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Short range delta-nucleon interaction in pion-deuteron elastic scattering

Erasmo Ferreira and Sarah C. B. de Andrade
Departamento de Fisica, Pontificia Universidade Catolica, Rio de Janeiro 22452, Brazil

H. G. Dosch
Institut fu rTh'eoretische Physik der Universitat, D 690-0 Heidelberg, Federal Republic of Germany

(Received 9 December 1986)

We use the new set of Faddeev amplitudes obtained by Garcilazo in order to investigate the
effects of the short range AN interaction on the values of observables in m.d elastic scattering. Us-
ing all existing data on total and differential cross sections and on the vector analyzing power, we
show that the inclusion of 'S& and 'P3 AN interactions leads to a very satisfactory description of
the experimental results. The modifications in Cxarcilazo's set of md amplitudes required to in-

corporate the AN interaction effects involve only the 'P& and 'D3 ~d waves and are shown to be
small, although with strong inAuence on the observables where discrepancies are eliminated. Pre-
dictions are presented for the values of tz'o and other quantities. The values obtained for the AN
parameters show a smooth energy dependence, and their determination is an important result of
the present work. No resonantlike character is found in the behavior of the 'S2 and 'P3 ampli-
tudes, although a "bound state" in the 'S2 amplitude is compatible with our results. A discussion
is made comparing the AN and the NN systems in light of the quantum chromodynarnics and
Skyrme models.

I. INTRODUCTION

Significant discrepancies between theoretical calcula-
tions of observables in md elastic scattering and the ex-
perimental values have persisted up to now in spite of
the many attempts of improvement made in the frame-
work of the Faddeev calculations. The discrepancies are
known to occur mainly in the region above 180 MeV in-
cident pion kinetic energy in the observables iT» in the
forward hemisphere, and in do. /dQ at intermediate and
large angles. These observables are particularly sensitive
to the values of the amplitudes, as their values result
from cancellation and interference effects. Thus the
values of do. /dQ for 0=100 at energies above 200 MeV
are 250 times smaller than the corresponding values in
the forward direction. These conditions of large
momentum transfers probe deeply into the dynamics of
the process and may provide important information
about the treatment of m.d as a three-body system. The
effort to understand the reasons of the persisting
disagreements between Faddeev calculations and the
data is thus justified and strongly motivated.

In a previous work' we have tried to describe these
discrepancies as due to short-range AN interactions
which are not included in the Faddeev calculations. We
had made use of the Faddeev amplitudes taken from two
independent calculations, those of Rinat and Starkand
and of Mizutani et al. Experimenting with a large
number of hN waves, we were not able to bridge the gap
between the Faddeev calculations and experiment. How-
ever, we have shown that with both sets of amplitudes,
the J =2+ and J =3 states of the hN interaction
affect the ~d amplitudes in a way which was crucial for
the resulting values of some observables.

The results of the sensitive effects we are looking for
may depend essentially on the set of Faddeev amplitudes
taken as basis. For both independent sets mentioned
above, the fact that the same hN states gave the most
important effects was stimulating to us, since it could in-
dicate the identification of an essential ingredient miss-
ing in all Faddeev calculations. In this work we present
the results of our calculations made using as basis the set
of amplitudes recently obtained by Garcilazo, which de-
scribe simultaneously the m.d, NN, and m.NN channels
and have been successfully tested against data on the
md —+ ~NN breakup process. Although the general
agreement of these amplitudes with experiment is some-
what better than those of Refs. 2 and 3, there are never-
theless significant discrepancies, especially at energies
above 180 MeV. We show that contributions of the hN
interaction in the same S2 and P3 states, which were
significant in our previous analysis, lead now to a very
satisfactory description of all available data. We obtain
the characteristic parameters of the AN interaction re-
quired by this fitting and show that they have a very
smooth behavior as a function of the energy, which gives
us confidence that we now have really identified and
measured aspects of the hN interaction.

