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In this work, we explore the NN~vrNN reaction within a relativistic model for the NN and mNN

coupled systems consistent with two- and three-body unitarity. After describing the theoretical in-

put, we concentrate on some exclusive pp~pnm+ observables. These are compared with the avail-

able data and with predictions from other models. In particular, we examine systematically the

dependence of some spin observables on various components of the dynamical input. We identify

and isolate some problems related to the present approach and we point out possible directions for

future research.

I. INTRODUCTION

Our present work is devoted to the problem of single-
pion production in two-nucleon collisions at energies
where the delta resonance dominates the process (i.e., in-
cident laboratory energy between 600 and 800 MeV).

Pion production from two-nucleon collisions is not
really a new topic. Naturally, the interest in this subject
started with the advent of the first pion producing ac-
celerators. %e can locate one of the earliest measure-
ments of pp ~pn m+ in the mid 1950's, ' followed by
several experiments carried out in the early 1960's.
Theoretical interpretations were given in terms of either
the peripheral model with absorption (above 1 GeV), or
the so-called "one-pion-exchange model" (at lower ener-
gies). The latter overlaps, to some extent, with the Man-
delstam model which, in particular, emphasises the im-
portance of the intermediate 6(1232) excitation. The ear-
ly experiments were mostly conducted in emulsions or
bubble chambers, which usually meant poor statistics; in
particular, the spin observables were hard to measure.
Theoretical models reached a moderate degree of success
in explaining the data, but were quite phenomenological
and thus did not provide a deep insight into the detailed
mechanism of pion production. By the end of the 1960's,
the interest in this subject had gone down.

A renewed interest developed in the early 1970's and
has been continuing since then. The driving force behind
this revival originated essentially from experimental pro-
gress: (i) high quahty andlor intensity nucleon beams be-

came available from the three major meson factories as
well as the KEK and SATURNE facilities (the latter
with beam energies up to 2 GeV); (ii) improved polariza-
tion techniques for beams and target made the measure-
ment of crucial spin observables possible, and (iii) there
was considerable progress in counter experiments detect-
ing at least two particles in coincidence (the energy of one
of the particles being measured), with high statistics over

a wide range of solid angles. This allows a complete
kinematical determination of the three-particle final state.

In spite of this considerable experimental progress, the
present database is by no means comparable to the one
available on the NN elastic scattering and NN~~d reac-
tions. This is in part due to the much larger phase space
to be covered in three-particle final-state reactions. In-
clusive reactions, of the type NN~N(X) and
NN~tt(X), have been measured, ' as well as the ex-
clusive processes pp ~pn tt+ (Refs. 16—21) and
pp~ppm. . ' In each of those experiments, a limited
part of the phase space was investigated, and some mea-
surement of spin observables was performed. In all cases,
the energy range covered the region where the 6 excita-
tion is the prevailing mechanism, and some of the experi-
ments were aimed at extracting information on the Nh
interaction as well. ' '

On the theoretical side, there has been considerable
progress in the treatment of the coupled N¹ NN system
during the last decade. By solving a set of coupled
integral equations [which we shall refer to as the "ttNN
equation" (PNNE}], we are now able to obtain simultane
ously the amplitudes for the process NN ~NN, NN~md,
NN~ttNN, ttd ~md, and md~~. NN. Th.e equations
respect two- and three-body unitarity, and so are ap-
propriate for energies up to about 1 GeV (in terms of the
laboratory kinetic energy in the NN channel), where the
inelastic process is essentially limited to single-pion pro-
duction.

The coupled-channel nature of the equations implies a
very strong constraint on the phenomenological parame-
ters of the model, since the theory must provide a reason-
able description of all the coupled channels simultaneous-
ly, rather than just one specific process. This is an enor-
mous advantage over the earlier models mentioned above
for the purpose of a detailed understanding of the pion-
production mechanism.

When the PNNE was applied to processes with two-
body final state, ' in general a good qualitative and, in
some cases, a good quantitative description of the data
was achieved. Now it is only natural to explore within
the same framework the remaining processes, namely
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those with a three-particle final state, NN ~mNN,
md ~aNN. Notice that these channels can be obtained
directly from "breakup" of the half-off-shell isobar ampli-
tudes produced by solving the PNNE on the real axis.

Already motivated by the ongoing experimental and
theoretical progress, the interest in the NN~m. NN reac-
tion has been further boosted by the possible existence of
dibaryon resonances in the 6 region. The common as-
sumption was that the alleged dibaryons would have a
large inelastic decay width into the ~NN three-body
channel as compared with the two-body channels (e.g.,
md); therefore, the most suitable process for their hunting
was seen in the pion production from two-nucleon col-
lisions.

