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pd↔p1t reaction around the D resonance

L. Canton
Istituto Nazionale di Fisica Nucleare, Sezione di Padova, Via F. Marzolo 8, I-35131 Padova, Italy

W. Schadow
Physikalisches Institut der Universita¨t Bonn, Endenicher Allee 11-13, D-53115 Bonn, Germany
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The pd↔p1t process has been calculated in the energy region around theD resonance with elementary
production/absorption mechanisms involving one and two nucleons. The isobar degrees of freedom have been
explicitly included in the two-nucleon mechanism viap- andr-exchange diagrams. No free parameters have
been employed in the analysis since all the parameters have been fixed in previous studies on the simpler
pp↔p1d process. The treatment of the few-nucleon dynamics entailed a Faddeev-based calculation of the
reaction, with continuum calculations for the initialp-d state and accurate solutions of the three-nucleon
bound-state equation. The integral cross section was found to be quite sensitive to theNN interaction employed
while the angular dependence showed less sensitivity. Approximately a 4% effect was found for the one-body
mechanism, for the three-nucleon dynamics in thep-d channel, and for the inclusion of a large, possibly
converged, number of three-body partial states, indicating that these different aspects are of comparable
importance in the calculation of the spin-averaged observables.@S0556-2813~97!01409-X#

PACS number~s!: 25.80.Ls, 25.10.1s, 13.75.Cs
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I. INTRODUCTION

Pion production/absorption on nuclear systems repres
a complex, challenging problem; a fact known for ma
years. In an attempt to explain the multitude of experimen
results collected over more than 40 years, many differ
theoretical approaches have been proposed, with the ai
improving our understanding of these reactions and, m
generally, of the hadronic phenomena.

The simplest approaches which have been employed
sume a one-nucleon mechanism originated by thepNN ver-
tex ~generally — but not always — a Galilei invariant non-
relativistic reduction of the usualg5 pion-nucleon
interaction! and recast the transition amplitude in a distorte
wave impulse approximation~DWIA ! formalism where the
many-body aspects can be treated with different levels
approximations @1#. First-order corrections from the
p-nucleus multiple scattering series leads to the two-nucl
mechanisms where a pion emitted from one nucleon sca
from another before leaving the whole nucleus.

The nonperturbative character of the hadronic inter
tions, together with the energy-momentum mismatch wh
forbids absorption on single, free nucleons and suppre
one-nucleon absorption on bound nucleons, makes thes
scattering effects an important aspect which cannot be
nored for the reproduction of low-energy data. At theD reso-
nance, however, most of the assumptions used in the e
calculations were not applicable, and other phenomenol
cal approaches have been developed.

A relevant success was encountered by the ‘‘deutero
model, originally employed by Ruderman@2#, where the
pd→p1t cross section is directly linked to thepp→p1d
experimental cross section, by means of suitable nuc
structure functions. This method has the considerable ad
tage of disentangling the question of the choice of the cor
560556-2813/97/56~3!/1231~15!/$10.00
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interaction mechanisms from the knowledge of the bou
state wave functions. The theoretical uncertainties about
interaction mechanisms at the resonance are simply bypa
through the employment of the experimentalpp→p1d
cross section. The approach has been later refined by se
authors, who addressed the main issues such as the ro
the distortion effects, sensitivity of the results with respect
the available model wave functions, and generalization of
formalism from three-baryon systems to the many-nucle
A(p,p1)A11 case. A partial but representative sample
works developed along these lines is given in Refs.@3–5#.

More recently, the analysis of theA(p,p1)A11 reaction
in terms of thepp→p1d process has been extended to sp
observables by Falk@6#, by using thepp→p1d amplitude
analysis of Bugget al. @7#, rather than the averaged cros
section data of earlier works. In most cases, an overall f
qualitative agreement with the trend of the large bulk of e
perimental data has been found, indicating that the deute
model even in its spin-dependent version may be conside
a starting point for phenomenological studies which inclu
spin-polarization data. This kind of approach, however, s
fers from a number of problems which limits possible futu
refinements and demands for more appropriate theore
formulations. First, the model considersNN production
mechanisms limited to the~dominant! 1→0 isospin transi-
tion, while a complete model should take into account a
the effects in the remaining isospin channels. Second,
amplitudes used for input are on-shell quantities, while
theory the off-shell effects should be taken into accou
Third, there is a certain arbitrariness in the kinematical c
straints which define the energy parameter for the evalua
of the input 2N production amplitude; because of that, th
results are not uniquely determined. And finally, in prac
cally all applications the distortion contributions are in da
ger of double countings; indeed, in the evaluation of t
1231 © 1997 The American Physical Society
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1232 56L. CANTON AND W. SCHADOW
distortion effects one should subtract the distortion contri
tions on the active pair, which are already included in
pp→p1d data.

