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The large variety of experimental data around the pion-production threshold are compared with a meson-
exchange isobar model which includes the pion-nucleon interactianand p waves. Theoretical results
obtained with two differenNN potentials(Bonn and Parisindicate that the behavior of the excitation function
at threshold is sensitive to the details of th&l correlations. The complete model presented, while developed
originally to reproduce the reaction around theesonance, is shown to describe well the inte¢€adulomb-
correctedl cross section at threshold along with its angular distribution. At low energies the angular depen-
dence of the analyzing powéy,, is well reproduced also. Finally, the energy dependence of the analyzing
power for§=90° from threshold up to thA resonance is considered and discusgd556-281®8)02910-0

PACS numbgs): 25.40.Qa, 13.75.Cs, 24.70s, 25.10+s

[. INTRODUCTION nated by the much larger isovector component of #é
s-wave amplitude. The corrections to this leading mecha-
Pion production in nucleon-nucleorN{N) collisions at  nism due taNN (heavy-meson exchangand =N (off-shell)
energies near threshold has attracted a large amount of integerrelations, became a main issue of debate. First, a great
est in recent years. This interest was triggered by consideemphasis was put on the role of heavy-meson exchange dia-
able advances in experimental technigleg] which gave a  grams, since half of the strength has been ascribed to these
pp— 7°pp cross section surprisingly larger than what wasprocesseg9]. A critical reanalysis reduced the effects of
predicted by the established threshold thel@}of the #N  heavy-mesorNN correlations[10], and found thas-wave
s-wave interaction. In order to explain this discrepancy, amultiple-step mechanisms with intermediate isobar excita-
mechanism employing the short-range components of phdion have an important role even at threshold. The full inclu-
nomenologicaNN potentialg 4] was introduced to give suf- sion of all these effects actually gave awerestimationin
ficient enhancement in the cross section at threshold in termsp— 7 *d. In addition, it was observeld 1] that the heavy-
of NN contributions to the axial charge operator. This effectmeson exchange currents are not so large for phe
has been recast in terms of explicit heavy-meson exchanges #*np and pp—=*d reactions. The smallness of the

and virtualNN pair formation in irreducibleNN production ~ heavy-meson exchange mechanisms in this latter channel has
diagrams in the framework of the one-boson-exchang®een independently confirmel@]. A significant increase
theory[5]. In both cases, short-rangéN correlations have (50%) in the cross section was found by inclusion of the
been advocated. However the same effect has been explainefi-shell structure of the isoscalarN amplitude[12], while
also by resorting solely to the properties of thdl correla- the isobar effects in near threshold were not considered.
tions, and in particular to the off-shell structure of thé\ Except Ref[10] which does includg@-wave mechanisms,
isoscalar amplitudg6]. These off-shell extrapolations enter all the remaining studies deal solely withwave pion pro-
in the pion G&-wave rescattering diagram, and as a conse-duction mechanisms, howevgr-wave mechanisms must
guence, the link between the magnitude of the threshold pracome into play, at a certain stage. Such mechanisms have
duction cross section and theN scattering lengths is less been advocated for the deviations from the data seen in the
direct and cogent than what is expected from earlier calculapp— w°pp reaction around »=0.4 while for the
tions following the on-shell formalism of Reff3]. A second, pp— 7" d reaction deviations already occur aroune-0.2
independent calculatiofi7] analyzed critically some com- [8] (# is the c.m. momentum of the pion, in units of pion
monly used approximations and employed a realistic mesormasses On the other hand, it has been observed previously
exchange model for therN T-matrix, with significant dif- [10] that major changes in the importancesaeivave mecha-
ferences in the off-shell extrapolations. However, the effechism at threshold may have dramatic consequences not only
proposed in Ref[6] was confirmed but reduced in size, in- at low energies but also nearby theresonance peak if one
dicating that the correct explanation, most likely, lies in be-looks at the polarization observables, e, where the
tween the two N and 7N) effects[8]. interplay betweers- and p-wave mechanisms provide the
The debate on the missing strength in thp— #°pp  main structure for the observable. Global analyses from
cross section at threshold soon inflamed contiguous reathreshold up to the isobar resonance have a greater value, but
tions, and in particular thpp— 7" d one where most of the are also much more difficult.
data had been accumulated. In this case, the threshold rescat-The aim of this paper is to study the properties of the
tering mechanism includes charge exchange and is dompp— m*d reaction in the energy region where thevave
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mechanisms become relevant, and show that it is possible to
reproduce the bulk result;cluding spin measurementor