The first PNNE calculation was performed by Dubach
et al. ;3s the model, already applied to NN elastic scatter-
ing at medium energies, was based on a set of three-
body coupled equations for the NN and the Nb channels
driven by a nonstatic one-pion exchange. In contrast to
the earlier nonunitary approaches (like the one by Man-
delstam and its variants}, the model was able to repro-
duce the general tendency of the data qualititively, but
was not satisfactory in quantitative terms. The same
group then extended the calculation to other observ-
ables, 3 s with various modifications and improvements
(e.g., taking into account short-range effects on the lowest
partial waves, or including the nucleon-nucleon final state
interaction).

Later, Matsuyama and Lee as well as Ueda ' and
Garcilazo performed similar calculations based upon
their own versions of the PNNE. Essentially all those
unitary models are able to describe qualitatively the glo-
bal features of the data, but none of them is quantitative-
ly satisfactory. Also, not all the existing data were com-
pared with predictions by the models: the comparison
has been centered around the multiple differential cross
section and the proton beam asymmetry for the reaction
pp~pnm+, with coplanar final state kinematics and the
neutron as the undetected particle. '

The general quantitative disagreement with the data
may quite well be the reflection of the insufficient NN
spin triplet inelastic strength shown in almost all PNNE
results for the NN~NN and NN~md processes. Also,
the treatment of the 7TN P, &

amplitude, which is re-
sponsible for the mechanism of pion absorption and emis-

sion from off-shell intermediate nucleons, is rather crude
in most of those models. Thus an improvement in this
sector may result in a better agreement with the data.

Mainly those two aspects have motivated us to look
into the pion-production channel; our work is built upon
the model developed by the Lyon Group and applied so
far to the two-body reactions involving the mNX sys-
tem. "

Among the features of our model is the inclusion of mN
interactions other than the (dominant) P33 and the Pii,
which we describe realistically.

Short-range contributions are also taken into account
and they include exchange of heavy bosons in the NN
channel as well as the NA channel. Interestingly, the
model of Kloet and Silbar, by emphasizing the long-
range part of the NN interaction, does obtain a good de-
gree of success in describing the bulk of the pion-
production data, which seems to indicate the peripheral
nature of the process. This is also a rather fundamental
point, which deserves further attention.

This work is subdivided as follows: in Sec. II we re-
view the model used to calculate NN~Nh half-off-shell
amplitudes; in Sec. IIIA, we explain how the pion-
production amplitude is constructed; in Sec. IIIB, we
present and discuss some results for exclusive pp ~pn~+.
Our present conclusions as well as future plans are dis-
cussed in Sec. IV.

II. THE MODEL

A. The scattering equations

The equations for the coupled NN~m. NN system de-
rived by Avishai and Mizutani, Rinat and Thomas,
Afnan and Blankleider, are formally similar to the
Faddeev-Lovelace equations. They are by now well
known and therefore we will not discuss them in detail
here. We limit ourselves to recall that the two-body sub-
systems are assumed to interact via a separable nonlocal
potential and to be dominated by bound states or reso-
nances. Following the Aaron, Amado, and Young
(AAY )

3 procedure, the Blanckenbecler-Sugar (BbS}
reduction allows integration over the relative energy,
leaving a set of three-dimensional coupled equations.
Their final form is

d3 "
T &(p', p, s)=B &(p',p, s)+

3 g J B z(p', p",s)D& '(cr ~ )Tr&(p",p, s),
(2n ) r 2Ep

where E =(p +m )'~ . Ps are the three-body amplitudes and B's the driving terms describing single-particle ex-
change between two bound or resonating pairs; a, P, and y denote the states with a particle and an interacting pair, and
D is the two-body propagator in the three-body Hilbert space in the presence of an off-shell spectator particle. The
function D is obtained directly from m.N scattering theory, assuming the two particles interact in the c.rn. frame via a se-
parable potential

U(p', p) =kg (p')g (p),
where A, is the strength and g the form factor. For this system, the two-body BbS equation reads

1 d 3p" E,(p")+E,(p")
217 ' 2E (p")E (p") '

0 [E,(p")+E,(p")]'—

(2)
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where cr is the c.m. total energy squared. The solution of Eq. (3) is of the form

r (p', p, o) =g (p')D '(o )g (p),
where

E, ( k) +E2( k)
D(o)=A. ' —

3 g (k)
(2m. )3 2E, (k)E2(k) cr —[E,(k)+E2(k)]

(4)

(5)

The two-body interactions, Eq. (4), in the presence of a
third particle (in the three-body center of mass) must be
defined in a Lorentz invariant way, since we are in a rela-
tivistic framework. This is accomplished by expressing
the vertex functions g (p), g(p') in terms of relativistic
relative momenta (instead of the Galilean invariant rela-
tive momenta), as proposed by Aaron.

