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pp↔p1d process at low energy: Interplay betweens- and p-wave mechanisms
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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 interaction ins and p waves. Theoretical results
obtained with two differentNN potentials~Bonn and Paris! indicate that the behavior of the excitation function
at threshold is sensitive to the details of theNN correlations. The complete model presented, while developed
originally to reproduce the reaction around theD resonance, is shown to describe well the integral~Coulomb-
corrected! cross section at threshold along with its angular distribution. At low energies the angular depen-
dence of the analyzing powerAy0 is well reproduced also. Finally, the energy dependence of the analyzing
power foru590° from threshold up to theD resonance is considered and discussed.@S0556-2813~98!02910-0#

PACS number~s!: 25.40.Qa, 13.75.Cs, 24.70.1s, 25.10.1s
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I. INTRODUCTION

Pion production in nucleon-nucleon (NN) collisions at
energies near threshold has attracted a large amount of i
est in recent years. This interest was triggered by consi
able advances in experimental techniques@1,2# which gave a
pp→popp cross section surprisingly larger than what w
predicted by the established threshold theory@3# of the pN
s-wave interaction. In order to explain this discrepancy
mechanism employing the short-range components of p
nomenologicalNN potentials@4# was introduced to give suf
ficient enhancement in the cross section at threshold in te
of NN contributions to the axial charge operator. This effe
has been recast in terms of explicit heavy-meson excha
and virtualNN̄ pair formation in irreducibleNN production
diagrams in the framework of the one-boson-excha
theory @5#. In both cases, short-rangeNN correlations have
been advocated. However the same effect has been expla
also by resorting solely to the properties of thepN correla-
tions, and in particular to the off-shell structure of thepN
isoscalar amplitude@6#. These off-shell extrapolations ente
in the pion (s-wave! rescattering diagram, and as a cons
quence, the link between the magnitude of the threshold
duction cross section and thepN scattering lengths is les
direct and cogent than what is expected from earlier calc
tions following the on-shell formalism of Ref.@3#. A second,
independent calculation@7# analyzed critically some com
monly used approximations and employed a realistic mes
exchange model for thepN T-matrix, with significant dif-
ferences in the off-shell extrapolations. However, the eff
proposed in Ref.@6# was confirmed but reduced in size, in
dicating that the correct explanation, most likely, lies in b
tween the two (NN andpN) effects@8#.

The debate on the missing strength in thepp→popp
cross section at threshold soon inflamed contiguous r
tions, and in particular thepp→p1d one where most of the
data had been accumulated. In this case, the threshold re
tering mechanism includes charge exchange and is do
PRC 580556-2813/98/58~4!/1929~8!/$15.00
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nated by the much larger isovector component of thepN
s-wave amplitude. The corrections to this leading mec
nism due toNN ~heavy-meson exchange! andpN ~off-shell!
correlations, became a main issue of debate. First, a g
emphasis was put on the role of heavy-meson exchange
grams, since half of the strength has been ascribed to t
processes@9#. A critical reanalysis reduced the effects
heavy-mesonNN correlations@10#, and found thats-wave
multiple-step mechanisms with intermediate isobar exc
tion have an important role even at threshold. The full inc
sion of all these effects actually gave anoverestimationin
pp→p1d. In addition, it was observed@11# that the heavy-
meson exchange currents are not so large for thepp
→p1np and pp→p1d reactions. The smallness of th
heavy-meson exchange mechanisms in this latter channe
been independently confirmed@8#. A significant increase
~50%! in the cross section was found by inclusion of t
off-shell structure of the isoscalarpN amplitude@12#, while
the isobar effects in near threshold were not considered.

