelativistic three-body theory of
Thomas, ' with relativistic kinematics for the pion
only (RPK theory). Various R1V tensor forces
were used, and we have considered either the P33
scheme, where only the P33 mN channel was re-
tained, or the case where the "small" S and P mN

partial waves were included in an exact manner,
denoted as the SP scheme. The main conclusions
we have drawn are the following:

(i) The SP scheme lowers the differential cross
section der/dQ at backward angles, thus improving
the agreement with experimental data, and changes
completely the structure of the vector polarization
itsy while the tensor polarization t» is only
slightly affected.

(ii) The use of a 'S, 'D, param-etrization giving
a "realistic" deuteron wave function leads to a
better agreement of der/dQ with experimental data
at backward angles. On the other hand, changing
the value of PD (D-state probability of the deuter-
on) has little influence on do/dQ and it», but pro-
duces an appreciable decrease of the backward
part of f20,

At the same time, Rinat et al. ' have reported on
calculations of zd elastic scattering in the energy
range 142 to 256 MeV, based on a fully relativistic
(FR) three-body theory including the effects of
genuine pion absorption and emission. These
calculations, where the interference effects from
the small mN waves are treated perturbatively,
constitute an extension of the FR approach of Rinat
and Thomas' limited to the P33 scheme. The chan-
ges in the observables due to the small mN waves

are similar to those we have observed in the RPK
approach, and the absorptive corrections are
found to be important both in the backward part of
do /dQ and in the polarization parameters.

The following aspects provided the motivation
for the present work. At first, we extend our RPK
calculations on the basis of the FR theory, in order
to ensure a correct treatment of the relativistic
effects when energy increases. Next, we want to
produce gd calculations which can serve as refer-
ence for further calculations including the genuine
effects of n absorption. Indeed, we think it is
more reasonable to investigate such effects inso-
far as the situation without n absorption is com-
pletely clear, namely with regard to the sensitivity
of the md observables to the description of the NN
and mN channels. To this end, the Pyy7TN channel
being completely omitted, two sets of parametri-
zations for the S and P mN channels are used, and
various sets of NN tensor forces are elaborated in
order to improve the usual Yamaguchi-type inter-
actions.

Of course, the various experiments which are in
progress are also strongly motivating. At SIN,
Gabathuler et al. ' are analyzing the elastic differ-
ential cross-section data at seven energies from
80 to 300 MeV in the angular range 0' to 140, and
Gruebler et al. ' plan to measure t»(180') at 140
MeV; the LAMPF group' has recently observed
dv/dQ (180') and t» (180') at 140 MeV and has
proposed measuring t20 as a function of angle, and
the CERN group' has given prehminary results
for the cross section at backward angles between
130' and 175 in the energy range 140 to 260 MeV.

The paper is organized as follows. In Sec. II,
we describe the practical calculation, namely the
numerical procedure and the perturbation scheme
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used to include the small zN channels. Section III
is devoted to the description of the mN and NN in-
teractions used as input. Our results are pre-
sented and discussed in Sec. IV, and we conclude
the paper in Sec. V.

II. PRACTICAL CALCVLATION

A. Basic equations

We use the three-body equations described by
Rinat and Thomas' which satisfy two and three-
body unitarity and covariance. In operator form,
the equations read, with the notation of Ref. 1:

X„= Z„R„X

Nj and N, mesh points. Because of the structure
of the kernel, the convergence in the [0„+~) do-
main is faster than in the [0, k, ] region, and we
take usually N, =N, /2. The two main advantages of
the method are (i) the number of mesh points is
large in the region around k, where the kernel is
rapidly varying, and (ii) we have observed that the
convergence of the scattering amplitudes is mono-
tonic when N, and N, increases. Therefore, the
stability of the results can be obtained with a total
number of mesh points appreciably lower than in
the case where the Gaussian quadrature mapped
directly onto [0,+ ~] is used. We estimate the
accuracy to be within 2% with N, = 16 and N, = 8 at
256 MeV, while 32 points are necessary if the in-
terval is not split.