In Faddeev calculations of md scattering, which deal
with the possible channels of the mNN system, there is
no room for a direct and general AN interaction. The 5
appears only as a resonance of the hN system, and does
not interact with the other nucleon before being uncou-
pled in its N, m constituents. In other words, the only
possible interaction of the 6 with the second nucleon
consists of one pion exchange of a particular sort. Ver-
tices such as 6Am, ENp, ANm, and even AN~ with m.

propagating backwards in time (we may even speculate
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about possible six-quark bag formation or other color-
force contributions) do not enter in Faddeev calcula-
tions, which disregard these possibly important aspects
of the hN interaction. Most of the missing interactions
are of shorter range than those due to one pion ex-
change, and correspond to the lowest values of the rela-
tive angular momentum in the AN system. We have
shown that in the energy region of our interest (pion ki-
netic energies from 100 to 350 MeV), where the vrd ex-
periments are available and the discrepancies are found,
the contributions of the diagram of Fig. 1 with low
values of the angular momentum L give small but very
significant contributions. In order to incorporate all un-
known aspects of the AN dynamics we give phenomeno-
logical treatment of the 6 interactions in the low L
states.

Although some effort has already been made in this
direction, a complete treatment of the ~d system, tak-
ing into account the full hN dynamics in a framework of
relativistic and fully unitary calculation, is not yet avail-
able for a practical calculation. A purely theoretical
parameter-free calculation would be impossible, due to
the present lack of knowledge about important charac-
teristics of the hN system. Thus at the moment the
practical way to study these effects due to the short
range hN interaction consists of combining directly the
contributions from the diagram of Fig. 1 with the uni-
tary Faddeev amplitudes.

We will show that the required modifications of the
values of the Faddeev amplitudes evaluated by Garcilazo

FIG. 1. Skeleton diagram for the contribution of the delta-
nucleon interaction in the intermediate state of pion-deuteron
elastic scattering.

are small, and that the results respect unitarity bounds.
The formation of 5 is by far the most important contri-
bution to the md interaction in the energy region con-
sidered here, so that the interference of the hN interac-
tion with other channels is small (see Ref. 1, Appendix).
We thus find that the simple addition of amplitudes is a
justified procedure, and allows a reliable study of the AN
system.

II. CONTRIBUTIONS OF THE 6N INTERACTION
TO 77d SCATTERING

The evaluation of the intermediate AN interaction has
been described in earlier publications. ' ' For conveni-
ence we give here a collection of the final results.

The contribution of the skeleton diagram of Fig. 1 to
a md elastic scattering amplitude with fixed total angular
momentum J and d-helicities A, (initial) and X (final) can
be expressed as

3 S L J 1 1 S"'
( )= —ggN„—y Mg N' aN '(s)'C

g 0 g C g 0 g
E' IFL(s) '

+ mzmN s

S' L' J 1 1 S'
o x'Cx' o x'~''~"

L,L' and S,S' are the angular momenta and spins of the
AN system in the initial and final states; g&N„ is the
b, Nn coupling constant (g aN„——257 GeV ); q is the
c.m. momentum in the md system; m& ——1.211 GeV is
the real part of the 6 mass pole. K' ' is given, for the
two possible values of the total spin of the AN system,
by

with

N dN (s)S,L;S,L;J
mNppl g

S,L;S,L;JMiN aN' (s)

Ts,L;s,i. ;J (s )
mNmz 2Re(qz)

(3)

1/&3 for S =1
1 for S=2 .

M zN
'

~N
' (s) is the partial wave amplitude for the

hN ~b N transition in the spin —angular momentum
basis. The quantities FL (s) are complex functions which
result from the evaluation of the integrations over inter-
nal momenta in the triangular structures in the diagram
[see Refs. 6 and 7 for more details]. They are plotted for
several L values in Figs. 2 and 3.

In the zero width limit the single channel AN scatter-
ing amplitudes can be parametrized in the form

SL'SL J 1 J 2i6
T~'N' 'aN' (s) = —,. ('9L,se

21
(4)

where 9L s 1,&L,S
J

We use this representation also in the case of the
finite-width 6, by using for q& the complex generaliza-
tion of the hN c.m. momentum,

1
qa(s) = —[(s +m ~ —m 2N)2 —4sm 2 ]'~2,

2&s N (5)

where the 5 mass is taken as m~=[1.211—(i/2)0. 1]
CxeV.

The normalization of the partial wave amplitudes in
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nary parts. It is important to note the important overall
decrease of these vertex functions with the increasing
values of the angular momentum L, which implies that
the contributions of short range (small I. values) are ex-
pected to be more relevant. This general result is true
for any form of the 4N interaction, including the one
pion exchange mechanism participating in Faddeev cal-
culations. The region of energies where the values of the
vertex functions are large [mainly in ImFz (s)] coincide
with the region where most data on ~d observables are
presently available. We may thus expect that the new
contributions of the diagram in Fig. 1 to these observ-
ables are significant and can be detected through a com-
parison between theoretical calculations and the data.
This is done in the present work. We show that new
contributions of the AN interaction in selected states,
which are absent in Faddeev calculations, give a very
simple explanation for the existing discrepancies between
the Faddeev calculation of the m.NN system by Garcila-
zo and the experimental results.