Except Ref.@10# which does includep-wave mechanisms
all the remaining studies deal solely withs-wave pion pro-
duction mechanisms, howeverp-wave mechanisms mus
come into play, at a certain stage. Such mechanisms h
been advocated for the deviations from the data seen in
pp→popp reaction around h.0.4 while for the
pp→p1d reaction deviations already occur aroundh.0.2
@8# ~h is the c.m. momentum of the pion, in units of pio
masses!. On the other hand, it has been observed previou
@10# that major changes in the importance ofs-wave mecha-
nism at threshold may have dramatic consequences not
at low energies but also nearby theD resonance peak if one
looks at the polarization observables, e.g.,Ay0 , where the
interplay betweens- and p-wave mechanisms provide th
main structure for the observable. Global analyses fr
threshold up to the isobar resonance have a greater value
are also much more difficult.

The aim of this paper is to study the properties of t
pp→p1d reaction in the energy region where thep-wave
1929 © 1998 The American Physical Society



le

s
ha
d

pr
r-

-
e

ly

ps
x
c

ni
ise

lse
ity
s

b
ul

ra
th

t
tly

-

e
e

ly
io
io
h

m

-
-
re
f.

ith
s

n
f
oth

he

free
y
er
tes
isms
iled

rel-

his

thin

u-
oval

1930 PRC 58L. CANTON, A. DAVINI, AND P. J. DORTMANS
mechanisms become relevant, and show that it is possib
reproduce the bulk results~including spin measurements! for
the reaction from threshold up to theD resonance with a
simple model includings- andp-wave mechanisms. As ha
been established, the irreducible heavy-meson diagrams
a small effect in this particular channel and therefore we
not include these diagrams. In the present analysis, pion
duction in thes wave is based principally on the isovecto
dominated rescattering mechanism triggered by thepN-pN
r-exchange diagram, while thep-wave mechanism is domi
nated by the establishedD-rescattering diagram. Only th
standard corrections from thepNN vertex interaction~in
both p ands waves! have been considered here.

We cannot insist upon the simultaneous reproduction
threshold of bothpN scattering data andp-production data
from NN collisions. The debate on this point will eventual
be settled amongstpN off-shell correlations, role of explicit
D degrees in two-baryons-wave mechanisms, and perha
smaller contributions from irreducible heavy-meson e
change currents. Our calculations do not include such effe
We must note, however, that even in this~simplified! model,
a large sensitivity was found with respect to the nucleo
potential employed. In other words, care must be exerc
with respect to the detailed treatment of theconventional NN
correlations calculated within a distorted-wave impu
approximation-type framework. Occasionally this sensitiv
has been acknowledged@6,9#, in other cases it has been que
tioned @8#, but whether it masks~partially or totally! any
signal of finer effects in the threshold cross section should
clarified once and for all. Another aspect of concern sho
be the sensitivity with respect to the cutoff of thepNN ver-
tex in the s-wave rescattering diagram. There is a gene
acknowledgment that the cross section is sensitive to
value of this cutoff, especially thepp→pd cross section.
Choices range from a soft cutoff~say, below 800–900 MeV
@8,10,11,13#!, to a hard cutoff ~above 1500–1600 MeV
@7,9,14#!, and something in between~1250 MeV @6#!. With
respect to the reported cutoff values, one should add tha
Refs.@9,14# the isovector amplitude was generated explici
by r-mediated mechanisms, and this allowed the use
harderpNN cutoffs. In particular, in Ref.@9# it was set to
infinity. This sensitivity adds a further difficulty to the dis
entanglement of any smalls-wave correction in thepp
→p1d case.

The present work originated in the necessity to provid
tested model for pion production/absorption which includ
the solep-wave ands-wave mechanisms and is sufficient
simple but phenomenologically constrained for the extens
to few-nucleon systems in the energy range from p
threshold up to region around the isobar resonance. It
been shown already that the basicp-wave mechanism~with
explicit allowance of theD resonance!, when tested at the
level of the two-nucleon collisions, can be successfully e
ployed for the description of the reactionpd→p1t around
the isobar resonance@15#. However, a study of the spin ob
servables at this energy@16# indicates that smaller compo
nents from other mechanisms play an important role. Mo
over, with the solep-wave mechanisms calculated in Re
@15#, the pd→p1t cross section decreases too rapidly w
respect to the data in moving from theD resonance toward
threshold. This is similar to what occurs in thepp→p1d
to
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case. Obviously,s-wave p-production mechanisms play a
important role also inpd collisions, and therefore it is o
great importance to consider the simultaneous effect of b
components.