the reaction from threshold up to th® resonance with a
simple model includings- and p-wave mechanisms. As has
been established, the irreducible heavy-meson diagrams have
a small effect in this particular channel and therefore we do
not include these diagrams. In the present analysis, pion pro-
duction in thes wave is based principally on the isovector-
dominated rescattering mechanism triggered bysthe 7N
p-exchange diagram, while thiewave mechanism is domi-
nated by the establishefl-rescattering diagram. Only the
standard corrections from theNN vertex interaction(in

both p ands waves have been considered here.

We cannot insist upon the simultaneous reproduction at
threshold of bothwN scattering data and-production data
from NN collisions. The debate on this point will eventually
be settled amongstN off-shell correlations, role of explicit
A degrees in two-baryos-wave mechanisms, and perhaps
smaller contributions from irreducible heavy-meson ex-
change currents. Our calculations do not include such effects.
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We must note, however, that even in tksgmplified model,

a large sensitivity was found with respect to the nucleonic £ 1 schematic diagrams of the mechanisms included within

potential employed. In other words, care must be exerciseghis analysis. The upper diagram describes thavave A-
with respect to the detailed treatment of twnventional NN yescattering mechanism; the middle shows the diredN mecha-

correlations calculated within a distorted-wave impulsenism; and the lower diagram describes the inclusion of 4
approximation-type framework. Occasionally this sensitivity s-wave interaction. For all mechanisms, tRé&\ correlations in the
has been acknowledg€@,9], in other cases it has been ques-initial state are described with the oval on the left, while the deu-
tioned [8], but whether it maskgpartially or totally) any teron wave function in the final state is represented by the semioval
signal of finer effects in the threshold cross section should ben the right.
clarified once and for all. Another aspect of concern should
be the sensitivity with respect to the cutoff of theN ver-  case. Obviouslys-wave m-production mechanisms play an
tex in thes-wave rescattering diagram. There is a generaimportant role also inpd collisions, and therefore it is of
acknowledgment that the cross section is sensitive to thgreat importance to consider the simultaneous effect of both
value of this cutoff, especially thep— 7d cross section. components.
Choices range from a soft cutaffay, below 800-900 MeV
[8,10,11,13), to a hard cutoff(above 1500-1600 MeV
[7,9,14)), and something in betwegri250 MeV[6]). With
respect to the reported cutoff values, one should add that in We have calculated the following expression for the
Refs.[9,14] the isovector amplitude was generated explicitly production/absorption amplitude:
by p-mediated mechanisms, and this allowed the use of
harder7NN cutoffs. In particular, in Ref[9] it was set to
infinity. This sensitivity adds a further difficulty to the dis-
entanglement of any smal-wave correction in thepp  Where|ad) and(NN")| describe the pion-deuteron ahd
—a'd case. channel states. The pion-deuteron state is assumed as free
The present work originated in the necessity to provide di-e., asymptotig, while theNN state represents a two-body
tested model for pion production/absorption which includesscattering wave with incoming boundary conditions. Proper
the So|ep_Wave an$_wave mechanisms and is Sufﬁciently antisymmetrization with I’espeCt to the nuc|eoniC Coordinates
simple but phenomenologically constrained for the extensiofas been taken into account. The absorption mechanisms
to few_nuc|eon Systems in the energy range from piorponsidered in the Ca|Cl.J|ati0n are SpeCified by the .deta.”ed
threshold up to region around the isobar resonance. It hairucture of the interaction operatgrand are schematically
been shown already that the bapisvave mechanisnwith illustrated in Fig. 1. _ _
explicit allowance of theA resonance when tested at the ~ The diagram on top of Fig. 1 represents theescattering
level of the two-nucleon collisions, can be successfully em/Mmechanism. It has been calculated starting from the nonrel-
p|oyed for the description Of the reactiqﬂd_) 7T+t around ativistic #NA interaction Ham||t0n|a.n denSIty
the isobar resonandd5]. However, a study of the spin ob- ;
servables at this enerdy 6] indicates that smaller compo- _laNA 2 e 2 2
nents from other mechg{ay;lisms play an important role. I\Blore- Hana(r)= m,. (S V) (Pr(r)-T). @
over, with the solep-wave mechanisms calculated in Ref.
[15], the pd— 7"t cross section decreases too rapidly with Another necessary ingredient for the determination of this
respect to the data in moving from tlleresonance towards mechanism is théAN-NN transition interaction, which has
threshold. This is similar to what occurs in tipg— 7" d been obtained17] from the - and p-exchange diagrams