Finally, angular momentum reduction will cast Eq. (1)
in a convenient one-dimensional form, suitable for practi-
cal solutions.

B. The two-body systems

All the S, and P ~N waves are taken into account, and
parametrized as rank-one separable potentials, Eq. (2).
Following previous work by Larnot and collaborators,
the form factor chosen for the S», S» P&3, and P» is of
the form

(6)gl p p 2+ 2 2+b2
+

p a p

The parametrization adopted for each wave are chosen
so to fit the phase shifts and the scattering lengths and
volumes.

A form factor as in Eq. (6), with B=O, is also used to
reproduce the P33 on-shell behavior. In this case, the
strength A, in Eq. (2) is taken to be energy-dependent to
reproduce the position of the resonance. We recall that
the P33 scattering matrix, on- and off-shell, is written as

t (p', p, o ) =g (p')D '(o. )g (p),
where

D '(o)= 1

cr —M~ I(o)—
(o is the c.m. total energy squared). In the last equation,
I (o ) is the integral appearing in Eq. (5); Mz, the bare b,

mass, is taken to be 1320 MeV. ' The parameters of the
form factor which is chosen for the on-shell case as

()=
2+F2

are then constrained by the m.X —P33 scattering data. A
satisfactory fit to the P33 phase shifts is obtained with
a=218.58 fm ', P =2. 17 fm (corresponding to about
300 MeV for P, a very "soft" form factor).

The P» partial wave is parametrized as proposed by
Mizutani et al. . Here, we just recall that one writes the
total amplitude as a sum of two contributions, the "pole"

and the "non-pole" part, and the energy-dependent ver-
tex function for the pole part is obtained by dressing the
~NN vertex and the nucleon propagator to take into ac-
count the virtual pion emission and absorption.

F(p) =U (k)
h (p)
h(k} (10)

where k is the center of mass momentum for on-shell m-N

scattering, defined by

)( 2+k 2)1/2+( 2+k2)1/2)2

and h (p) a new form factor to be chosen. Typically, we
take a monopole form for h (p)

and a value of 800 MeV for the cutoff mass F33. The
choice of this parameter is however rather delicate, as
shown later in this section.

In a similar fashion, we perform off-shell modifications
on the P» (pole and nonpole), with a monopole form for
h (p) and a value of 1.2 GeV for the cutoff mass. '

When working within the intermediate energy range,
the NN partial waves bearing most of the available inelas-
ticity are 'D2 and F3, since they couple to very central
Nb, states through the transitions NN('D2)~Nb( S2)
and NN( F3)~Nb, ( P3), respectively. Concerning the
inelasticities in these waves, a common tendency of the

C. Off'-shell nature of P33 and P»

As we are studying the channel which contains most of
the NN inelasticity, we have been particularly concerned
with the major source of inelasticity in this energy region,
namely the 5 resonance. Within the mNN three-body
framework, this amounts to choosing a model for the
"off-shell" n.N —P33 vertex which actually describes the
mechanism of pion production through isobar dissocia-
tion. Here, we have tried to investigate the "off-shell
freedom" resulting from the fact that the mN scattering
data cannot constrain the off-shell behavior.

In fact, when the form factor Eq. (9) is used for "off-
shell ~N —P33 scattering, the applied cutoff turns out to
be too strong (i.e., the associated range too long) which
naturally results in a substantial underestimation of pion
production.

As a remedy to this problem, various prescriptions are
available from theories of off-shell continuation of the ~N
scattering matrix. One way, already used in NN~rrd
calculations, consists in defining a new form factor
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FIG. 1. Variation of the 'F3 phase parameters with the cutoff mass of the off-shell ~X-P33 vertex: A.33 0.7 GeV (dotted line),

f33 0 8 GeV (solid line), A.3 3 0.9 GeV (dashed-dotted line), and A, » = 1 .2 GeV (dashed line) . Data from Amdt et al. (Ref. 43).

existing models can be observed; for 'D2, a rapid decrease
(or, at least, saturation) of the inelasticity is seen above
700 MeV (laboratory energy) in disagreement with the
phase shifts analysis. As far as F3 is concerned, the
inelasticity is generally insulcient everywhere.