Xo( = Zo. + Zo. BRBXB + Zo.„R„X„
8 n

where the n, P and n, m labels refer respectively
to N(nN) and w(NN) three;body channels. In our
case, the n, p labels do not contain the N-P» chan-
nel. The driving terms Z and the propagators R
are defined in terms of the form factors of the
separable interactions, and for the relative mo-
menta of the interacting pairs, we take the choice
(a) of Ref. 4 corresponding to the exchanged par-
ticle on its mass shell.

The scattering amplitudes 2+, are obtained by
solving the system of coupled one-dimensional in-
tegral equations which result from angular momen-
tum reduction of Eq. (1). The singularities of the
kernel are treated by contour rotation and the sys-
tem is solved by the Pade approximant technique.
The coupling of zd channels with l, l'=J+ 1 orbital
angular momentum is included exactly.

Compared with the RPK case, the FR calculation
is much more time consuming because of the in-
tricate coefficients which appear in the relative
momenta [see Eqs. (2.20) and (2.21a) in Ref. 4].
In order to save computing time, we have (i) re-
duced the number of mesh points in the [0, + ~]
domain, and (ii) treated perturbatively the smaQ
n N channels.

B. Numerical integration

In order to preserve the numerical accuracy
when energy goes up to 300 MeV, without increas-
ing too much the number of mesh points, we split
the [0, + ~] domain of integration for the integral
equation into two intervals [0, k,], [k„+~]. The
energy-dependent parameter k, is chosen to be in
the middle of the interval delimited by the pole of
the propagator and the extreme position of the
logarithmic singularity in the driving term. In
each interval, we use Gaussian quadratures
mapped onto [0, k,] and [k„+~]with, respectively,

C. Perturbation scheme

In order to treat the small pN channels, we
choose the first order Alt-Grassberger-Sandhas
(AGS) approximation which was applied success-
fully in the n-d elastic scattering problem some
years ago. ' In this method, the kernel is split into
a dominant part which is treated exactly and a
weak part treated approximately. In Ref. 9, it is
shown that the convergence condition for the AGS
perturbation theory can be formulated entirely in
terms of the weak part of the kernel. From a
practical point of view, the first order AGS ap-
proximation is obtained when the weak part of the
kernel is taken to be zero.

In our case, the dominant part corresponds to
the n-d and N-6 channels, and the weak part in-
volves all the N (nN) channels -with the vN pair in
the S or P states (except P») other than b, . We
therefore set equal to zero all the overlapping
terms between these weak channels in the three-
body kernel, i.e. , we set Z„&=0 for o. and P not

equal to d or A. So, a large amount of computing
time (-30/q) is saved compared with the exact
calculation.

Of course, the full advantage of this method can
be exploited only in the case where the system of
equations is solved by means of the Pads approx-
imant technique. We give in Table I the compari-
son between the exact and AGS results for two
dominant scattering amplitudes T„, calculated at
142, 180, and 256 MeV with the SF(6.7)-SP(S) in-
teractions described hereafter in Sec. III. Clearly
the AGS approximation is very good, the accuracy
being of about 2/p.

A different approximation is used in Ref. 3
where the-'small nN channels are introduced one
at a time after the dominant part has been solved
exactly. The choice of this method is imposed by
the fact that the system of equations is solved by
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T, {MeV) T2+
33

T2"

142

180

256

-12.976- i28.190
(-12.999 —i28.172)

5.657- i56.747
(5.630 —i56.733)

56.251 —i52. 286
(56.245 —i52.261)

-865.39 —i1138.4
(-856.72 —i1142.7)

-275.36 —i1421.0
(-268.42 —i1420.4)

459.17—i869.80
(460.53 —i869. 32)

TABLE I. comparison of the first order AGS ap-
proximation with the exact calculation {in brackets) for
two dominant scattering amplitudes. The T are di-
mensionless.

actions in the RPK calculations. We note that in
the P'33 channel, the position of the resonance is
imposed as an additional constraint in the fitting
procedure.