Il. THE THEORETICAL MODEL

A=(NN)| A|7d), (1)
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Vaa= (VI +VEO(TT - 7)), (3)  nucleond18]. The contribution specified by the operakoy
is usually referred to as the Galilei-invariant recoil term and
with acts on the nucleonic coordinates to the right and left accord-
ing to the definitionV = (V — V)/2.
Via= - fWN:] (8- Q)02 Q) ~ The mechanism on bottom of Fig. 1 includes the addi-
p tional contributions due to the-wave =N interaction, and
1 1 represents &N rescattering process specified by the follow-
% + , (4)  ing K-matrix structure:
202 202+2m,(My—M)
2 - -
prN pNA KWN:_m_qT[)\O—’_)\pgp(q)(tw'T)]' (7)

P
VNA_

L= (S xQ)(02,xQ)
P Such an interaction includes both isoscalar and isovector
1 1 } components. The former is originated by the phenomeno-

X 2_w‘2)4F 2w§+2mp(MA— M) logical Hamiltonian density

foanf . . e el A 7\0 . -
—({T LIS (@ P) = (31 Q) (8] x Q)] HO un=— [ D) B ()], ®
1 1 and represents pion rescattering without charge exchange.

(5 For the latter, which describesN scattering with charge
exchange, we have adopted themeson exchange model

L2 ) wherein the interaction is entirely given in terms of the
In these expressiond) represents the baryon-baryon exchange contribution. In this casg andg,(q) are defined

transferred momentuna; and denot(::‘ the Fiauli matrices for by the relevant parametefsoupling constants and cutoffs
the nucleonic spin and isospin, whieand T are the corre-  of the p-exchange vertices,

sponding generalization to the nucleon-isobar transition. In
Eqg. (2) the baryonic density has been omitted for brevity, fomnfonn M

2
while the pionic isovector field is denoted Iy, (r). The P8 m2 ©)
nucleon, pion, angh masses are indicated wit¥l, m_., and
m,, respectively, whilew,, and w, represent the relativistic and
energy of the two mesons. These contributions include spin-
orbit and other relativistic corrections to the transition poten- o m,
tial [13,17). At each meson-baryon coupling, form factors of 9,(q)= m2+q?
the monopole type are introduced {— m?)/(A2+ Q?) with .
the exception of thepNA coupling, where a dipole-type These contributions have been discussed elsewli&d9
form factor is assumed. In th&AN exchange diagrams we and the specialized pion-absorption matrix elements have
have taken into account th®N mass difference in an ap- been derived in Ref14].
proximated way[by considering the form @2+2m(M, In calculating the production/absorption mechanism the
—M) instead of the exacta(M,—M + w) term], since in  unitary effects in therN system have been taken into ac-
this case analytical expressions in partial waves could beount through the Heitler equation. Such effects have been
obtained. Relevant expressions in partial waves have beeronsidered in the framework of pion-nucleon scattering, e.g.,
given elsewherg13,14 and are not reproduced here. Fi- in Ref.[20], and herein are applied to the production process.
nally, the A-rescattering mechanism requires the specificaThe resulting(on-shel) T matrix then becomes
tion on how the isobar resonance propagates in the interme-