It is commonly accepted that, similarly to the NN sys-
tem, the long range part of the hN interaction is mainly
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FIG. 4. Pion-deuteron total cross section. Experimental
data from Pedroni et al. (Ref. 8). The dashed line represents
the results obtained by Garcilazo (Ref. 4). The solid curve in-
corporates the effects of the delta-nucleon interaction in the
'S2 and 'I'3 states (see Table I and Fig. 8 for the values of the
hN interaction amplitudes).
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due to one pion exchange terms, mainly generated by the
AN+ vertex. These are the only contributions included
in the Faddeev calculations, as they are the only ones
which can be evaluated dynamically in terms of the
NN~ system. However, in accordance with our results
on the decrease of the values of the vertex functions for
increasing values of L„weexpect that the most impor-
tant contributions of the AN interaction in the inter-
mediate state are due to the short range part.

III. EXPERIMENTAL DATA AND GARCILAZO'S
CALCULATIONS

Our "theoretical measurement" of the hN interaction
parameters is made through the comparison, with the
experimental data, of the values of observables evaluated
with Faddeev amplitudes plus the fitted values for con-
tributions of the short range hN interaction in the inter-
mediate state. As in Ref. 1, we experiment with all AN
waves of lowest possible J value for each J, with J from
0 to 4. %'e look for a minimum of 7, using the data on
total cross section, difFerential cross section, and vec-
tor analyzing power, ' at energies ranging from 80 to
325 MeV.

The total md cross section has been measured with
good accuracy in the whole interval, and provides im-
portant constraints in our calculation. For the
differential elastic cross section the data covers the
whole angular range at energies 140, 180, 219, 256, 294,
and 325 MeV, where good accuracy seems to have been
reached, with consistency between different experiments.
The existing data on iT»(8) (Ref. 10) are not very good
at the energies 125, 140, and 151 MeV; the situation is a
little better at higher values of the energy, where an os-
cillating structure in the angular dependence becomes
clear above 200 MeV. At the lowest energies of our in-
terval (up to 140 MeV, say), the deviations of
Garcilazo's calculations with respect to the rather poor
existing data are only of the order of 2 times the experi-
mental standard deviations.

For energies above 180 Me V, there occur strong
disagreements in the backward differential cross sections,
which come out wrong by a factor of 2 at c.m. scattering
angles about 90' to 120'. These discrepancies are
characteristic of all Faddeev calculations of md scatter-
ing made up to now. '" We must remark, however,
that in the very backward angles (8 larger than 150',
say) the disagreements with the data are smaller in
Garcilazo's than in previous calculations. At the same
energies, the discrepancies between the theoretical and
experimental values of iT&& are also strong and systemat-
ic. Taking into account the observables of uz-, do/dQ,
and iT», the average discrepancy between the theoreti-
cal Faddeev calculations and the data (i.e., the value of
+X ) at these energies above 200 MeV is about eight
times the experimental error.

As for the values of the total cross section, Garcilazo's
calculations give too small values at all energies below
180 MeV and too large values for higher energies. The
discrepancies are not large in absolute values, but they
are systematic and must be considered as meaningful,

taking into account the accuracy of the data points,
which have errors of about 0.5'%%uo. The values of these
observables obtained from the set of Garcilazo's ampli-
tudes are shown in dashed lines, together with the exper-
imental data, in Figs. 4—6.

IV. RESULTS

We introduce in Eq. (1) free parameters for the b,N in-
teraction in specific states (J,L,S values). In a previous
note' we have shown that with a linear energy depen-
dence of the E-matrix parameters we can already get a
nearly equivalent elimination of the discrepancies at en-
ergies above 200 MeV pion kinetic energies. Now for a
more complete study of the hN interaction we use two
parameters (real and imaginary parts of a complex quan-
tity) for each wave at each energy. We remark that
these parameters do not actually represent free additions
to the md helicity amplitudes. Their role is to control
the AN interaction which is an internal element of the
more complex diagram of Fig. 1. Due to the dynamical
structure of ~ absorption and 6 formation, and to the
unitary constraint imposed into the hN interaction and
in the evaluation of the diagram, the inhuence of this
graph on the md amplitudes is strongly limited. This is

dramatically exemplified by the impossibility to fit the
same kind of data in Ref. 1, using as basis the Rinat and
Starkand or the Mizutani et al. sets of amplitudes,
even when five unconstrained hN waves plus contribu-
tions of dibaryon resonances in higher orbitals were used
simultaneously.