II. THE THEORETICAL MODEL

We have calculated the following expression for t
production/absorption amplitude:

A5^NN~2 !uAupd&, ~1!

whereupd& and^NN(2)u describe the pion-deuteron andNN
channel states. The pion-deuteron state is assumed as
~i.e., asymptotic!, while theNN state represents a two-bod
scattering wave with incoming boundary conditions. Prop
antisymmetrization with respect to the nucleonic coordina
has been taken into account. The absorption mechan
considered in the calculation are specified by the deta
structure of the interaction operatorA and are schematically
illustrated in Fig. 1.

The diagram on top of Fig. 1 represents theD-rescattering
mechanism. It has been calculated starting from the non
ativistic pND interaction Hamiltonian density

HpND~r !5
f pND

mp
~SW •¹W p!~FW p~r !•TW !. ~2!

Another necessary ingredient for the determination of t
mechanism is theDN-NN transition interaction, which has
been obtained@17# from thep- andr-exchange diagrams

FIG. 1. Schematic diagrams of the mechanisms included wi
this analysis. The upper diagram describes thep-wave D-
rescattering mechanism; the middle shows the directpNN mecha-
nism; and the lower diagram describes the inclusion of thepN
s-wave interaction. For all mechanisms, theNN correlations in the
initial state are described with the oval on the left, while the de
teron wave function in the final state is represented by the semi
on the right.
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PRC 58 1931pp↔p1d PROCESS AT LOW ENERGY: INTERPLAY . . .
VND5~VND
p 1VND

r !~TW 1
1
•tW2!, ~3!

with

VND
p 52

f pNNf pND

mp
2 ~SW 1

1
•QW !~sW 2•QW !

3F 1

2vp
2 1

1

2vp
2 12mp~MD2M !G , ~4!

VND
r 52

f rNNf rND

mr
2 ~SW 1

13QW !•~sW 23QW !

3F 1

2vr
2 1

1

2vr
212mr~MD2M !G

1
f rNNf rND

~11x!mr
2 @4iSW 1

1
•~QW 3PW !2~sW 13QW !•~SW 1

13QW !#

3F 1

2vr
2 1

1

2vr
212mr~MD2M !G . ~5!

In these expressions,QW represents the baryon-baryo
transferred momentum,sW andtW denote the Pauli matrices fo
the nucleonic spin and isospin, whileSW andTW are the corre-
sponding generalization to the nucleon-isobar transition
Eq. ~2! the baryonic density has been omitted for brevi
while the pionic isovector field is denoted byFW p(r ). The
nucleon, pion, andr masses are indicated withM , mp , and
mr , respectively, whilevp andvr represent the relativistic
energy of the two mesons. These contributions include s
orbit and other relativistic corrections to the transition pote
tial @13,17#. At each meson-baryon coupling, form factors
the monopole type are introduced (L22m2)/(L21Q2) with
the exception of therND coupling, where a dipole-type
form factor is assumed. In theDN exchange diagrams w
have taken into account theDN mass difference in an ap
proximated way@by considering the form 2v212m(MD

2M ) instead of the exact 2v(MD2M1v) term#, since in
this case analytical expressions in partial waves could
obtained. Relevant expressions in partial waves have b
given elsewhere@13,14# and are not reproduced here. F
nally, the D-rescattering mechanism requires the specifi
tion on how the isobar resonance propagates in the inter
diate states. For this purpose, the isobar mass has
endowed with an imaginary component linked to the re
nance width. The detailed structure of the imaginary te
herein employed has been derived from the study of
p1d→pp process around theD resonance@13#.