Some comments are due here concerning the model by
Kloet and Silbar (KS), since it does not share this ten-
dency. Actually, the inelasticity parameter is highly
overestimated for 'D2 and only slightly so for F3 (below
1 GeV) while the phase shifts are unrealistically large.
Notice that a reasonable inelastic strength in the triplet
channel together with an overly strong singlet may imply
that the relative singlet/triplet strength remains prob-
lematic. We recall that the KS model involves rank-one
separable potentials for both P&& and P33 (no other nNin-.
teraction is allowed). Moreover, the same parametriza-
tion is adopted on- and of-shell, while we perform off-
shell modifications as explained above, Eqs. (10—12).
Therefore, we were concerned with understanding which
mechanism can produce such a large inelasticity within a
similar but somewhat simpler model. When comparing
our results with those from the KS model, one must keep
in mind the following: our model includes only one of
the two possible time orderings in the Feynman pion
propagator, but this can be compensated by the off-shell
modifications with harder cutoffs. In trying to reproduce
the KS results, we then noticed the following: the overes-
timation of the inelasticity, especially in D2, was to a
large extent re1ated to the choice of the 77%-P» vertex —in
particular, the lack of attraction typically produced by a
rank-one (pole part only) potential. Therefore, it seems
that both P33 and P&& do control the physics of pion pro-
duction; moreover, a substantial and realistic improve-
ment of the inelastic parameters in the critical partial
waves cannot be simply achieved within a rank-one po-
tential model for the P33 Increased strength in the P33
can in principle be obtained by controlling the range of
the form factor, but a corresponding over-attraction in
the real phases is hard to avoid. This is seen in Fig. 1,
where we show the sensitivity of the F3 phase parame-

ters to the cutoff mass A, 33 of the off-shell form factor, Eq.
(12). Even though this tendency may be somewhat less
pronounced in some models, none of them is immune
from the typical underestimation of the triplet inelastic
strength; thus the problem, which most likely originates
in the complicated off-shell structure of the meson-
baryon vertex, remains open.

The effect and relevance of the off-shell freedom on
pion production are discussed in Sec. III.

D. Short-range contributions

We now discuss how short-range forces are included in
our model. The three-body equation generates isobar
amplitudes on iteration of the one-pion-exchange driving
terms, which represent the long range part of the nuclear
force. Any other contribution (potential) is independent-
ly evaluated and added to the driving terms.

The short-range contribution to the NN interaction
comes primarily from the co, p, and cr bosons (the g, 5,
and P mesons play only a small role). The one-boson-
exchange potential (OBEP) is defined as a sum of one-
particle-exchange amplitudes of certain bosons with
given mass and coupling. Thus,

VOBEP
a=q, p, co, b, a

VOBE
a

which is then added to the one-pion-exchange amplitude.
A form factor of the type

A —m

A +(q' —q)
(14)

is applied to each meson-nucleon vertex, with the cutoff
mass A and n as free parameters (see Table I). Our pa-
rameters are in good agreement with those used by the
Bonn group.

Besides the exchange of heavy mesons between two nu-
cleons, one-boson-exchange involving an isobar can also
occur. (We will limit ourselves to the case of a P33 iso-
bar, given its dominant role).
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TABLE I. Meson parameters used for one-boson exchange.

m. (MeV)

570
782.8
769

g /4m

7
22

0.7(6.1)'

A (MeU)

1300
1650
1400

a

'The tensor/vector ratio of the p coupling constants, f/g, is

given in parenthesis. For the co this ratio is assumed to be zero.

g2
2 & mnh 2 P

~ pNLL ~2 gpNN
~ mNN

with

'2 2

1+ fPNN
7

gpNN

V =V +V

For the pNA coupling constant, the quark model pre-
dicts

2 =72 2 (18)
The selection rules substantially reduce the number of

bosons which can be exchanged in those diagrams: hav-
ing the nucleon isospin —,

' and the 6 isospin —,', only an
iso-vector boson (T= 1) can be present at the aNE ver-
tex, namely the pion and the p (besides the scalar 5,
which we shall not consider).

To evaluate the contributions VNa and Vaa, the pro-
cedure we adopt is to simply include the p along with the
pion in the three-body calculation. One writes the pNN
and the pNb, (potential theoretic) vertices exactly as the
corresponding vertices with the pion, and sums over the
two possible values of the spin of the pN pair ( —,

' and —,').
The thus constructed potentials are then added to the
corresponding pion-exchange terms, to give the full NA
and hA transition potentials

and

g2 — 2
& mNN 2~ g nNN

I

(19)

(gp&N and fp~z/gp~~ are given in Table I.) At the pNE
vertex, a cutoff as in Eq. (14) is applied, with n =2 (a di-
pole form factor is required to suppress the high momen-
tum component at the vertex in the case of a vector
meson) and A =1000 MeV.