Xlz—+ > .
Za)p pr+2mp(MA—M)

2 2
Ag—m

2
AL+q

(10

diate states. For this purpose, the isobar mass has bee (q)=— 2 2 Ao+A,0,(9) )

endowed with an imaginary component linked to the reso- = ™ d 3 | 1+2i(g/m,)[ Ao+ Np9,(a)]

nance width. The detailed structure of the imaginary term

herein employed has been derived from the study of the +E Ao—2),0,(9) ”

7 d—pp process around th& resonancg13]. 31 1+2i(a/m,)[No—2N,0,(0)]

The second mechanism depicted in Fig. 1 is triggered by 1 N

the wNN vertex and is sometimes referred to as the impulse +|= __ 70 »9,(Q) )

approximation mechanism. This contribution is calculated 3\ 1+2i(a/m)[No+N,0,(a)]

starting from the nonrelativistic pion-nucleon interaction

Hamiltonian density 1 : Mo 2N,,(d) H({ .;)}_
3 1+2|(q/mw)[)\0_2)\pgp(Q)] i

fr als ©p o - -
Hon= me<"' vw—VVND[cbw(r)-r]. (6) 1)

The results of Eqs(11) and (7) converge in the threshold
This form is obtained when performing the nonrelativistic limit (g/m_,—0), but for higher energies the unitary effects
limit of the pseudovector coupling betweenmesons and must be included.
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TABLE I. Parameters used in the calculation. The upper sector 4000
gives couplings and cutoffs for thEN-NN transition potentia(for i
the p-meson fields the tensor/vector ratio y5=6.1). The lower — R
sectqr denotgs the .pargmeters for the effective isoscalarpand fi, 3000 [
mediatedwN interaction ins waves. B

= [
i +
Coupling Cutoff(GeV) Form factor w -
NN f 1.6 M I ! -
T — = . onopole = K
yp 0.0789 p & I
f2 __ 1000 [
7NA —=0.35 0.9 Monopole €3] -
4 iy -
f2 X
pNN — =761 1.2 Monopole 0.0
417
0.0
f 2
pNA —=20.45 1.3 Dipole
4ar 7
7NN Ao=0.005
p exchange \,=0.077 FIG. 2. Total cross section far* d production(in microbarn

from pp collisions. The parametey corresponds to the pion mo-
mentum in the c.m. frame divided by the pion mass. The full and
dotted lines represent the results obtained with the Bonn B and
Saris potentials, respectively, and incluall interaction inp ands

Each meson-baryon vertex has been endowed with ph

nomenological form factors, since the sources of the MeSON.1ves. The dashed line shows the effects of excludinamtNeT
fields are composite objects of extended nature. For the Urasatrix in s waves, and calculated with the Bonn interaction. The

sition potential, Eqs(3)—(5), we have adopted the coupled- eyperimental values have been taken from Rigfd—32.
channel model IlI given in Ref17]. For reference, the cor-
responding coupling constants are reproduced in Table I,

along with all the parameters employed in the calculations The differences between the solid and dashed lines indi-
shown herein. These includg, the isoscalar strength of the Cate that although theN p-exchange mechanism dominates

effective four-leg vertex given by Eqg), and the effective the total cross section at threshold, at the resonance peak the
9 given by ’ same mechanism causes a suppression, due to a destructive
strength of thep-exchange diagram , .