The second mechanism depicted in Fig. 1 is triggered
the pNN vertex and is sometimes referred to as the impu
approximation mechanism. This contribution is calcula
starting from the nonrelativistic pion-nucleon interacti
Hamiltonian density

HpNN5
f pNN

mp
S sW •F¹W p2

vp

M
¹JNG D @FW p~r !•tW #. ~6!

This form is obtained when performing the nonrelativis
limit of the pseudovector coupling betweenp mesons and
n
,
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nucleons@18#. The contribution specified by the operator¹JN
is usually referred to as the Galilei-invariant recoil term a
acts on the nucleonic coordinates to the right and left acco
ing to the definition¹JN5(¹W N2¹Q N)/2.

The mechanism on bottom of Fig. 1 includes the ad
tional contributions due to thes-wave pN interaction, and
represents apN rescattering process specified by the follo
ing K-matrix structure:

KpN52
2

mp
@l01lrgr~q!~ tWp•tW !#. ~7!

Such an interaction includes both isoscalar and isove
components. The former is originated by the phenome
logical Hamiltonian density

H ppNN
0 5

4pl0

mp
@FW p~r !•FW p~r !#, ~8!

and represents pion rescattering without charge excha
For the latter, which describespN scattering with charge
exchange, we have adopted ther-meson exchange mode
wherein the interaction is entirely given in terms of ther-
exchange contribution. In this caselr andgr(q) are defined
by the relevant parameters~coupling constants and cutoffs!
of the r-exchange vertices,

lr5
f rpp f rNN

8p

mp
2

mr
2 , ~9!

and

gr~q!5
mr

2

mr
21q2 S Lr

22mr
2

Lr
21q2 D 2

. ~10!

These contributions have been discussed elsewhere@18,19#
and the specialized pion-absorption matrix elements h
been derived in Ref.@14#.

In calculating the production/absorption mechanism
unitary effects in thepN system have been taken into a
count through the Heitler equation. Such effects have b
considered in the framework of pion-nucleon scattering, e
in Ref. @20#, and herein are applied to the production proce
The resulting~on-shell! T matrix then becomes

TpN~q!52
2

mp
H F2

3 S l01lrgr~q!

112i ~q/mp!@l01lrgr~q!# D
1

1

3 S l022lrgr~q!

112i ~q/mp!@l022lrgr~q!# D G
1F1

3 S l01lrgr~q!

112i ~q/mp!@l01lrgr~q!# D
2

1

3 S l022lrgr~q!

112i ~q/mp!@l022lrgr~q!# D G~ tWp•tW !J .

~11!

The results of Eqs.~11! and ~7! converge in the threshold
limit ( q/mp→0), but for higher energies the unitary effec
must be included.
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1932 PRC 58L. CANTON, A. DAVINI, AND P. J. DORTMANS
Each meson-baryon vertex has been endowed with p
nomenological form factors, since the sources of the me
fields are composite objects of extended nature. For the t
sition potential, Eqs.~3!–~5!, we have adopted the coupled
channel model III given in Ref.@17#. For reference, the cor
responding coupling constants are reproduced in Tabl
along with all the parameters employed in the calculatio
shown herein. These includel0 , the isoscalar strength of th
effective four-leg vertex given by Eq.~8!, and the effective
strength of ther-exchange diagram,lr .

Finally, the procedure required the setting of only o
parameter in this study,LB . This cutoff value corresponds t
a monopole form factor and governs the extended struc
of both thepNN andpND vertices when the pion is on it
mass shell. Such a form factor depends on the baryonic
ordinates and has been introduced in thepd↔pp process
@14# following considerations similar to those observed p
viously for the pN system @21#. With LB;0.7 GeV, the
production cross section calculated at the resonance pea
scribes well the experimentally measured values.