To overcome these limitations, and to challenge the va
ity of the ‘‘deuteron’’ approaches, there has been a num
of papers where more microscopic models have been
gested@8–10#. Here, the dynamical input was not mediat
or hidden by the cross-section data, but consists of nonr
tivistic interactions among pions, nucleons, and isobars
particular, the coupledDN dynamics is obtained through th
solution inR space of the two-baryon Schro¨dinger equation.
First calculations@8# employed simples-wave deuteron and
triton wave functions of uncorrelated Gaussian forms, a
were extremely limited in the number of intermediate sta
included in the calculation. Subsequent analyses@9,10# used
better parametrizations~including d states! for the nuclear
wave functions, and increased slightly~from 1 to 4 or 5! the
number of two-body angular-decomposed intermed
states, finding that these aspects improve the calculated
gular distributions without, however, finding an agreem
with theory and experiments, especially for the results
large angles, where considerable discrepancies persist.
of the conclusions from these studies was that these mi
scopic calculations needed important improvements in o
to give a good reproduction in the normalization and in
angular distributions, and that these improvements wo
lead to enormous complications in the theoretical evalua
of the observables.

In an attempt to go beyond the description of meson p
duction in terms of single-nucleon and two-nucleon mec
nisms @11#, it was shown that meson double rescatter
could be a good candidate to account for the discrepancie
backward angles, particularly in the energy region above
D resonance. However, the bulk results, while moving
wards the right direction, were still far from being optim
and this again poses the question of the need to overcom
various technical approximations which had to be assum
to keep the calculation tractable. The study has the mer
address the attention to the problem of three-body mec
nisms in meson production/absorption, and this is still
open question which we hope will be theoretically dise
tangled in the near future with the help of the results c
lected in recent years by pion-absorption experiments w
large angular detector systems@12–14# and by making com-
parative analyses in theD region with the phenomenology o
3He photodisintegration@15#.

In this paper, we have calculated the excitation funct
and differential cross section for thepd→pt reaction in the
D region by using single-nucleon and two-nucleon mec
nisms. In particular, the two-nucleon mechanism explic
refers to the intermediate isobar excitation withp1r ex-
changeDN-NN transitions with tensor components. Th
one-body mechanism is mediated by thepNN vertex, while
the two-body process is triggered by thepDN one. The two
mechanisms have been decomposed in complete th
nucleon partial waves, while the asymptotic pion-nucle
plane wave has been kept three dimensional. This ch
leads to matrix elements with a large number of couplin
between different three-body states and the technical com
cations involved have been kept under control with a gr
deal of numerical analysis. Also the intermediate thr
-
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baryon (DNN) state has been represented in partial wa
with inclusion of angular momenta up tol 52 for the DN
subsystem. However, in preliminary test calculations@16#,
the quality of the convergence has been checked up
l 55. The antisymmetrization prescription for the thr
nucleons has been fully taken into account via the formal
of the permutation operators@17# and brings into the theory
further mechanisms which differ from the leading ones
exchange diagrams. The matrix elements of the symmetr
tion permutatorP involve a large number of couplings be
tween different three-nucleon partial waves, and rather t
invoking a drastic reduction of the number of states, we h
accepted the fact that we have to deal with the numer
difficulties implied by the approach.

Following the formalism developed in Ref.@17# we have
embedded these absorption operators in a Faddeev-b
treatment of the three-nucleon dynamics. Accurate bou
state wave functions have been obtained with high-ra
Faddeev-AGS calculations, and a suitable generalization
the quasiparticle method to absorption processes has
formulated in order to take into account the three-nucle
dynamics in thepd channel. This continuum calculation ha
been performed in the rank-one~separable! approximation
and therefore is not as accurate as the bound-state wave
tion, but this is the first calculation which, to our knowledg
includes a Faddeev-based treatment of the initial-state th
body dynamics for thepd→p1t process~and the other pro-
cesses related by isospin symmetry!.

Because of the above-mentioned reasons, we think
the treatment illustrated in this work achieves several
provements with respect to the previous, pioneering, mic
scopic analyses. We have devoted Sec. II to further disc
sions on these and other important aspects of
calculations, such as the treatment of theD mass and width
in the intermediate three-body (DNN) Green’s function, and
the inclusion of off-shell effects~for this second aspect, se
also the discussion at the beginning of Sec. III!. The remain-
ing part of Sec. III compares the results of our analysis w
experiments and Sec. IV contains a brief summary and
conclusions.