In our fitting procedure we experiment with all hN
states with J=0,1,2,3,4, total spin S=1,2, and the lowest
possible orbital angular momentum value for each given
J,S pair of values. These are the Do, S&, P„P„S2,
P2, P2, P3, and D4 states. We use up to five waves

simultaneously, in many possible combinations. We very
clearly obtain that only the S2 and P3 AN interactions
have inhuence, and no set of other waves, even if five
waves are used simultaneously with their free parame-
ters, can give a meaningful contribution to the fittings,
unless these two states are included. And more, once
the S2 and P3 states are allowed to contribute, all
significant discrepancies between theoretical and experi-
rnental values are eliminated and all other contributions
have negligible significance. These results are verified in-
dependently at each of the energies in which experirnen-
tal results exist.

The S2 hN interaction alone, and only this interac-
tion, is able to eliminate almost completely the
discrepancies in do /dQ at large angles. The discrepan-
cies in iT» are not adequately resolved with the Sz hN
contributions alone. We find that only the additional
contribution of the P3 (J =3,L =1,S =2) interaction is
decisive, and it is the only one able to reduce strongly
the remaining discrepancies, mainly those of iT». As
we show below, the best values of the AN parameters
which we obtain from the fitting at each of the individu-
al energies show a smooth energy dependence. These
two hN states are the same which proved to be the most
relevant in our previous calculations' using the Rinat
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and Starkand and the Mizutani et al. sets of ampli-
tudes.

Our results are represented by solid lines in Figs. 4—6
where the experimental data are shown together with
Garcilazo's results (dashed lines). We stress that we fit
together all available data on o. z-, do. /dA, and iT»,
with the same set of parameters. The values of the ten-
sor polarization tzo are treated as predictions and then
compared to the data.

In Fig. 4 we show the results for the total cross sec-
tion. We must remark that we here have very accurate
data so that all deviations and improvements must be
considered as particularly meaningful. We also remark
that this quantity, given through the optical theorem by
the imaginary part of forward amplitudes, is not very
sensitive to small changes in individual partial amp1i-
tudes. Under these circumstances we remark that the
improvements shown in the figure are actually
significant. We may observe in particular the interesting
fact that our contributions increase the theoretical
values below and reduce them above 180 MeV, just as
required by the data. This is a very specific consequence
of the strong energy dependence of the contribution of
the diagram in Fig. 1, related to the presence of the
(smeared out) bN threshold. This improvement is thus
a model independent indication for the importance of
the bN interaction in vrd scattering.

In Figs. 5(a) —5(c) and 6(a)—6(c) we present the data
and theoretical results on elastic differential cross section
and vector analyzing power, at the energies where the
data are reasonably complete. At the lowest energies
(125 and 140 MeV) we observe that the disagreements
between the pure Faddeev calculations of Garcilazo and
the data are not very large; consequently the improve-
ments introduced by the additional AN contributions are
not impressive, although they are helpful in do. /dA, at
large angles. From 180 MeV up, the changes introduced
by the new terms are dramatic. At 180 MeV [Figs. 5(a)
and 6(a)], where the backward values of da /dQ ob-
tained by Garcilazo are some 40% above the data, the
discrepancies are eliminated, while simultaneously values
of iT&&, which are discrepant in the forward hemisphere,
are also corrected. At the energies of 219 MeV and
above, the changes are remarkable, with a factor of 2
correction in the theoretical values of do. /dA at large
angles, and the introduction of the oscillating structure
in the data of iT» in the forward hemisphere required
by the data at the highest energies. Our fitting pro-
cedure changes only two complex numbers among the 58
complex amplitudes used in the Fad dec v calculation
(G.arcilazo's calculation uses partial waves up to J=14,
and there are four amplitudes for each value of J&0).
As we show later, the changes introduced in the ~d am-
plitudes are actually rather small, and correspond to AN
parameters with smooth (and credible) energy depen-
dence.