III. RESULTS

We compare now the theoretical results obtained with
model discussed in the previous section with the low-ene
experimental data for thepp→p1d process. Since there ar
slight differences with respect to our previous analy
@13,14# we recalculate the integral cross section from thre
old up to theD resonance and beyond. The calculated cr
sections are shown in Fig. 2. The solid line represents
calculation obtained with the full model, i.e., including a
mechanisms discussed herein, and using the Bonn B po
tial @22# for the evaluation of the two-nucleon initial-sta
interaction and of the deuteron wave function in the outgo
channel. The dotted line describes calculations obtained
the full model when the Paris potential@23# is employed to
describe theNN interactions in the incoming and outgoin
channels. The dashed line has been obtained using the B
B interaction with thes-wave T-matrix contributions set to
zero.

TABLE I. Parameters used in the calculation. The upper se
gives couplings and cutoffs for theDN-NN transition potential~for
the r-meson fields the tensor/vector ratio isx56.1). The lower
sector denotes the parameters for the effective isoscalar anr-
mediatedpN interaction ins waves.

Coupling Cutoff~GeV! Form factor

pNN
f 2

4p
50.0789 1.6 Monopole

pND
f 2

4p
50.35 0.9 Monopole

rNN
f 2

4p
57.61 1.2 Monopole

rND
f 2

4p
520.45 1.3 Dipole

ppNN l050.005
r exchange lr50.077
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The differences between the solid and dashed lines i
cate that although thepN r-exchange mechanism dominat
the total cross section at threshold, at the resonance pea
same mechanism causes a suppression, due to a destru
interference between it and the resonantp-wave process.
With respect to this point, we note that the various mec
nisms are often specified by thepion-nucleonstate, but in
general this does not necessarily coincide with the state
thepion-nucleussystem, the two being related by three-bo
kinematics transforms. In our approach, we duly calcul
the transformations connecting the different coupli
schemes. For this reason, a large number ofNN partial
waves are coupled together by each mechanism, and
may lead to interference effects.

Comparison between the solid and dotted curves indic
that the cross section with the Paris interaction is sma
than the Bonn result. This behavior has been observed
viously @15# for both thepp→p1d reaction~for this case
see also Ref.@9#! and the more intricatepd→p1t process.
In the latter case, the effect is more pronounced. Over
entire energy spectrum shown, the calculations made w
the full model are in good agreement with the experimen
data@24–32#. Around theD resonance, the differences in th
normalization of the cross section between the Bonn
Paris calculations can be compensated by a slight variatio
the cutoff parameterLB . Therefore, we draw no conclusio
as to whether oneNN potential is preferable to another. Th
differences between the two calculations only serve to sh
the sensitivity of the results with respect to the details of
model interaction.

In Fig. 3 we display the previous figure again, but on th
occasion with an expanded energy scale at and above
threshold energy. However the experimental points show
this figure are not exactly those of Fig. 2, since in this figu
the data have been corrected for the Coulomb effects. Th

r

FIG. 2. Total cross section forp1 d production~in microbarn!
from pp collisions. The parameterh corresponds to the pion mo
mentum in the c.m. frame divided by the pion mass. The full a
dotted lines represent the results obtained with the Bonn B
Paris potentials, respectively, and includepN interaction inp ands
waves. The dashed line shows the effects of excluding thepN T
matrix in s waves, and calculated with the Bonn interaction. T
experimental values have been taken from Refs.@24–32#.
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PRC 58 1933pp↔p1d PROCESS AT LOW ENERGY: INTERPLAY . . .
effects diminish rapidly in value with increasing energ
however all calculations exhibited here have been perform
without taking such effects into account.

Assuming charge independence, we have considered
the data for thenp→pod reaction~scaled by a factor of 2!
@25#. These data have been denoted by triangles. The s
dotted, and dashed lines are the same as those display
Fig. 2. The additional~dashed-dotted! curve shows the resul
obtained using the Paris interaction when thepN s-waveT
matrix is suppressed. As can be seen, it is possible to ach
agreement with the experimental data by including
mechanisms discussed in the text. However, from the dif
ence between the complete calculations performed w
Bonn and Paris potentials it is apparent that the thresh
expansion parameters are very sensitive to whichNN poten-
tial is employed. Therefore, in converting from oneNN in-
teraction to the other, it is not possible to reproduce
behavior of the production cross section at threshold with
a corresponding modification of the parameters govern
the production mechanisms.