The fits to the. data are excellent as one can see
in Fig. 3 of Ref. 3, and in Figs. 1 and 2 and Tables
I-III of Ref. 10. We have recalculated the phase
shifts and the scattering lengths for each set. The
results are quite similar, the most apparent differ-
ences occurring in the P33 channel. This is illus-
trated in Table II where we give the scattering
lengths for the two sets compared with the exper-
imental values.

matrix inversion, so that the storage problems are
crucial. The accuracy was determined to be at
the 5% level for the dominant scattering ampli-
tudes.

In what follows, all the calculations including
the small wN channels (SP scheme) are done with
the AGS approximation.

III. TWO-BODY INTERACTIONS

We describe in this section the relativistic mN

and NN separable interactions used as input in
our calculations.

A. Pion-nucleon interactions

For the S», S» P]3 P», and P33 AN channels,
we use two sets of parametrizations constructed
by Rinat et al.' (denoted hereafter R) and by
Schwarz et al."' (denoted S).

In the R case, the parameters are fitted in each
channel to the experimental phase shifts taken
from the recent analysis of Rowe et al."which
provides a smooth "best" fit to all modern pN
phase shifts determined by various groups for en-
ergies below 400 MeV.

In the S case, the parameters are fitted to the
"experimental" phase shifts and scattering lengths.
These values are rather old and correspond to the
data chosen by Thomas' for fitting the n.N inter-

8. Nucleon-nucleon tensor forces

Zi(P) = ~it'/(P'+ Pi')"'"'.
For the S and SF potentials we defi. ne the form
factors as a ratio of polynomials:

(2)

ZiV ) = C~p'(l+rzp') .. , (&+Pg~p'). .
5=0

The parameters are adjusted to fit the following

The simplest 'S,-'D, parametrizations are the
relativistic generalizations of Yamaguchi-type in-
teractions described in Ref. 3, with P~ values 4
and 6.7/0 (denoted hereafter F4 and F6.'l). The
parameters are fitted to the 'S, phase shift only,
without any constraint on the low energy parame-
ters a, (scattering length} and Q (quadrupole mo-
ment). We have calculated these quantities, which
are found to be far from the correct values. For
Y4 and Y7 we get, respectively, a, =5.63 and
5.79 fm (accepted value 5.40 fm}, and Q =0.3V and
0.40 fm' (accepted value 0.280 to 0.286 fm').

In order to improve the situation, we have con-
structed three sets of rank-1 interactions (denoted
YI„S,and SI"), using more elaborate form fac-
tors, and introducing in the fitting procedure more
and more constraints.

For the FI. potentials, we take the usual Ya-
maguchi form factors:

TABLE II. &N scattering lengths (in m ~- for S waves) and scattering volumes {in m„
for P waves) for the Rinat (Ref. 4) and Schwarz (Ref. 10) parametrizations. The "new" ex-
perimental data are from Ref. 11, and the "old" are giveninRefs. 9-11of the Schwarz paper;

Parametrizations
Scattering length or volume

S3& 13 ~3i

S
Exp. (old)

Exp. {new)

0.172
0.170

0.174

0. 185
+O. OO8

-0.092
-0.091

-0.092

-0.098
+0.003

-0.013
-0.016

-0.013
40.002

-0.039
-0.036

-0.037

-0.029
+0.002

0.170
0.211

0.220

0.205
+0.050
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IV. RESULTS AND DISCUSSIONS

We have performed detailed calculations at 142,
180, 230, and 256 MeV in order to investigate the

TABLE III. Parameters for the S and SE tensor
forces. The Cz are in fm and the P are in fm .

S6.7 8F4

Co

~o

&o~

&o2

76.832
-0.0404
0.227
0.252

64.530
-0.0381

0.351
0.190

66. 508
-0.231

0.121
0.118

58.659
-0.240
0.0494
0.241

quantities
(i) For the YL potentia, ls, we impose only the

static parameters, namely the deuteron binding
energy ED = 2.2245 MeV, the triplet scattering
length a, = 5.40 fm, the quadrupole moment Q
= 0.285 fm', the D-state probability P~, and the
ratio of the D to S asymptotic deuteron wave func-
tions g = 0.026.

(ii) For the S parametrizations, the 'S, phase
shift up to 200 MeV is added to the foregoing con-
straints.