The parametrization adopted (Table I) was chosen so
to achieve a good fit of 'D2 (Fig. 2); actually, a satisfacto-
ry fit of this wave was first obtained with the inclusion of
heavy-meson exchange in the NN channel only, and then,
after including the pNA contribution, the parameters

VNa VNa+ V4 ~

20

(a)

(15)

t

(b)

10

~ ~

—10
0 02 0.4 0.6 O.B l

lab energy ( Gcv )

0.50 I

0 02 0.4 0.6 O.B
lab energy ( GeV )

(c)

--10

~ ~~ ~

—QO

0 02 0.4 0.6 O.B 1

lab energy ( GeV )

0.50 I . I

0 02 0.4 0.6 O.B
lab energy ( GeV )

FIG. 2. Phase shifts and inelasticity parameters for D2 and I'3. Solid line with, and dashed line without short-range contribu-

tions. Data from Amdt et al. (Ref. 43}.
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were readjusted so to regain the previous fit of 'D2. In
conventional low-energy NN models, a large effect is
observed by applying this "refit" procedure to the S
waves at low energy. Presumably, a more careful study
of the p parametrization is needed: for instance, choosing
to fit D2 to begin with may already prejudice the analysis
against the lowest partial waves. In other words, the net
effect of a heavy meson, since it is introduced up to a cer-
tain extent phenomenologically, does depend on one' s
reference point in defining the effect itself (we do not per-
form a global' fit).

Notice that for most mNN theories, it is especially
difficult to reproduce quantitatively phase shift analysis
results for the P waves, typically showing insufficient
repulsion above 500 MeV in P, and Po. The procedure
adopted by Lee of using a subtracted Paris potential
reduces this tendency, but a lack of repulsion at medium
energy can still be observed. The behavior of the P waves
in the inelastic region is characterized by the fact that the
coupled Nh channels are also in a relative P wave, so
that the NN and Nb intermediate states should be equal-
ly important. In the mNN models, the two-baryon inter-
mediate state is represented by a spectator nucleon and
an interacting pair [the isobar —see Eqs. (4) and (5)]. The
resulting structure of the NN propagator in the mNN
framework, and its different energy dependence (as com-
pared with conventional two-body NN models), does in
fact contribute to the typical attractive tendency of the
predicted NN P waves. In particular, the phase intro-
duced by the self-energy diagram seems to disturb these
waves, which are in fact better reproduced (as far as the
real part is concerned) by a simple OBEP model. On
the other hand, an accurate description of these waves is
essential to correctly predict elastic NN observables.
Ideally, one would like to describe equally well elastic
and inelastic processes, but this turns out to be a very
difficult task and has not yet been achieved. Some realis-
tic NN models which rather carefully describe the low
energy NN data, do not do much better above the pion-
production threshold than potential theoretic ap-
proaches. ' This could signify (as we tend to believe)
that the problems go beyond the choice between a field
theoretic or a potential theoretic, separable ansatz.

Presently, it may be safer to suspect that the models for
higher energy have not yet been worked out as carefully
as for the low-energy regime, rather than a general limi-

tation of all meson models.

Ipt) rrtt

p) mt—ps) rA~

I
ps) ms —p, m2

FIG. 3. Schematic representation of the 2~3 body ampli-
tude. The underlying time axis is horizontal, pointing left into
the future.

III. THK PION-PRODUCTION CHANNEL

A. The pion-production amplitude

The NN ~mNN reaction has been studied rather inten-
sively in the past few years, but still not exhaustively. Be-
cause of its much richer final-state phase space, the 2~3
body unbound process is technically more difficult to
handle, theoretically as well as experimentally. As we
discussed in the Introduction, a growing interest is devel-
oping around this process (for instance, the database is
rapidly expanding), ' ' as it knowledge is indispensable
for a detailed understanding of the NN inelasticities.

In this section, we describe how the production mecha-
nism is incorporated in our model; we will concentrate on
exclusive processes (kinematically complete experiments).

For the reaction we are studying, the initial channel is
always a two-nucleon state on-shell; therefore, we solve
the integral equation, Eq (1), for half-off-shell isobar am-
plitudes (the final state being off-shell) describing the pro-
cess NN~Na (a is the isobar label). The subsequent
isobar dissociation is then calculated from these ampli-
tudes, as schematically described in Fig. 3. In the figure,
p& and p3 are the momenta of the final nucleons, and p2 is
the pion momentum (the proton or the neutron can be at
the breakup vertex, depending on the charge of the iso-
bar).