If we expand the purely nuclear cross section ass(h)
5ah1bh3, we find that in passing from Bonn to Par
interaction the parametera is reduced by 40%, however
compensation effect is found between the two parametea
and b, probably due to amplitude interference between
two mechanisms, at least for energies not too close to thr
old. Still, the sensitivity of the parametera seems roughly a
factor of 2 higher than that found in Ref.@9#, where the
reduction from Bonn to Paris does not go beyond a 2
effect. Obviously, the difference cannot be entirely attribu
to p-wave correlations. Other possible sources of differe
may be ascribed to the different treatment of ther-mediated
pN isovector diagram. In Ref.@9#, the net result of ther-
exchange model corresponds to the simplest possible r
larization of the pion-exchange propagator in term of ther
mass. Here, we have employed ther-exchange model of Ref

FIG. 3. Total cross section for the production process at and
above threshold. The solid, dotted and dashed curves are equiv
to those of Fig. 2. The dotted-dashed line represents Paris-pote
calculations without including thepN interaction ins waves. The
dots represent the experimental values given in the previous fig
corrected for the Coulomb effects. The triangles denote the exp
mental data for thenp→pod reaction~multiplied by 2! @25#.
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@14# where the additional finite-size effects of therNN and
pNN form factors have been included for consistency w
the employedD-excitation mechanism. And for the sam
reason, the average energy transfer ins-wave pion rescatter-
ing has been set toq053mp /4 rather than toq05mp /2,
since we consider a model tested over a wider range of
ergies, i.e., from threshold up to theD peak. This increases
the range of the pion propagation in configuration space
approximately 40%. However, it is possible that in mo
exact calculations, where one integrates over the pion en
transfer, this sensitivity on theNN correlations is reduced.

In addition to this remarkable sensitivity of the low
energy cross section to the details of theNN potential, we
note that the reaction at threshold is dominated by
mechanism triggered by thepN s-wave T matrix. This is
well known and can be seen directly in Fig. 3 by compari
the dashed and dotted-dashed lines, wherein thepN T ma-
trix has been set to zero. Therefore, we conclude that
process at threshold is strongly dependent toboth NN and
pN correlations. Furthermore, since theb coefficient of the
cross-section expansion at threshold is dominated by
p-wave mechanisms~these include theD rescattering! it
means that all the ingredients included in the model h
some relevance near threshold and cannot be ignored
deed, while the effect due to thep-wave mechanisms below
h50.1 is practically negligible, its contribution rapidly be
comes significant, so that byh50.4, thep-wave contribu-
tion amounts to roughly 50% of the total cross section. T
differences between the two curves show that for th
p-wave mechanisms the sensitivity to the nuclear potentia
smaller. At lowh and with thepN T-matrix set to zero, the
term which is of greatest importance is the recoil compon
in Eq. ~6!. However, in the corresponding amplitude there
a cancellation between thes- and d-wave deuteron compo
nent which reduces the overall impact of the recoil effects
the cross section@3,9#.

We stress that our aim is not to obtain a best fit to
experimental data at threshold. Had that been the case,
sonable changes in the parameters of Table I would have
to better fits forboth Paris and Bonn results. Our main in
tention is to show that this model, originally constructed
describe the reaction around theD resonance, gives quite
reasonable results at lower energies without any need
further refinements. However, by considering two equa
realisticNN interactions we are able to assess that the res
are quite sensitive with respect to the treatment of theNN
correlations.

In Fig. 4 the experimental angular distributions of th
production cross section are reported at various values oh
around threshold. The theoretical calculations have been
formed including all mechanisms presently discussed,
with the Bonn B potential.~As shown in Fig. 3, with the
Paris potential we obtain ap-wave component of comparabl
strength, however thes-wave component is considerab
smaller, with the effect of underestimating the normalizati
of the curves. Therefore, a sizable returning of thes-wave
parameters is required before obtaining results comparab
that of Fig. 4.! The trend of the data is well represented
the theory for various values ofh ranging from 0.634, down
to a minimum of 0.076. The five curves in the uppermo
section of Fig. 4 correspond to the theoretical results

st
ent
tial

re,
ri-



,
t

ula

o

b
tri
k

re
ac
o
st

e
cu
es

ter-
om

a
pa-

he
At

est,
ests

ic-
of

w-

n
e

te

fs.