We observe in Figs. 5(a) —5(c) a systematic tendency
for an overshooting in the corrections of Garcilazo's am-
plitudes in the values of do. /dA in the mid-range angles
80 —100. The AN interaction effects not included in
Faddeev calculation do not have to be limited to the 'Sz

and I'3 states, so that other contributions could be
found responsible for these remaining discrepancies.
However, these discrepancies are not at all severe, and
we found that it is not convenient to introduce in this
presentation of our work additional contributing hN
states, with the corresponding free parameters, to fill up
these small deviations. However, once the Sz and P3
contributions are assumed to be present, we may test the
inAuence of additional waves to observe finer effects. We
then obtain that the next contributions of importance
come from the Dz (J =4,L =2,S =2) state.

The fact that only the S =2,J =L +S amplitudes of
the AN system contribute significantly leads to a very
transparent result for the md elastic scattering ampli-
tudes [see Sec. II, Eq. (7)]. For such cases we have the
interesting simplification that the I, I =J +1 orbitals in
the ~d system do not contribute, because for all J we ob-
tain the identity [see Eq. (8)]

Z(S =2,L =J —2, l =J+1,j)=0 . (10)

Thus in these cases only the l =J —1 ~d orbitals are in-
volved, and we obtain

Z(S=2, L =J —2, 1 =J —1,J)=
2J —1 V'2J

—0.6

J = 2', (= I
6 5
~ ——~

t
—0.5 —0.3 o. i 0.3 0.5

FIG. 7. Argand diagrams showing the changes in the Fad-
deev pion-deuteron amplitudes (Ref. 4), introduced by the AN
interaction of short range. The points numbered 1 to 12 corre-
spond to Czarcilazo's calculation at pion kinetic energies 125,
134, 140, 151, 180, 201, 219, 228, 256, 275, 294, and 325 MeV.
The points numbered 1' to 12' represent the amplitudes
modified by the short range AN interaction.
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For the corresponding md amplitudes we then have

~ll (s ) CO ( +L (s ) ) dLN ~aN

aN
—0.5

I =J —1, S=2, L =J —2 . (12)

It is interesting to observe that the numerical factor with
dependence on the values of J falls rapidly as J increases
( —,

' for J=2, —,', for J=3, —,', for J=4). This, combined
with the decrease of the values of the vertex functions
FI (s), causes a rapid decrease of the infiuence of the hN
interaction as L (and J) increases.

A consequence of our study is that finally only the P2
and D3 m.d Faddeev amplitudes are to be changed to
produce the fittings of o z, do. /d 0 and iT» exhibited in
Figs. 4—6. The changes are shown, for the 12 energies
of our analysis, in the Argand diagrams of md ampli-
tudes represented in Fig. 7, where the dashed trajectories
of the points representing the Faddeev amplitudes are
shown together with the full-line trajectories represent-
ing the complete calculation. We observe that the dis-
placements introduced are not at all large, and it is im-
pressive that they are able to resolve the apparently
strong discrepancies. In general, such small changes do
not alter much the values of observables, and sensitive
inhuence only occurs in particular conditions of strong
cancellations among amplitudes, such as happens in
do. /dQ at large angles and in vector polarization, in
general.

V. THE hN INTERACTION PARAMETERS

—0.5

-0.5 -0.4 -0.2 0.2 0.4 0.5

FIG. 8. Argand diagram for the AN interaction in the 'S2
and P3 states, as obtained from the fittings of experimental
data in the pion-deuteron system. The points numbered 1 to
12 correspond respectively to the pion kinetic energies 125,
134, 140, 151, 180, 201, 219, 228, 256, 275, 294, and 325 MeV.
The regular displacement, a function of the energy, of the
points in the diagram must be noted.

To determine the hN parameters from the values of
m.d observables we have used all available data at the
pion kinetic energies 80, 117, 125, 134, 140, 146, 151,
180, 201, 219. 228, 238, 256, 275, 294, and 325 MeV.
Unfortunately at some of these energy values the data
are not complete enough to allow a reliable determina-
tion of the best values of the AN parameters in the S2
and P3 states. Excluding from the above set the ener-
gies 80, 117,146 (where no values of iT„areavailable,
and der/dQ data exist only in a restricted angular inter-

val) and treating the data on do /d Q at 228 MeV and on
iT&& at 238 MeV as if they referred to the same energy
(228 MeV), we keep 12 energy values. Our best-fitting
values for the amplitudes Tg' ~~ (s) of Eq. (4) at these
energies are presented in Table I. The Argand diagrams
corresponding to these amplitudes are shown in Fig. 8.
The numbers indicate the energies as listed in Table I.
The energy dependence is remarkably smooth.