The LSJ projections of the isobar amplitudes are then
summed over to provide the (two-body} spin amplitude.
Choosing the quantization axis along the incident direc-
tion, which we take to be the z axis, we obtain

(m', mz, p3ITlm„mz, p) =
L, S,L', S',J

1/2

I

( —,', —,', m &, mz IS,y ) (L,S,O, yl J,y ) ( ,',s,m 2, m
'—IS',y') (L',S',p', y'I J,y )

)( )
2L+1 (L' S J p3ITIL S J p) . (2O)

(21)
m

After summation over the spin projections, m, the prod-
uct of the plane-wave amplitude, the isobar propagator,
and the breakup vertex provides the 2~3 body spin am-
plitude

T23 (m
1 m2 p) p21 Tlpm &m2 )

= g (p, , m', la, —p„m' )R(cr„)T~
(2)r )'I T„I', d'p;

(22)

with 7 & as in Eq. (20}, and o the invariant mass of the
isobar.

The full (ninefold) diff'erential cross section equals, up
to phase space and Aux factors, the square of T23-.
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where F is the invariant flux (in the laboratory system,
F =p&,bm). Actually, only five variables are needed to
fully specify the final state, given the energy-momentum
conservation relations expressed by the 5 function.

As is usually done in the case of two charged particles,
we choose to specify the proton and pion directions and
the proton final momentum; the remaining variables will
be formally integrated over, giving the fivefold differential
cross section.

Asymmetries can be expressed in terms of differences
of polarized cross sections.

40
800 MeV

0

04

~ ~ ~ Og
~ j

pi, b ( Gev/c )

B. Results and discussion

In what follows, the two specified angles (6)~, 0 ) refer
to the outgoing proton and pion, respectively, in the labo-
ratory system, and are located in the scattering plane.

First, we concentrate on understanding what are the
major contributions to the differential cross section. Nat-
urally, we expect the inefficiency of the predicted inelasti-
cities in the major singlet and triplet to reflect itself in the
cross section. This is fully confirmed by Fig. 4, where the
cross section is compared with the data' for two
different kinematical situations, and where the solid
curve is obtained with our standard model as described in
Sec. II, with off-shell modifications for the P&& and the

P33 (cutoff of 1.2 GeV for the pole and nonpole parts of
the P» and 0.8 GeV for the P33).

A check of consistency can be performed by looking at
the same quantities in other models ' in relation to the
predicted inelasticities. As mentioned above, the KS
model substantially overpredicts 'Dz (about 70' for the
inelasticity parameter at 800 MeV, against 25' from the
phase shift analysis); the triplet F3 is also above the ex-
perimental value, but not as much (and it is slightly un-
derestimated above 1 GeV). On the other hand, their
differential cross section is not drastically overestimated;
for certain forward kinematical configurations, as the one
considered in Fig. 4, it is actually only slightly over-
predicted. This raises the question on the relative im-
portance of the singlet and the triplet at this energy, or,
in other words, if and where the triplet starts to dominate
the cross section. We will come back to this point later
in this section.

The smaller rise of the data at low momentum, due to
final state interaction (FSI), is not predicted by our mod-
el, as we do not perform any FSI correction. While this
effect is essential to describe all the features of the cross
section, the off-shell mX physics, which is of interest to
us, is reflected in the b -dominated region (right peak).

To better establish the correspondence between the
major inelasticities and the size of the predicted cross sec-
tion, we have performed some variations of the model.
For the dashed curve shown in Fig. 4, we have used a
rank-one P» (pole part only) with an energy-independent
monopole form factor (cutoff of 1.2 GeV), as in the
Kloet-Silbar work. We have kept our model for the P33
as well as the off-shell modifications but have
"artificially" increased the inelasticity with a cutoff of 1.2
GeV for the P33 (a value of 0.8 GeV is used for the solid
curve). %'e recall how this choice creates attractive side
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FIG. 4. Predicted pp ~pn sr+ cross section obtained with our
model {solid line) and variations thereof {dashed and dashed-
dotted line) as explained in the text. Data from Hancock et al.
{Ref. 16).

effects (see Fig. 1). The inelasticities in 'Dz and F3 cor-
responding to the dashed curve in Fig. 4, in terms of g,
are 0.40 and 0.73 respectively (the values from the phase
shift analysis are 0.65 and 0.66).

The dashed-dotted curve in Fig. 4 is obtained as above
but with an off-shell cutoff of 1.5 GeV for the P» (such a
large cutoff mass, used in a rank-one P» potential, con-
siderably reduces the attraction on the NN P waves,
since the two-pion exchange diagram becomes more
repulsive).

We notice that the overestimation of the inelasticity in
D2 does not imply a similar overestimation of the cross

section. We must also mention that, in achieving larger
inelasticities, a strong attraction has been produced:
5('D2) is about 20' at 800 MeV. This is a behavior rather
similar to that found by Kloet and Silbar, as discussed
in Sec. II C.