1934 PRC 58L. CANTON, A. DAVINI, AND P. J. DORTMANS
tained for the values ofh referring to 0.634, 0.443, 0.350
0.251, and 0.215. The points have been extracted from
experimental data of Refs.@26,29#. Similarly, in the bottom
part of the figure we have compared the resulting ang
distributions with the experimental analysis of Ref.@24#. The
five curves in the lower panel correspond to the values
0.0761, 0.0951, 0.1240, 0.1434, and 0.202 forh.

To take into account the distortion effects of the Coulom
interaction, we have multiplied the theoretical angular dis
butions by Coulomb factors. These factors have been ta
from the corresponding experimental work~i.e., Refs.@24,
26,28#!. For completeness, we list these Coulomb supp
sion factors in Table II. As one can see, the two sets l
some consistency. Such discrepancies can be attributed t
different assumptions made about the particle charge di
butions.

In Fig. 5 the results for the proton analyzing powerAy0 at
h50.15 and 0.21 are shown in the upper and lower pan
respectively. The solid lines represent the full-model cal
lation using the Bonn B potential, while the dotted lin

FIG. 4. Differential cross section at low energy for thepp
→p1d reaction. The theoretical curves, obtained using the Bon
potential, are compared with experimental data obtained from R
@24,26,28#. For each curve the corresponding value ofh is denoted
explicitly. The employed theoretical Coulomb factors are repor
in Table II.
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show the corresponding results obtained with the Paris in
action. The experimental points have been obtained fr
Ref. @30#. The two figures indicate that the behavior ofAy0 is
well reproduced around the production threshold with
model which includes realistic interactions and sensible
rameters. At low energies~i.e., for h,0.4) theAy0 obtained
with the Bonn B potential is smaller in magnitude than t
corresponding value obtained with the Paris interaction.
u590° the differences between the two curves are larg
increasing with increasing energy. Such behavior sugg
that the energy dependence ofAy0 at 90° from threshold up
to theD resonance provides an insightful test for the pred
tions of the model. Indeed, at this angle and for low values
h we find the largest sensitivity to the choice ofNN poten-
tial. In addition, this establishes a linkage between the lo

B
fs.

d

TABLE II. Coulomb suppression factors extracted from Re
@26,28# ~upper section! and @24# ~lower section!.

h Ep
lab Coulomb factor

0.215 294.8 0.90
0.251 297.5 0.91
0.350 306.8 0.94
0.443 317.9 0.95
0.634 374.4 .1

0.0761 288.4 0.79
0.0951 288.9 0.84
0.1240 289.9 0.88
0.1434 290.7 0.91
0.2023 294.1 0.94

FIG. 5. Proton analyzing power~for h50.15 and 0.21! with all
mechanisms included. The solid~dotted! curve describes the Bonn
B ~Paris! results. The experimental values are taken from Ref.@30#.
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energy predictions forAy0 , which correctly reproduce the
data, and the region around theD resonance, where the ca
culations tend to overestimate the experimental res
@13,14#. Such comparison ofAy0 at 90° with the experimen
tal data is shown in Fig. 6. To emphasize the threshold
gion, we have plotted the proton analyzing power as a fu
tion of ln(h). The range of the horizontal axis covers t
entire region from threshold up to the peak of theD reso-
nance. The solid line refers to the Bonn B calculation and
dotted one to the Paris results. The experimental values h
been obtained from Refs.@24,30,32#. When the values a
exactly 90° were not directly available, we have display
the values calculated by interpolation of the nearby d
points. For both interactions, the curves have the cor
shape and structure, although there are differences betw
the two lines. For comparison, we show with the dash
curve the results obtained only withp-wave mechanisms. In
this case, the results are totally different in structure.