II. THEORY

We express the transition amplitude for thep1t↔pd re-
action by the following matrix element:

Ad
tot5S^Cd

~2 !uAuCBS&SuP0
p&, ~1!

whereuCBS&S represents the three-nucleon bound state~BS!
and S^Cd

(2)u the three-body continuum state with ingoin
boundary condition and with the deuterond in the
asymptotic channel. Both states are assumed to be prop
antisymmetrized in the nucleonic coordinates and the s
uP0

p& is the pion-nucleus three-dimensional plane wave. I
previous exploratory calculation@16# the bound-state wave
function calculated in Ref.@18# was used. That wave func
tion originally was determined in Ref.@18# by solving the
Faddeev equation with the Paris potential and with expl
allowance of theD degrees of freedom and consisted of
three-baryon partial waves, of which 22 refer to pure
nucleonic states. Because of the smallness of the remai
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56 1233pd↔p1t REACTION AROUND THED RESONANCE
isobar states, only the nucleonic states were retained in
calculation of Ref.@16#. In the present calculation, we hav
independently recalculated the three-nucleon bound state
various realistic nuclear potentials, and the details of th
calculations are illustrated in Sec. II B.

The absorption mechanisms are specified by the oper
A. To avoid double countings, we avoided purely nucleo
intermediate states inA. This is because we calculate th
final-state interactions among the three nucleons using r
istic NN potentials, without performing any kind of subtra
tion in the nuclear potential.

In this study we consider absorption mechanisms ge
ated by pion-nucleon interactions inp waves as described b
the pND andpNN vertices. The nonrelativistic interactio
Hamiltonians are

HpND5
f pND

mp
E drr~r !~SW •¹W !„FW ~r !•TW …, ~2!

for the pND interaction, and

HpNN5
f pNN

mp
E drr~r !~sW •¹W !„FW ~r !•tW…, ~3!

for the pNN one. Here, the baryonic density is denoted
r(r ), while FW (r ) is the pionic isovector field. The quantitie
M and mp are the nucleon and pion masses, respectiv
while sW andtW are the nucleon spin and isospin operators, a
SW and TW are the corresponding generalization to the isob
nucleon transition.

The pNN vertex defines the simplest one-body abso
tion mechanism and is sometimes referred to as the imp
approximation~IA ! mechanism. However, this is suppress
because of energy-momentum mismatch, therefore t
nucleon mechanisms dominate. These are taken into acc
through theD-rescattering process, where thepNN-NN in-
elasticities are modeled through apND-DN–NN two-step
transition. Here the first transition is triggered by thepND
vertex given above, followed by an intermediateDN propa-
gation and by theDN-NN transition. The intermediate
propagation of the isobar is described by the Green’s fu
tion

G05
1

E1M2MD2p2/2mD2q2/2nD

, ~4!

whereE is given by the pion energy plus the target kine
energy in the c.m. system. The Jacobi variablesp andq are
the pair DN and spectator nucleon momenta, respective
Correspondingly,mD and nD are the reduced masses of t
pair and spectator-pair systems.MD2M is the isobar-
nucleon mass gap. Since theD isobar is not a stable particl
but a resonance, its mass is endowed with an imaginary
GD , associated to the decay width of the isobar

MD5MD2Es2
i

2
GD~E!, ~5!

with MD 5 1232 ~MeV! and Es being the energy-shift pa
rameter. The energy dependence forG has been modeled
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phenomenologically in a previous analysis of thepd↔pp
reaction @19#. Here we use the same analytical express
which was obtained in that analysis, with theGD energy
dependence extracted by the condition

s~E!5
D

~E2ER!21GD~E!2/4
, ~6!

wheres(E) is the experimental excitation function for pio
absorption on deuterons. In the numerical calculation, the
to s(E) obtained by Ritchie@20# is used.

In a meson-exchange framework@21,22#, the ND-NN
transition potential can be obtained from thep- and
r-exchange diagrams

VND5~VND
p 1VND

r !~T1
W †

•t2
W !,

VND
p 52

gp f pND

2Mmp
~S1
W †

•QW !~s2
W
•QW !G~vp!,

VND
r 52

~gr1 f r! f rND

2Mmr
~S1
W †3QW !•~s2

W3QW !G~vr!. ~7!

The operatorQW is the baryon-baryon transferred mome
tum, mr is the mass of ther-meson, and the function
G(v), which describes the meson-exchange propagat
takes into account the mass difference between nucleons
isobars:

G~v!5
1

2v2 1
1

2v~MD2M1v!

.
1

2v2 1
1

2v212mp~MD2M !
. ~8!