(iii) For the SF interactions, we impose one
more constraint, namely the monopole form factor
of the deuteron F,(q') up to q

-6 fm '. We choose
to fit the Reid soft-core (RSC) form factor which
has a minimum at q -4.5 fm '.

In each set, two parametrizations are con-
structed with PD =4 and 6.V%. The parameters for
the S and SE interactions are given in Table III.
For the YL potentials, the values of (C„P„'C„p,)
are (124.VOV, 1.329; 220.V95, 1.559) for YL4, and

(98.941, 1.261; 446.940, 1.9VO) for YLV (the C are
in fm ' and P in fm ').

We show in Fig. 1 the 'S, phase shift for the var-
ious interactions with P~ = 6.V%, and in Table IV
we give the monopole form factors compared with
the Reid soft-core values. The phase shift for the
SI' interaction is not as good as for the S interac-
tion above 100 MeV, but the form factor is much
better for q) 2 fm '. We think that the SE inter-
actions are therefore more "realistic" in the sense
that the fitting procedure to F,(q) ensures the cor-
rect behavior of the deuteron wave function. Let
us point out that the SEG.V potential is the relativ-
istic equivalent to the Pieper rank-1 potential
used in our RPK calculations. '

100

50
l

100
E I~y (MeV)

150 200

FIG. 1. Theoretical S|phase shifts given by the Y
(——), YL (- —-), S (identical to YL), and $F (-==-==-)

parametrizations for I'D = 6.7%. The experimental data
are from Ref. 12.

A. Differential cross sections

l. Effect of the small AN partial ~aves

The SP scheme consists in introducing with the
AGS perturbation method the small mN channels

S„,S„,P„, and P„ in addition to P„. As stated

TABLE IV. Monopole charge form factor of the
deuteron Po(q) for the new tensor forces ~, 8, and
YL with &z = 6.7', compared with the Reid soft-core
values.

q (fm')

0.975
0.618
0.269
0.112
0.0453
0.0177
0.0064

sensitivity of md observables to the NN and pNin-
put. There are three subsections devoted, respec-
tively, to the differential cross sections (A), the
total cross sections (B), and the polarization pa-
rameters (C).

In what follows, each calculation is specified by
two labels: The first one denotes the NN tensor
force, .and the second one refers to the nN chan-
nels which are retained (P» or SP) and to the pa-
rametrization.

C2

72
Pn

&23

37.038
1.299
0.364
0.503
0.468
0.271

31.362
0.340
0.0217
0.428
0.384
0.0 794

33.057
0.813
0.216
0.414
0.301
0.424

27.562
0.688
0.0268
0.580
.0.254
0.262

0.2
1
2
3
4
5
6

0.975
0.616
0.257
0.0875
0.0151

-0.0120
-0.0188

0.975
0.614
0.254
0.0877
0.0190

-0.0600
-0.0127

0.975
0.623
0.283
0.129
0.0614
0.0308
0.0163
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in the Introduction, we omit completely the P»
channel. The reason is that the formalism we use
here does not include the effect of pion absorption,
so that the nucleon pole part which is the domi-
nant part cannot be introduced. On the other hand,
the P» phase shift is very small up to 150 MeV,
and it seems reasonable to neglect its background
contribution. The latter assumption was checked
at 142 and 256 MeV. Using a separable paramet-
rization adjusted only to the P» phase shift, the
gd observables calculated in the SP scheme with
and without the nonpole P» contribution were found
to be almost identical.

We compare in Fig. 2 the differential cross
sections calculated at 142, 180, 230, and 256 MeV
in the SP and P33 schemes, with the SE6.V tensor
force and the S parametrizations of the nN chan-
nels. The forward part of do/dQ is lowered by
the SP scheme at energies below the resonance,
and is enhanced above the resonance, while the
backward part is systematically lowered. The
effect is very small at 180 MeV w'hich is close
to the resonance. At aQ energies the SP scheme
improves significantly the agreement with experi-
mental data" "throughout the angular range, ex-
cept at forward angles for T„=230MeV. Never-
theless, the situation at 230 and 256 MeV is not
satisfactory, especially for 8, & 80', where the
broad minimum observed in the experiments is
not reproduced by the theory, which remains too
high. However, we do not understand the dis-
crepancy at forward angles with the experiment
of Cole et al."at 230 MeV, since our theory de-
scribes correctly, in this angular range, the "old"
data at 142, 180, and 256 MeV as well as the pre-
liminary data of Gabathuler et al. ' for T„=140to
300 MeV. We can thus consider the possibility of
an incorrect normalization. In fact, if we enhance
Cole's results by a factor of 1.4, the theory be-
comes quite good. On the other hand, the recent
experiments of Ref. 5 seem to indicate that the
minimum at 256 MeV is not so deep, but the the-
ory still remains higher than experiment.