In discussing the calculations forAy0 , one has implicitly
assumed that the Coulomb interaction does not affect
matically this observable. As a first approximation, the
sumption is correct for both angular distribution of the cro
section andAy0 since the Coulomb penetration factors inp
and s waves are approximately equal. Recent studies@33#
have gone beyond that by including the Coulomb distortio
in the pion-nucleus wave, finding that the deviations
ln(h).21.4 are of the orderudAy0(90)u50.04. They rapidly
decrease ash moves away in both directions.

IV. SUMMARY AND CONCLUSIONS

In this paper, the threshold behavior of the simplest p
production process,pp↔p1d, has been studied by mean
of standard theoretical mechanisms~shown in Fig. 1!, which
were originally developed in order to describe this react
around theD resonance. Among the various features char
terizing the theoretical approach, it is worth to mention h
that we have employed ar-meson exchange model for th

FIG. 6. Proton analyzing powerAy0 at u590° as a function of
ln(h). The two curves~solid and dotted, respectively! represent the
theoretical results obtained with the Bonn B and Paris potentials
denoted previously. The dashed line represents the results obt
in the Bonn case withp-wave mechanisms only. The experimen
points were taken from Refs.@24,30,32#.
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isovectorpN coupling, that the unitary effects in thepN
correlations have been included, and that we have consid
the additional off-shell effects in the intermediate baryon
coordinates when the vertices are coupled directly to the
ternal pion. Then, we have set the cutoff governing this o
shell structure,LB , in order to reproduce the magnitude
the cross section at the resonance peak. All other param
remain untouched with respect to a previous analysis@14#.
We have concentrated this study on the pion product
threshold and compared the results with measured inte
and differential cross section, as well as with measureme
of proton analyzing powers,Ay0 .

Below h50.6, the reproduction of the slope of angul
distributions by the complete model shows that at low ene
we describe correctly the fraction ofp-wave mechanism.
The normalization of each curve, or equivalently the in
grated cross section is more difficult to reproduce since
effects of boths- and p-wave mechanisms are combine
near thresholds-wave production is coupled to the3P1 NN
state, whilep-wave production occurs mainly in the1D2
channel, at least untilh decreases below 0.2. Beyond tha
only thes-wave mechanism remains significant for the cro
section.

At comparable energies, however, there are some sig
cant disagreements on the theoretical Coulomb suppres
factors. It may well be that the uncertainty in the Coulom
corrections is one of the possible reasons for the spreadin
the low-energy data points, as shown in Fig. 3. So long
one assumes isospin invariance, the data extracted from
@25# is in this respect the most reliable, since the Coulo
distortions do not apply. Curiously, the size of the variati
of the calculated results with respect to the choice betw
the two interactions is roughly comparable to the size of
spreading of recently collected data, when Coulomb corr
tions are applied. Problems connected with past evaluat
of Coulomb corrections have been emphasized recently@33#.

The model correctly reproduces the low-energy analyz
power. This is a stringent test since the observable is g
erned by interference effects between amplitudes specifi
s- andp-wavepN mechanisms@10#. Hence these processe
have to be described simultaneously for a correct reprod
tion of Ay0 . In addition, the results exhibit a significant d
pendence on the choice of theNN interaction, which means
that NN correlations are important also.

As the energy increase towards theD resonance, theAy0
at u590° is less well described by the model. We note
systematic tendency towards overestimation when the en
approaches the resonance peak. Although the gross stru
of the observable is described qualitatively, the effects
other diagrams along with the dynamics in higher par
waves have to be described with greater accuracy at th
~higher! energies@34–37#. In this respect, the inability of the
standard~noncoupled channel! meson-exchangeNN poten-
tials to fit relevantNN phase shifts above pion thresho
such as the3F3 , must be taken into account or compensa
in some way, as has been observed recently@38#.
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