Here, v is the relativistic energy of the exchanged mes
and, as shown in the last expression, we have taken
account theDN mass difference in an approximated way
order to obtain analytical expressions when performing
partial-wave expansion. Each meson-baryon coupling in
transition potential has been endowed with a phenome
logical form factor of monopole type, with the exclusion
the rND coupling, where a dipole-type form factor was a
sumed.

Finally, we discuss how the three-nucleon dynamics c
be incorporated into the theory, or equivalently, how we c
culate S^Cd

(2)u. The method is similar to previous proce
dures developed to incorporate final-state interactions~FSI!
in the photodisintegration of three-body systems@23–
25,27,28#. First, we introduce the operatorP23 which ex-
changes spin, isospin, and position coordinates of nucleo
and 3. We then introduce the cyclic and anticyclic permu
tion operatorsP2 and P3, respectively. They exchange th
global coordinates of the three nucleons in the followi
manner: 123→231 and 123→312, and can be expressed
term of the pair exchange operators asP2[P12P23 and
P3[P13P23. This leads to the full permutator

P[P21P3 , ~9!
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1234 56L. CANTON AND W. SCHADOW
and to the normalized symmetrizerS[(11P)/A3. It is now
possible to derive the complete wave function in terms of
asymptotic channel wave function1^Fdu ~the subscript 1
denotes antisymmetrization with respect to the pair mad
nucleons labeled 2 and 3!

S^Cd
~2 !u51^Fdu~11TG0!S, ~10!

where the three-body operatorT satisfies a Faddeev-lik
equation

T5Pt1PtG0T ~11!

(t is the two-nucleont-matrix!. We now define the Mo” ller
operatorV (2)†[11TG0, in which case

S^Cd
~2 !u51^FduV~2 !†S. ~12!

This operator satisfies the Faddeev-like equation

V~2 !†511PtG0V~2 !†, ~13!

with which the pion-disintegration amplitude can be rewr
ten as

Ad51^FduV~2 !†SAuCBS,P0
p&. ~14!

Because of the two equations above, the full amplitude
isfies the integral equation

Ad51^FduSAuCBS,P0
p&11^FduPtG0V~2 !†SAuCBS,P0

p&.

~15!

The first term on the right-hand side corresponds to
plane-wave contributions, while in the second term theNN
rescatterings~to all orders! are singled out.

As is well known, when the two-body transition matrix
represented in a separable form, the Alt-Grassber
Sandhas~AGS! equations@26# for neutron-deuteron scatte
ing reduce to effective two-body Lippmann-Schwinger eq
tions. The same happens for the calculation of final-s
interaction effects in the photodisintegration of the trit
(g1t→n1d) @23–25,27,28#, where one obtains a simila
effective two-body Lippmann-Schwinger equation, the on
difference being that the driving term of then-d scattering
equation~i.e., the particle-exchange diagram, the so-cal
‘‘Z diagram’’ ! is replaced by the off-shell extension of th
plane-wave photoabsorption amplitude. Here, we use a s
lar scheme for pion absorption on the three-nucleon syste

In order to accomplish this, we use the separable exp
sion method proposed by Ernst, Shakin, and Thaler~EST!
@32# for representing a givenNN interaction. The EST
method is very reliable and has been tested in the pas
bound-state@33,34# and scattering calculations@35–37#. In
this approximation the original interaction is expressed
separable terms of the form

V5 (
m,n51

N

u f m&Lmn^ f nu, ~16!

whereN is the rank of the approximation. The detailed stru
ture of the potential, the parameters for the form fact
e

of
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e
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te
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or

n

-
s

u f m&, and the interaction strengthl can be found in Refs.
@36,37#. The input two-body transition matrixt is given as a
series of separable terms

t5(
mn

u f m&Dmn^ f nu. ~17!

To simplify the notation, we restrict the sum above to ju
one value for the indicesm and n, so that the transition
matrix takes the rank-one formt5u f 1&D^ f 1u. In D as well as
in the form factor u f 1&, we have also omitted the prope
energy dependence, but it must be remembered that whe
two-bodyt matrix is embedded in the three-particle space
correct energy dependence is uponE2(3q2/4M ), where the
energy of the spectator nucleon has to be subtracted.
separable representation reproduces the correct nega
energy bound-state pole of the two-bodyt matrix ~for the
deuteron quantum numbers! if the form factor satisfies the
homogeneous equation

VG0~Ed!u f 1&5u f 1&, ~18!

and, within a normalization factor,G0(Ed)u f 1& is the deu-
teron waveuFd&.