Let us briefly compare these results with the
RPK calculations using the Pieper tensor force
at 142 and 180 MeV [see Figs. 3(b) and 4(b} of
Ref. 1]. The FR and RPK differential cross sec-
tions look quite similar, demonstrating that rela-
tivistic effects are moderate at these energies.
We also note that the interference effects from
the small mN channels are smaller in the FR the-
ory than in RPK.

10 70

10 10

142 MeV

180MeV
1~~ m m m a a m es ~~+

i) il ~/

10

230MeV

256MeV

0.1 s t=

0.01
0

I I I I I 001
30 60 90 120 750 180

e c.M. &~&

FIG. 2. ~d elastic differential cross section at T
=142 (Ref. 13), 180 (Ref. 14), 230 (Ref. 15), and 256
(Ref. 16) MeV calculated with the SE 6.7 tensor force
and the $ parametrizations of the gN channels.
only p33, --- P33+ small 7' waves, except P».

metrizations of the mN channels and the SE6.7 ten-
sor force, at T, =180 and 256 MeV. The R values
are slightly higher than the S results throughout
the angular range. However, the maximum varia-
tion does not exceed 13% at backward angles, re-
flecting that the two sets are nearly equivalent as
shown in Sec. IGA.

2. Sensitivity to the nN purumetrizations

We compare in Table V the values of do/dQ ob-
tained in the SP scheme with the S and R para-

3. Sensitivity to the NN tensor force

Now, the calculations are done in the SP scheme
with the S parametrizations of the gN channels.
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TABLE V. Sensitivity of the differential cross
section to the &N parametrizations. The numbers in
each case are the values of do/dG in mb/sr, at 6I

=0', 90', and 180'.

T ~(MeV)

180

256

53.6
0.74
0.73

41.9
0.15
0.16

53.9
0.77
0.77

44.7
0.17
0.18

First, we consider the influence of D-state prob-
ability. In order to study a genuine effect of PD,
we use our parametrizations which, in a given set
(YI., S, or SF), differ only by their PD values as
explained in Sec. III B. The differential cross sec-
tions calculated at 180 and 256 MeV with the SI"4
and S+6.7 interactions are given in Table VI.
When P~ goes from 4 to 6.7/0, the forward part of
dv/dQ decreases by about 3/o, and the backward
part increases by 4% at 180 MeV and by 14% at
256 MeV. Similar conclusions hold with the S4
and S6.7 interactions, and also with the YI4 and
YL,6.7 potentials. These results show that the
overall effect of PD is rather small, while the
large variation at backward angles found in Ref. 4
is not a genuine effect, but is due to the fact that
the Y4 and Y6.7 interactions give different values
for the low energy parameters as mentioned in
Sec. III 8.

Next, we investigate the sensitivity to the de-
scription of the deuteron wave function for a fixed
P~ value. We use the YL„S,and SI' interactions
with PD=6.7%. The variation of do/dQ at forward
angles is very small (-2/0), but the backward part
exhibits large variations (up to 25%). For exam-
ple, the values of do/dA (180') at 180 MeV are
0.97, 0.86, and 0.73 mb/sr for the YL, S, and SF
tensor forces, respectively. Similar effects are
observed at the other ener'gies. If we remember

how we have constructed the YI., S, and SI' inter-
actions in Sec. III 8, we see that the agreement of
theory with experimental data at backward angles
becomes better as we improve the description of
the 'Sy Dy channel, namely with regard to the deu-
teron wave function. These considerations justify
the systematic use throughout this paper of the SI'
interactions, even if they fail to reproduce the
minimum for T„=230 and 256 MeV.