We observe in the amplitudes for the J =2+ interac-

TABLE I. Values of the amplitudes, normalized as in the Argand diagram, for the AN interaction
in the S2 and 'P3 states, obtained through fittings of the experimental values of ~d observables.

Point
number T (Me V) s (GeV ) ReT

'S
ImT ReT

5p

ImT

1

2
3
4
5
6
7
8
9

10
11
12

125
134
140
151
180
201
219
228
256
275
294
325

4.527
4.561
4.584
4.625
4.734
4.812
4.880
4.914
5.019
5.090
5.161
5.277

0.106
0.193
0.226
0.287
0.344
0.432
0.455
0.451
0.448
0.430
0.406
0.373

0.196
0.240
0.256
0.267
0.297
0.304
0.292
0.284
0.277
0.245
0.208
0.167

0.458
0.479
0.489
0.480
0.472
0.466
0.467
0.465
0.456
0.440
0.414
0.107

0.299
0.357
0.397
0.359
0.336
0.320
0.321
0.316
0.295
0.262
0.220
0.012
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tion the presence of absorption effects, with points inside
the Argand circle, for energies below s=4.85 CzeV .
These absorption contributions, which are not seen in
the J =3 case, are due to the AN~NN transition,
and are discussed below. No resonantlike behavior is
observed in these AN amplitudes, although these are the
states in which the dibaryon resonances have been con-
jectured to exist at the mass values 2. 15 and 2.23 GeV
for the J =2+ and J =3 states, respectively. ' These
mass values correspond to pion kinetic energies in a m.d
system of about 150 and 250, respectively, and thus coin-
cide approximately with the experimental points num-
bered 4 and 9 in the Argand diagrams of Fig. 8. Later
we comment on a comparison between these hN ampli-
tudes and NN amplitudes.

It is interesting to remark that our fittings of the ~d
observables do not require (in other words, do not "ac-
cept") contributions of the J =1+ (L =O, S =1) b,N
state, which is the only other possible case with L=O.
This state would give to the ~d amplitude a contribution

Ti=i'=i(s)=Co(Fr =o(s)) 9M''N—'
hN' (s),

S=1, L =0, J=1 .

VI. PREDICTIONS

The prediction for values of other observables is
exemplified in Fig. 9, where the theoretical values of t'2'o,

with and without the hN interaction, are compared with
the experimental data. ' We here observe that only at
the highest energy of the experiments the effects are
strong enough to be observed, and that then the changes
introduced by the AN interaction contribute to improve
the agreement with the data.

Looking for other quantities where the effects can be
tested we show in Fig. 10 the angular distributions for
the polarization observables tz„t22, i (11

~

20)", and t2'o

at 294 MeV. We see that the regions where experiments
may be able to present valid tests are very limited, and
must be chosen carefully. Based on the curves shown in

The factor —,
' is smaller than the corresponding factor —,

'

which appears in the J =2,L =0 case, but this difference
does not seem to be enough to explain the complete ab-
sence of the J =1+ contributions.

Xl ()

0
O
LA

ll

C:

CD

O

CA

0

~22

i {'l1i20}

90'

err

~~-0.5

O
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CD

0
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CD
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FIG. 9. Predicted values for the tensor polarization, com-
pared to the experimental data {Ref. 14). Triangles represent
the data points of Ungricht et a/. , while the full circles come
from Shin et al. The data from Konig et al. for the energy in-
terval 110—150 MeV, which disagree from other measurements
and from theoretical predictions, are not drawn. The dashed
line represents the results of the pure Faddeev calculation (Ref.
4), and the solid line incorporates the modifications in the md

amplitudes due to the bN interaction, which is determined by
the experimental data on cross sections and vector analyzing
power (see Table I). For pion kinetic energies below 200 MeV
the effects of the AN interaction are negligible and the two
lines coincide.

-1.