Moreover, we notice that the model for the P&] seems
to strongly affect the inelasticity in D2 (in favor of a
rank-one potential, namely a less realistic description of
the P» ). To investigate the sensitivity of the results to
the P„description, a study of pion production in
proton-neutron collisions would certainly be more suit-
able; there, production in isospin zero channel, (although
expected to be small), comes into the picture, and there-
fore production through a P» wave becomes more expli-
cit. It is then possible that a more consistent treatment of
the P& &

would produce substantially different results than
those by Kloet and Silbar. This has not yet been investi-
gated by our group.

Next, we show how the clear underprediction of the
solid curve in Fig. 4 is seen in other kinematical
configurations (which correspond to smaller cross sec-
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tions) i.e., (Fig. 5). As less production occurs, the model
does better at reproducing the experimental production,
as seems reasonable: the cross section is basically "back-
ground" in the sense that the isobar is not at the reso-
nance. For these cases, the modified models tend to over-
predict the cross section.

We stress that a simple scaling of the cutoff mass can-
not be expected to produce a systematic improvement:
indeed, if the problem is in the lack of strength of a par-
ticular partial wave or spin state, the relative strength (of
various partial waves with respect to each other) would

not be consistently altered by this manipulation.
Remaining on the question of the relative importance

of 'Dz and 3F3, notice that the effect on the differential

cross section from omitting the major triplet wave is

strikingly larger than the one obtained from omitting D2
(Figs. 6), even though the predicted inelasticity for the
latter is numerically larger, at 800 MeV. So, it appears
that, at this energy and for typical exclusive kinematics,
production from a Nh channel in a relative P wave is the
preferred mechanism (we performed the same test at
some lower energies and found that, below 700 MeV, 'D2

still dominates the cross section).
If the behavior of the cross section can be easily under-

stood, the same cannot be said for the beam asymmetry

Arvo which depends sensitively on relative phases between
different amplitudes. It is therefore of crucial importance
that the phase information of each amplitude is treated
correctly.

From Fig. 7, we observe a reasonable agreement with
the data at low proton momentum; the model, however,
fails to follow the rise of the data in the high momentum

part, where the theoretical curve shows no or little struc-
ture. For certain kinematics, a general qualitative ten-
dency to follow the data is observed (Fig. 8). We point
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FIG. 6. Effect on the differential cross section at (14.5', 21')
of omitting (a) 'D2 (dashed line), or (b) 'I'3 (dashed line).
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FIG. 7. Beam asymmetry as predicted by our standard model
for two different kinematical conditions. Data from Hancock
et al. (Ref. 16).
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out that no relevant change in the structure of the spin
observables was obtained by the same modifications as
performed in Figs. 4—5.

To better understand the structure of the polarization,
we have compared AND with Ao&, the target asymmetry
(Fig. 9): clearly, Azp= —Ap" in fact, it can be shown
that if these two spin observables are only due to the in-
terference of two partial waves of opposite parity the
equality is exact. The approximate equality of our pre-
dicted Azo and —Aoz suggests that we are looking at
quantities controlled (within the present model) by the in-
terference of two major amplitudes both of which lack
strength; naturally, one immediately thinks of the major
singlet and triplet waves, 'D2 ~ S2 and F3~ P3. A
similar correlation between the lack of inelasticity in the
triplet channel and the quality of the predicted longitudi-
nal asymmetry, hcr L, can be observed.

The structure of the asymmetry in the absence of the
major singlet or triplet wave (Fig. 10) may provide some
insight on how different spin states contribute to this ob-
servable. Since a small but positive asymmetry (in the
high momentum region) is seen in the absence of Dz, it is
possible that the flat 3~0 of our result indicate the lack of
triplet strength as compared to the singlet. We recall
that other studies of pion production (within the Deck
model) ' ' have attributed the failure to reproduce some
spin observables to an underestimation of the triplet
waves.

Next, we show how short-range contributions, which
are, of course, expected to affect mostly the central
waves, seem to play a minor role (Fig. 11). The cross sec-
tion is slightly reduced, consistent with the fact that the

1 I
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FIG 10 Effect of the beam asymmetry at {145 21') of omit-
ting (a) 'D2 (dashed line) or (b) 'F3 (dashed line).

inelasticities are reduced by the inclusion of short-range
forces, and no significant change in the structure of the
asymmetry is observed. Recalling our discussion of Sec.
IIB, the above statement could be model dependent
(namely, depending on how short-range contributions are
introduced and how mild/strong the effect is); therefore,
we have performed a more drastic test, by totally omit-
ting the lowest partial waves (Fig. 12); while the cross
section increases, indicating perhaps that the central
waves interfere destructively with higher J amplitudes,
still a rather small effect is observed on A&0.