B. Elastic, reaction, and total cross sections

We have calculated the elastic (v„), reaction
(va), and total (or =o„+v„)cross sections in the
energy range 70 to 320 MeV with the SF6.7-SP(S)
interactions. In Fig. 3 we show our results and
we compare the total cross section with the recent
experimental data of Pedroni et al." The agree-
ment is fairly good, especially in the resonance
region 140 MeV& T, & 260 MeV where the theoreti-
cal curve goes through experiment. Outside this
domain, the theoretical values are lower than ex-
perimental data, and the deviation increases when

energy decreases from T„=120MeV or increases
from T, =260 MeV.

Compared with the RPK results (Fig. 5 or Ref.
1), the FR values of ar are better in a wider en-
ergy range. We also note a very good agreement
with the calculations of Rinat et al. ' without ab-
sorption. Our values for or with the SE6.7-SP(S)
interactions at 142, 180, and 256 MeV are re-
spectively 174, 230, and 135 mb, while the values
of Rinat for PD = 6.7/o are 176, 239, and 146 mb.
In fact, we have observed that the total cross sec-
tion is rather insensitive to the two-body input.

cJ (mb)

10

TABLE VI. Sensitivity of the differential cross sec-
tion to the D-state probability. The numbers are
ordered as in Table V.

total

/ /'

reef~, & ./
/

JEL

T ~ (MeV) SF6.7 10

180
54.9
0.78
0.70

53.60
0.74
0.73

0. 100 180
T~(wev j

I

260

256
43.3
0.16
0.14

41.9
0.15
0.16

FIG. 3. Elastic (—.—), reaction (- —-), and total
( ) cross sections calculated with the $F 6.7-SP(S}
interactions. The experimental results are from Pe-
droni eI; al. (Ref. 17).
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TABLE VII. Sensitivity of f20 (180') to the D-state
probability.

r, (MeV) SE4 8F 6.7

142
180
256

-0.63
-0.92

1017

-0.74
-1.08

1027

C. Polarization parameters

The vector polarization it» and the tensor po-
larizations t20, t», and t» for m+d- m+ d elastic
scattering are easily calculated from the scatter-
ing amplitudes. The qualitative effects noted in
the RPK approach are also observed in the FR
calculations, only the numbers change more or
less. We limit thus the present discussion to the
most important aspects.

The complete change in structure of itsy due to
the inclusion of the small mN partial waves in
addition to P33 is observed at all energies. The
FR curves look similar to the RPK curves shown
in Fig. 6 of Ref. 1. The vector polarizations cal-
culated in the SI' scheme have a pronounced max-
imum which has the following characteristics:
(i) the position is nearly independent of energy
and of the two-body input and corresponds to
8, = 80', and (ii) the magnitude is practically in-
dependent of the mN and NN input, but varies with

energy; namely, it is maximum around T,= 180
MeV. For example, the values of it» (80') ob-
tained with the SF6.7 SP(S) interactions at 142,
180, 230, and 256 MeV are respectively 0.43,
0.45, 0.40, and 0.36.

In contrast with it», the tensor polarizations are
only slightly affected when we include the small
vN channels (the difference between the SP and P»
results is less than 5'%%uo) or when we change the vN

parametrizations from S to 8 ( the effect is -2%%uo).

Of course, the most important variations in the
tensor polarizations are due to the &N tensor
force. We discuss only the quantity t„which pre-
sents an immediate interest. The angular distri-
butions of t,o have the same aspect as in the RPK
theory (see Fig. 7 of Ref. 1), and the values of
f» (180') calculated with the SE6 7 SP(S) in.te-rac-
tions at 142, 180, 230, and 256 MeV are respec-
tively -0.74, -1.08, -1.26, and -1.27. The po-
larization t»(180') behaves as follows. (i) It de-
creases with increasing D-state probability; we
give in Table VII the values obtained with the SE4
and SW.V tensor forces at 142, 180, and 256
MeV. (ii) It depends on the description of the deu-
teron wave function; for instance, the results at
T,=180 MeV corresponding to the 8&, S, and YI-
interactions with the same P~ value (6.7%) are

respectively -1.08, -0.96, and -0.90. These
variations are therefore of the same order as the
variations coming from different I'~ values. Re-
cently, t20 (180') was observed for the first time
at T,=140 MeV by Holt et al. ,' the value being
-0.24+ 0.15. The theoretical values obtained with
the most elaborate tensor forces, namely the SE
interactions, still remain far from this result
since we find -0.74 for P~=6.7% and -0.61 for
PD=4%.