)
I

9OO '180

FIR. 10. Values for some observables in m.d elastic scatter-
ing at 294 MeV, as predicted by the pure Faddeev amplitudes
(Ref. 4) (dashed lines) and with account for the short range in-
teraction effects (solid lines). It is seen that the effects can be
experimentally observed only in selected conditions, such as at
angles near 90 for t» and t», and at large angles for
i (11

~

PQ) ' and t '
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0.2—
i(»i20)

(WeV)

0.2—

t22

20CI

I

250

V (Wev)

300

0.2-

I

200
I

250

T (Me V)

300

FIG. 11. Energy dependence of the predicted values for the
md polarization observables i (11

~

20)" at 8=150' and t22 at
6=90, showing the strong modifications in the Faddeev calcu-
lations (dashed lines) when the contributions of the bN in-
teraction of short range (solid) lines are incorporated.

VII. SUMMARY OF RESULTS AND DISCUSSION

We have found that in n.d elastic scattering the addi-
tion of terms due to short-range AN interactions to the
Faddeev amplitudes of Cxarcilazo can remove the per-
sistent characteristic discrepancies between theory and
experiment. This allows us to derive the AN scattering
parameters. Comparison with experiment is done in-
dependently at different energies, and the dynamical fac-
tors FL [see Eq. (1) and Figs. 2 and 3] depend strongly
on the energy. Nevertheless the resulting AN scattering
parameters show a very smooth energy dependence.
Only the inclusion of the J =2+ and 3 states, both
with S=2 and J=L+S, leads to significant improve-
ment over the pure Faddeev calculations. This result
applies to all Faddeev calculations investigated, but
only for Ref. 4 can a satisfactory agreement both with
the experimental differential cross section and the vector

Fig. 10, we select the values of i(ll
i
20)" at 8=150

and t&2 at 8=90 to draw the energy dependences shown
in Fig. 11. We find particularly interesting the possibili-
ty of using the values of i(ll

i
20)" at large angles to

identify the AN interaction effects at energies below 200
MeV. As we have seen, at these lowest energies the
effects we have obtained with the AN interaction on the
values of do/dQ, iT», and t2'o are very small, at least
in view of the present status of the quality of the experi-
mental data.

polarizing power iT» be achieved.
It is interesting to note that the required hN contribu-

tions have just the quantum numbers of the reported di-
baryon resonances, ' but in the Argand diagrams for the
S =2,L =O,J=2 and S =2,L =1,J=3 hN amplitudes
shown in Fig. 8 we find no indication of a resonant be-
havior. This is, however, no argument against the ex-
istence of dibaryon resonances. The clockwise behavior
of the S2 hN wave is in agreement with the existence of
a bound state in this wave, although the amplitude is
strongly influenced by absorption. For the higher partial
waves the couplings of the dibaryons to the m.d system
can be very small. The coupling of the reported
J =3 resonance to the md system, e.g., is negligible if
it couples mainly to the L = 3 AN orbital, as suggested in
Ref. 15.

It is interesting to compare the AN with the NN
scattering parameters. Under the assumption that all
absorption from the S2 AN system occurs via formation
of the 'D2 NN state, and vice versa, the two systems can
be treated as a two-channel system. The amplitudes
TaN( S2) shown in Table I could then be related to the
isospin one NN amplitudes TNN('D2) through

Im(TaN)
I

TaN12 ™(TNN)
I TNN I

' . (14)

TABLE II. Comparison of absorption parameters in J =2+
states of the isospin one AN and NN systems. The absorption
coefficient for the NN system is taken from Ref. 16.

T
(Mev)

140
151
180

&s
(Gev)

2. 141
2.151
2.176

N('S2 )

0.67
0.74
0.80

INN( D2 )

0.78
0.75
0.72

Equivalently, we should expect that the absorption
coefticients, which are given by

g =1—4(ImT —
~

T
~

),
have the same values in the two systems. In Table II we
show values of qaN( S2) obtained from Table I and of
r)NN('D2 ) obtained from the analysis of NN experi-
ments. ' We find that the agreement is quite good, giv-
ing support both to the assumption of dominance,
among the inelastic AN and NN processes, of the
AN~NN transitions, and to our determination of the
hN parameters. The stronger absorption observed in
the NN system at the highest energy in the table should
be due to the contributions of the process NN~NNm
without 6 formation. The same should happen for the
P3 state.