. . . interference between it and the resonantvave process.
Finally, the procedure required the setting of only one P

h ! ! With respect to this point, we note that the various mecha-
parameter in this study g . This cutoff value corresponds to P P

le f fact d th tended struct nisms are often specified by thgon-nucleonstate, but in
a monopoale form tactor-and govermns the extended struc ur'(jeneral this does not necessarily coincide with the state of
of both therNN and 7NA vertices when the pion is on its

hell. Such a f factor d d the b .~ thepion-nucleussystem, the two being related by three-body
mass Shell. such a form tactor depends on e baryonic ¢qg, o matics transforms. In our approach, we duly calculate
ordinates and has been introduced in thé<—pp process

. . . o the transformations connecting the different coupling

[;4] following considerations S|mllqr to those observed Pr€-schemes. For this reason, a large numberNo! partial
viously _for the 7N system[Zl]. With Ag~0.7 GeV, the waves are coupled together by each mechanism, and this
pro_ductlon Cross sectlt_)n calculated at the resonance peak q‘ﬁ'ay lead to interference effects.
scribes well the experimentally measured values. Comparison between the solid and dotted curves indicates
that the cross section with the Paris interaction is smaller
than the Bonn result. This behavior has been observed pre-
viously [15] for both thepp— o *d reaction(for this case

We compare now the theoretical results obtained with thesee also Ref{9]) and the more intricatpd— 7"t process.
model discussed in the previous section with the low-energyn the latter case, the effect is more pronounced. Over the
experimental data for thep— 7" d process. Since there are entire energy spectrum shown, the calculations made with
slight differences with respect to our previous analyseghe full model are in good agreement with the experimental
[13,14] we recalculate the integral cross section from threshdata[24—32. Around theA resonance, the differences in the
old up to theA resonance and beyond. The calculated crossormalization of the cross section between the Bonn and
sections are shown in Fig. 2. The solid line represents th€aris calculations can be compensated by a slight variation in
calculation obtained with the full model, i.e., including all the cutoff parameteAg. Therefore, we draw no conclusion
mechanisms discussed herein, and using the Bonn B poteas to whether ondlN potential is preferable to another. The
tial [22] for the evaluation of the two-nucleon initial-state differences between the two calculations only serve to show
interaction and of the deuteron wave function in the outgoinghe sensitivity of the results with respect to the details of the
channel. The dotted line describes calculations obtained witmodel interaction.
the full model when the Paris potenti#3] is employed to In Fig. 3 we display the previous figure again, but on this
describe theNN interactions in the incoming and outgoing occasion with an expanded energy scale at and above the
channels. The dashed line has been obtained using the Bottmeshold energy. However the experimental points shown in
B interaction with thes-wave T-matrix contributions set to this figure are not exactly those of Fig. 2, since in this figure
zero. the data have been corrected for the Coulomb effects. These

lll. RESULTS
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120 [14] where the additional finite-size effects of th&IN and
7NN form factors have been included for consistency with

= 100 L[ the employedA-excitation mechanism. And for the same
= C reason, the average energy transfes-imave pion rescatter-
80 [ ing has been set tqy=3m,_/4 rather than togy=m,_/2,
F C 4 since we consider a model tested over a wider range of en-
& & L[ ) ergies, i.e., from threshold up to thepeak. This increases
T C V4 the range of the pion propagation in configuration space by
& 4w [ f * e approximately 40%. However, it is possible that in more
o } * //./’ exact calculations, where one integrates over the pion energy
& 0 [ gt L , vl transfer, this sensitivity on thN correlations is reduced.
Y - “ ~ In addition to this remarkable sensitivity of the low-
C €. - ) ) .
0.0 B s e L energy cross section to the details of_llmal po.tentlal, we
0.0 0.1 0.2 0.3 0.4 note that the reaction at threshold is dominated by the