V. CONCLUDING REMARKS

We have presented an extensive analysis of md

elastic scattering observables in the resonance
region within a fully relativistic three-body theory.
The small mN channels have been included to an
excellent degree of accuracy through the AGS
perturbation method, and the numerical integra-
tion has been refined in order to save computing
time without losing accuracy. Since the theory we
used did not include the effects of pion absorption,
the P» mN channel was completely omitted.

The great sensitivity of wd observables (namely
the differential cross section and the t„polariza-
tion at large angles) to the details of the two-body
input that was demonstrated in previous RPK cal-
culations' is still observed in the FR approach.
The agreement between the theoretical and ex-
perimental differential cross sections is signifi-
cantly improved when the small wN channels are
included and when a tensor force giving a realistic
deuteron wave function is used.

Let us note here that the differences between the
present calculations and those of Rinat et aE.,'
without absorption, are moderate. Seeing that
the two sets of mN interactions used in each cal-
culation are nearly equivalent, it is clear that the
differences must be attributed to the tensor
forces. Figure 6 of Ref. 3 gives a spectacular
illustration of the model dependence of dv/dQ at
backward angles relative to the deuteron wave
function. The variations corresponding to differ-
ent tensor forces are found to be as important as
the variations due to the inclusion of absorption
effects. Our main effort in the present work was
to produce pure three-body calculations based on
a tensor force having the maximum degree of
quality. So, we have now a sound reference for
further theoretical investigations. We think that
the S& parametrizations that we have constructed
represent a real improvement compared with the
tensor forces used up to now. Of course, they
have some defects deriving from their structure:
The SI" interactions are of rank 1, and therefore
the '8, phase shift remains positive and the 'D,
phase shift has the wrong sign. These difficulties
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should be removed by considering rank 2 parame-
trizations. However, from our experience in the
RPK approach with the Pieper rank-1 and rank-2
interactions (they have the same deuteron wave
function but differ by their 'D, phase shifts, and
they give nearly the same wd observables), we
think that this step is not essential.

None of our calculations do reproduce the mini-
mum in the differential cross sections which is
observed in the experiments at 230 and 256 MeV,
and it seems now clear that the two-body input is
not responsible for this discrepancy. Besides the
apparent need to reconfirm the experimental data,
we have now to consider further theoretical inves-
tigations. At first, we must include the effects of
absorption. Detailed calculations have been re-
cently performed in this direction by Rinat et al. '
within a field-theoretical formulation including
genuine pion absorption and p-meson exchange.
The effects of absorption induce significant changes
in the large angle differential cross section, but
they do not produce the deep minimum at 256
MeV. On the other hand, absorption has a tre-
mendous influence on all polarization parameters;
for example, t,c (180') becomes small positive at
142 MeV. An independent calculation of wd elastic
scattering including m absorption is now in prog-

ress in our group, based on the approach to the
theory of coupled mNN-&N systems recently de-
veloped by Avishai and Mizutani. " Also the ef-
fects of inelasticity in the mN partial waves may
be important" (mainly in the P» channel) in ac-
counting for the minimum in the cross section at
256 MeV. Another direction concerns the inclusion
of dibaryon resonances, but here the situation is
not clear. For some people, "the resonant am-
plitude (the 'F, NN for instance) must be added to
the md elastic scattering amplitude, while for
others ' the wNN system itself is resonant and the
inclusion of the NN ('P, ) and mN (P» and P»)
leads to a resonant 'E, wave.

Finally, we think that the new experimental data
which ought to appear in the near future will be
decisive for further theoretical work.
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