According to the above assumption, within the
scheme of the two-channel NN-AN system, the values of
the NN 'D2 amplitudes can be used to constrain the pa-
rameters used in the fitting of md observables. It will be
very interesting to have more complete experiments
below 180 MeV to make full use of this scheme, which
seems to be able to provide reliable information on these
AN interactions.
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The energy dependences of the S2 AN and S& NN
phases show certain common features. Both run clock-
wise on the Argand diagram. For NN at low energies
this is a consequence of the deuteron bound state. So
the hN scattering data by no means exclude a 2+ AN
bound state, although the amplitude is very strongly
modified by the absorption channel, as mentioned above.
It should be recalled, however, that the experimental
data at low energies are not complete and that the un-
certainties for the hN parameters are especially large at
low energies due to the finite width of the A. Both NN
S-wave amplitudes pass through zero at c.m. momenta
k =0.18 GeV for I =O,J =1 and k =0.11 GeV for
I =1,J=0. This zero of the phase shift is conventional-
ly assigned to the occurrence of a short range repulsive
core which is probed at distances corresponding to these
momenta. The AN I =1,J =2 S-wave phase shift also
has this tendency. It decreases and has not yet reached
zero at the highest energy of our analysis, which corre-
sponds to k 2=0.4 GeV .

The minimal Skyrme model predicts the same interac-
tion for the I = 1,J =2 hN, the I = 1,J =0 NN, and the
I =O,J =1 NN states. ' Qualitatively, the S-wave phase
shifts of these states show indeed the same tendency.
Soft quantum chromodynamics models are somewhat
more specific. Here the spin-spin interaction between
two quarks due to the one gluon exchange distinguishes
between the different spin and isospin states. ' In a sim-
ple model where the spatial distribution of the quarks
for the N and 6 is supposed to be identical and no polar-
ization and no configuration mixing are taken into ac-
count, the height V(0) of the repulsive core at complete
overlap can be expressed in terms of the AN mass
difference:

NN I =1, J =0; V(0)= —,'(mz —mN);

NN I =0, J =1; V(0)= —76(m~ —mN);

bN I = 1, J =2; V(0)=mz —mN .

The results for the NN channel are in agreement with
the existence of the deuteron I =O,J =1 bound state and
with the later occurrence of the zero of the phase shift
as compared to the I =1,J =0 NN state. One therefore
expects that the zero of the hN S2 phase shift occurs
even at a higher momentum and that a bound state can
form (if the attraction is comparable to that of the NN
channel). So the present analysis corroborates the
above-mentioned simple picture of baryon-baryon in-
teraction.

Furthermore it is interesting that we have not ob-
served a J =1+ (L =O, S =1) b, N interaction (i.e., the
S, b,N state), which, being also an S wave, was expect-

ed to appear among the short-range contributions. Be-
sides observing that this term is depressed by a factor of
3 with respect to the other L =0 wave (the contributing
Sz interaction), we may note that this S, b.N state can-

not couple to the NN system (the contributing S2 and
P3 states couple, respectively, to the 'Dz and F3 NN

states). Another interesting feature of the S& b,N state
is that a six quark bag of simple configuration cannot be
formed with its quantum numbers. ' This suggests the
possibility that the AN interaction here studied has
something of a six quark bag structure.

The role of AN dynamics in md scattering has been
studied by Betz and Lee in a model in which the hN
interaction is related to the AN~ vertex and the NN am-
plitudes. The parameters for the b,N interaction are ob-
tained using as input the NN phase shifts and inelastici-
ties known from phase shift anaylsis, and the results are
used to predict values for the n.d observables in a model
which excludes the NN~ vertex. The md experimental
data are not so well reproduced as in the present work,
but the relevance of the effects of the AN interaction is
exhibited. Similar to ours, their results show the impor-
tant connection between the S2 AN state and the mNN
system, and indicate small inelasticity in the P3 state,
where we also find negligible absorption.

From the specific point of view of a direct amplitude
analysis of the observables measured in ~d elastic
scattering, we have shown that a modification of
Garcilazo's amplitudes in the P2 and D3 states is
sufficient to produce a very good description of the exist-
ing data. If a few other experiments are made and
confirm the predictions for observables mentioned above,
we may safely consider that we have already obtained a
complete amplitude analysis of this system, which is
strongly supported by a successful combination between
the pure Faddeev calculation and contributions arising
from the AN interaction. A further, and hopefully final,
necessary step should consist on the treatment of the md

system including the full AN dynamics from the begin-
ning, using a consistent and complete set of equations
respecting unitarity. However, the md amplitudes gen-
erated by the solution of such equations are not expected
to present many differences with respect to those we
have obtained. This belief is based on the fact that the
changes introduced in the md amplitudes are actually
small, and a treatment made in first order such as ours is
able to give reliable results.
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