Finally, we show our predictions for some spin-spin
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short-range contributions (dashed line) and without (solid line).

correlations (both beam and target polarized) —see Figs.
13 and 14). Unlike for A&0, some qualitative similarity
can be observed with the corresponding predictions by
Dubach et al. , (for instance, the large and negative
ANN }, which may suggest less model dependence of these
observables.

Depending on moduli squared of amplitudes, with op-
posite sign for singlet and triplet initial states, the ALz
parameter is quite revealing. Notice the large values of
ALI (Fig. 14) in the absence of either 'D2 or F3. The ex-
pression for AIL contains the difference of two cross sec-
tions with initial spins parallel and antiparallel respec-
tively; the fact that in the absence of I'3 ('D2) ALL is
close to —1(+1) is then an indication that cr(L,L)
=o( F3) and o(L, L)=o('D2). —

In general, not enough can be said on where the models
go wrong by looking at the Hancock's representation of
the data, ' since it is not clear how to physically interpret
the structure of certain observables (for instance, the rise
of Azo at high momentum).

In the above, we have nevertheless tried to analyze
critically the major ingredients of the model; in doing so,
we were able to identify some typica1 features, as well as
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FIG. 12. Effect of the beam asymmetry and the cross section

at (14.5,21 ) of omitting the lowest partial waves (J=0,1)
(dashed line).

FIG. 14. Effect on A«at (14.5', 21') of omitting 'D~ (dashed
line) or 'F3 (dotted line).
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deficiencies. Before attempting further predictions, we
believe we can draw some definite conclusions from the
present work, which are suggestive of a possible way to
proceed.

IV. CONCLUSIONS

In this work, we have been concerned with a relativis-
tic unitary model for the NN and the mNN system. Our
model is conventional in the sense that it involves only
known mesons and baryons together with effective
meson-baryon interactions. In particular, we have exam-
ined exclusive m. + production from the NN system with
the goal of further understanding and constraining our
theoretical input and achieving some insight to what con-
trols this mechanism.

From our analysis it seems that the pion-production
process is dominated by the 'D, and 'F, partial waves.
In particular, sufficient inelasticity in those two waves
guarantees a reasonable prediction of the differential
cross section (even when better inelasticity implies less
realistic real phases). However, the same does not apply
to A&0, which seems to be controlled by a delicate inter-

play of spin states, rather than being dominated by a par-
ticular partial wave.

A definite conclusion we may draw from our results is
that short-range effects do not seem to play a very crucial
role in describing pion production. Yet, even though
consistent with previous findings, ' the above could be
a model dependent statement; in other words, a more
careful parametrization of the short-range forces (so as to
achieve more realistic S and P wave) may result in a
somewhat different conclusion.

It appears that a major aspect of the model needs fur-
ther study, namely, the way the inelasticities are taken
into account (i.e., the model for the 6 resonance). There-
fore, at the present time, one facet of our research is de-
voted to whether some of the problems can be solved
through an improved model for P33 (keeping in mind a
realistic description of the P&i ). In this respect, a possi-
ble solution has been put forth in the use of a higher rank
potential representation for the P33 namely, the intro-
duction of a nonresonant background interaction in addi-
tion to the commonly used 6-pole part. In fact, our pre-

liminary results in this direction show a consistent and
significant improvement of pion-production observables.
While this would probably not settle every open question,
it may be an indication that our present difficulties in
describing inelastic processes are due to limitations of the
models rather than to a general failure of meson-baryon
theory to explain the NN data above pion-production
threshold.

The new data on exclusive m+ production ' will be of
great help in constraining the models. They should pro-
vide more concrete information on the partial wave con-
tent of the pion-production process, since they bear a
direct relation to the NN~N5 transition, which dom-
inates the physics.

Also, the data on np ~mr+(X) of Kleinschmidt et al. '

are of interest: an attempt to describe these data in a per-
turbative approach' has shown serious problems, indi-
cating some missing physics in the np channel. This will
be a next step in our pursuit.

We emphasize that no model is, so far, in better than
qualitative agreement with experiment for the
NN~mNN reaction. At the present time, it appears
reasonable to attribute the problems to a large latitude
left in the meson-baryon models. Other limitations in
today's models, besides the description of the m.N input,
are more "intrinsic. " For instance, the ways we imple-
ment relativistic kinematics and the form of the meson
propagator do introduce a certain arbitrariness and/or
model dependence.

This work, by extending the model to the breakup
channel, has basically set up the tools for a parallel or
unified study of the two- and three-body NN reactions.
This type of study will present a stronger constraint on
the theoretical input and we hope it will bring the model
to its full degree of maturity.
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