mechanism triggered by theN s-wave T matrix. This is
well known and can be seen directly in Fig. 3 by comparing
K the dashed and dotted-dashed lines, whereinateT ma-
FIG. 3. Total cross section for the production process at and jusifix has been set to zero. Therefore, we conclude that the
above threshold. The solid, dotted and dashed curves are equivaldocess at threshold is strongly dependenbath NN and
to those of Fig. 2. The dotted-dashed line represents Paris-potenti@N correlations. Furthermore, since tjgecoefficient of the
calculations without including therN interaction ins waves. The ~ Cross-section expansion at threshold is dominated by the
dots represent the experimental values given in the previous figurg-wave mechanismgthese include theA rescattering it
corrected for the Coulomb effects. The triangles denote the experimeans that all the ingredients included in the model have
mental data for thep— 7°d reaction(multiplied by 2 [25]. some relevance near threshold and cannot be ignored. In-
deed, while the effect due to tilewave mechanisms below
effects diminish rapidly in value with increasing energy, »=0.1 is practically negligible, its contribution rapidly be-
however all calculations exhibited here have been performedomes significant, so that by=0.4, thep-wave contribu-
without taking such effects into account. tion amounts to roughly 50% of the total cross section. The
Assuming charge independence, we have considered alstifferences between the two curves show that for these
the data for then p— 7°d reaction(scaled by a factor of)2 p-wave mechanisms the sensitivity to the nuclear potential is
[25]. These data have been denoted by triangles. The soli@maller. At low  and with thewN T-matrix set to zero, the
dotted, and dashed lines are the same as those displayedtérm which is of greatest importance is the recoil component
Fig. 2. The additionaldashed-dottedcurve shows the result in Eq. (6). However, in the corresponding amplitude there is
obtained using the Paris interaction when #id s-waveT  a cancellation between the and d-wave deuteron compo-
matrix is suppressed. As can be seen, it is possible to achieveent which reduces the overall impact of the recoil effects in
agreement with the experimental data by including allthe cross sectiof3,9].
mechanisms discussed in the text. However, from the differ- We stress that our aim is not to obtain a best fit to the
ence between the complete calculations performed witlexperimental data at threshold. Had that been the case, rea-
Bonn and Paris potentials it is apparent that the thresholdsonable changes in the parameters of Table | would have led
expansion parameters are very sensitive to whidhpoten-  to better fits forboth Paris and Bonn results. Our main in-
tial is employed. Therefore, in converting from oNdN in-  tention is to show that this model, originally constructed to
teraction to the other, it is not possible to reproduce thalescribe the reaction around the resonance, gives quite
behavior of the production cross section at threshold withouteasonable results at lower energies without any need for
a corresponding modification of the parameters governindurther refinements. However, by considering two equally
the production mechanisms. realisticNN interactions we are able to assess that the results
If we expand the purely nuclear cross sectionods;) are quite sensitive with respect to the treatment of Nhi¢
=an+ B7n° we find that in passing from Bonn to Paris correlations.
interaction the parameter is reduced by 40%, however a  In Fig. 4 the experimental angular distributions of the
compensation effect is found between the two parameiers production cross section are reported at various valueg of
and B, probably due to amplitude interference between thearound threshold. The theoretical calculations have been per-
two mechanisms, at least for energies not too close to thresliermed including all mechanisms presently discussed, and
old. Still, the sensitivity of the parameterseems roughly a with the Bonn B potential(As shown in Fig. 3, with the
factor of 2 higher than that found in Ref9], where the Paris potential we obtaingwave component of comparable
reduction from Bonn to Paris does not go beyond a 20%strength, however thes-wave component is considerably
effect. Obviously, the difference cannot be entirely attributedsmaller, with the effect of underestimating the normalization
to p-wave correlations. Other possible sources of differencef the curves. Therefore, a sizable returning of sheave
may be ascribed to the different treatment of fhemediated parameters is required before obtaining results comparable to
7N isovector diagram. In Ref9], the net result of the-  that of Fig. 4) The trend of the data is well represented by
exchange model corresponds to the simplest possible regthe theory for various values of ranging from 0.634, down
larization of the pion-exchange propagator in term of phe to a minimum of 0.076. The five curves in the uppermost
mass. Here, we have employed fliexchange model of Ref. section of Fig. 4 correspond to the theoretical results ob-
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TABLE II. Coulomb suppression factors extracted from Refs.

[26,28 (upper sectionand[24] (lower section.

v 063 7 EQ® Coulomb factor
d 0.215 294.8 0.90
0.251 297.5 0.91
— 0.350 306.8 0.94
£k 0.443 317.9 0.95
— 0.634 374.4 =1
=" 0.0761 288.4 0.79
+k 0.0951 288.9 0.84
0.1240 289.9 0.88
T 0.1434 290.7 0.91
E 0.2023 294.1 0.94
) i show the corresponding results obtained with the Paris inter-
Lq“ i . " '_' aim action. The experimental points have been obtained from
Y 4 i . T Ref.[30]. The two figures indicate that the behaviorAQf is
B e well reproduced around the production threshold with a
e e model which includes realistic interactions and sensible pa-

" J'_;__!l 143
st JPUUE RE
2 “_r_.___'___._—-‘——r“o"ﬂ 124
- L R e ?.695
| Py A A 2 09 V076
0.0 |
Lot o bl by ta b lelal
0.0 02 04 06 08 1.0

cos?

FIG. 4. Differential cross section at low energy for tpg
— " d reaction. The theoretical curves, obtained using the Bonn B
potential, are compared with experimental data obtained from Refs.
[24,26,28. For each curve the corresponding valuendf denoted
explicitly. The employed theoretical Coulomb factors are reported
in Table II.

tained for the values of; referring to 0.634, 0.443, 0.350,
0.251, and 0.215. The points have been extracted from the
experimental data of Ref§26,29. Similarly, in the bottom
part of the figure we have compared the resulting angular
distributions with the experimental analysis of R&4|. The
five curves in the lower panel correspond to the values of
0.0761, 0.0951, 0.1240, 0.1434, and 0.202+or

To take into account the distortion effects of the Coulomb
interaction, we have multiplied the theoretical angular distri-
butions by Coulomb factors. These factors have been taken
from the corresponding experimental wotike., Refs.[24,
26,28). For completeness, we list these Coulomb suppres-
sion factors in Table Il. As one can see, the two sets lack
some consistency. Such discrepancies can be attributed to the
different assumptions made about the particle charge distri-
butions.

In Fig. 5 the results for the proton analyzing powsy, at

[pp — 7d]

Ayﬂ(e)

0.4

rameters. At low energie@.e., for <0.4) theA, obtained
with the Bonn B potential is smaller in magnitude than the

corresponding value obtained with the Paris interaction. At
6=90° the differences between the two curves are largest,
increasing with increasing energy. Such behavior suggests
i that the energy dependenceAf, at 90° from threshold up
to the A resonance provides an insightful test for the predic-
tions of the model. Indeed, at this angle and for low values of
n we find the largest sensitivity to the choice N poten-
tial. In addition, this establishes a linkage between the low-

0.2

0.0

0.21

(deg)

7=0.15 and 0.21 are shown in the upper and lower panels, FIG. 5. Proton analyzing poweéfor »=0.15 and 0.2 with all
respectively. The solid lines represent the full-model calcumechanisms included. The solidotted curve describes the Bonn
lation using the Bonn B potential, while the dotted linesB (Parig results. The experimental values are taken from [3f].
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0.8 isovector wN coupling, that the unitary effects in theN
N 0.6 - y correlations have been included, and that we have considered
it I the additional off-shell effects in the intermediate baryonic
S o4 E j coordinates when the vertices are coupled directly to the ex-
C ternal pion. Then, we have set the cutoff governing this off-
F 0.2 b shell structureAg, in order to reproduce the magnitude of
k Y ; the cross section at the resonance peak. All other parameters
T R e i remain untouched with respect to a previous analys8.
& -02F TR / We have concentrated this study on the pion production
= . threshold and compared the results with measured integral
= 0.4 £ and differential cross section, as well as with measurements
2 06 E of proton analyzing powersy,.
< - Below »=0.6, the reproduction of the slope of angular
SN I S A A A A B I A B A A distributions by the complete model shows that at low energy

-3 -2 -1 0.0 we describe correctly the fraction gf-wave mechanism.
The normalization of each curve, or equivalently the inte-
In(n) grated cross section is more difficult to reproduce sinpe the
effects of boths- and p-wave mechanisms are combined,;
near threshol@-wave production is coupled to th#?; NN
In(#). The two curvegsolid and dotted, respectivglyepresent the state, whilep-wave productlon occurs mainly in théDZ
theoretical results obtained with the Bonn B and Paris potentials, ashannel, at least unti; decreases below 0.2. Beyond that,

denoted previously. The dashed line represents the results obtain@@ly thes-wave mechanism remains significant for the cross

in the Bonn case withp-wave mechanisms only. The experimental SECUON. _ o
points were taken from Ref§24,30,33. At comparable energies, however, there are some signifi-

cant disagreements on the theoretical Coulomb suppression
energy predictions foA,, which correctly reproduce the factors. It may well be that the uncertainty in the Coulomb
data, and the region around theresonance, where the cal- corrections is one of the possible reasons for the spreading of
culations tend to overestimate the experimental resultthe low-energy data points, as shown in Fig. 3. So long as
[13,14]. Such comparison o4, at 90° with the experimen- one assumes isospin invariance, the data extracted from Ref.
tal data is shown in Fig. 6. To emphasize the threshold ref25] is in this respect the most reliable, since the Coulomb
gion, we have plotted the proton analyzing power as a funceistortions do not apply. Curiously, the size of the variation
tion of In(»). The range of the horizontal axis covers theof the calculated results with respect to the choice between
entire region from threshold up to the peak of theaeso- the two interactions is roughly comparable to the size of the
nance. The solid line refers to the Bonn B calculation and thespreading of recently collected data, when Coulomb correc-
dotted one to the Paris results. The experimental values hat®ns are applied. Problems connected with past evaluations
been obtained from Ref§24,30,32. When the values at of Coulomb corrections have been emphasized recés8ly
exactly 90° were not directly available, we have displayed The model correctly reproduces the low-energy analyzing
the values calculated by interpolation of the nearby datgower. This is a stringent test since the observable is gov-
points. For both interactions, the curves have the correatrned by interference effects between amplitudes specific to
shape and structure, although there are differences betwesnandp-wave 7N mechanism$10]. Hence these processes
the two lines. For comparison, we show with the dashedave to be described simultaneously for a correct reproduc-
curve the results obtained only wiikwave mechanisms. In tion of A4. In addition, the results exhibit a significant de-
this case, the results are totally different in structure. pendence on the choice of theéN interaction, which means

In discussing the calculations féx,,, one has implicitly  thatNN correlations are important also.

assumed that the Coulomb interaction does not affect dra- As the energy increase towards theesonance, thé,,
matically this observable. As a first approximation, the as-at #=90° is less well described by the model. We note a
sumption is correct for both angular distribution of the crosssystematic tendency towards overestimation when the energy
section andA, since the Coulomb penetration factorsgn  approaches the resonance peak. Although the gross structure
and s waves are approximately equal. Recent stud&s of the observable is described qualitatively, the effects of
have gone beyond that by including the Coulomb distortionsther diagrams along with the dynamics in higher partial
in the pion-nucleus wave, finding that the deviations atwaves have to be described with greater accuracy at these
In(7)=—1.4 are of the ordei5A,(90)|=0.04. They rapidly  (highep energie§34—-37. In this respect, the inability of the

FIG. 6. Proton analyzing powek,, at §=90° as a function of

decrease ag moves away in both directions. standard(noncoupled channemeson-exchangBlN poten-
tials to fit relevantNN phase shifts above pion threshold
IV. SUMMARY AND CONCLUSIONS such as thélF 3, must be taken into account or compensated

In this paper, the threshold behavior of the simplest pior" SOMe Way, as has been observed rece3d}.

production procesgyp« 7" d, has been studied by means
of standard theoretical mechanisfs®own in Fig. }, which
were originally developed in order to describe this reaction P.J.D. acknowledges the INFN and University of Padova
around theA resonance. Among the various features characfor their support and hospitality. L.C. thanks the School of
terizing the theoretical approach, it is worth to mention herePhysics in the University of Melbourne for financial support
that we have employed gmeson exchange model for the and hospitality.
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