Use of the separable representation of thet-matrix input
in the integral equation~15! leads to the effective two-body
equation

A~q,E!5B~q,E!1E q82dq8V~q,q8,E!

3DS E2
3q82

4M DA~q8,E!, ~19!

with the definitions

A~q,E!51^ f 1 ,quG0
~1 !V~2 !†SAuCBS,P0

p&,

B~q,E!51^ f 1 ,quG0
~1 !SAuCBS,P0

p&,

V~q,q8,E!51^ f 1 ,quG0
~1 !Pu f 1 ,q8&1 . ~20!

Here,A and B represent the off-shell extension for the fu
and plane-wave pion-absorption amplitudes, respectiv
while V is the effective two-body potential which represen
the one-particle exchange diagram between different s
cluster rearrangements.

These amplitudes are decomposed in three-nucleon pa
waves, while the pion-nucleus incident wave is treated
three dimensions. Details on the employed representa
were given elsewhere@17#. The representation of the three
body states is defined in momentum space and the par
wave decomposition is discussed within thej I coupling
scheme. The indexa refers to the whole set of quantum
numbers@i.e., orbital momentum, spin, total angular mome
tum, and isospin of the pair (ls) j ;t, of the spectator
(ls)I ;t, total angular momentum, isospin, and associa
third componentsJJz;TTz#.

The absorption mechanisms we include in our calculat
have the following structure:
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BE
D~q8,a8,E!52A3 (

a9,aD ,a
E p82dp8p92dp9q92dq9pD

2 dpDp2dpq2dq

3
f 1~a8,p8!^p8q8a8uPup9q9a9&

E2~3/4!q82/M2p82/M1 i e

^p9q9a9uVNDupDq9aD&

E1~M2MD!2q92/2nD2pD
2 /2mD

^pDq9aDuHpNDupqa&^pqauCBS&,

~21!

and

BD
D~q8,a8,E!52A3 (

aD ,a
E p82dp8pD

2 dpDp2dpq2dq
f 1~a8,p8!

E2~3/4!q82/M2p82/M1 i e

^p8q8a8uVNDupDq8aD&

E1~M2MD!2q82/2nD2pD
2 /2mD

3^pDq8aDuHpNDupqa&^pqauCBS& ~22!

for the D-rescattering mechanisms, and

BE
IA~q8,a8,E!5A3 (

a9,a
E p82dp8p92dp9q92dq9p2dpq2dq

f 1~a8,p8!^p8q8a8uPup9q9a9&

E2~3/4!q82/M2p82/M1 i e
^p9q9a9uHpNNupqa&^pqauCBS&,

~23!

BD
IA~q8,a8,E!5A3(

a
E p82dp8p2dpq2dq

f 1~a8,p8!^p8q8a8uHpNNupqa&^pqauCBS&

E2~3/4!q82/M2p82/M1 i e
, ~24!
ha
ub
c
o
u
n
-

rm
f
or
d

fa

ve
t

la
n

he

r

ate
the

is

es,

he
for the one-body IA mechanisms. Clearly, all these mec
nisms add coherently to give the total amplitude. The s
scriptsE and D differentiate between exchange and dire
mechanisms, respectively. TheD mechanisms correspond t
the probability that nucleon 1 is the free nucleon in the o
going channel~hence nucleons 2 and 3 form a deutero!
while the other two cases~i.e., nucleon 2 or 3 as free outgo
ing particle! are assembled together in theE mechanisms.
These exchanges in the rearrangement channel are perfo
by the permutation operatorP. We refer to the appendix o
Ref. @29# for details on the partial-wave matrix elements f
this operator. EachD-rescattering mechanism is multiplie
by the factor 2A3 which arises from the multiplicity of the
possible two-body mechanisms and by the normalization
tor due to Pauli principle. The same considerations lead
the factorA3 in the impulse approximation. We also obser
that a coupled-channel structure has to be intended for
deuteron form factorf 1(a8,p), since the deuterond-wave
component is obviously taken into account in our calcu
tion. However, these coupled orbital-momentum compone
of the pair must be summed up coherently.

We assume that such a sum~over the coupledl ’s! is per-
formed at the present stage, so that the indexa8, from now
on, collectively denotes the set of quantum numberss, j , t,
l, I , t, J, Jz, T, andTz.

Finally, we observe that the direct contribution to t
D-rescattering term, Eq.~22!, vanishes on-shell.~On-shell,
the two-nucleon quantum numberss, j , andt are fixed by the
deuteron state, and the relative motion of the spectatorq is
fixed by total energy conservation.! This vanishing effect is
due to isospin considerations, since the intermediateDN pair
cannot be directly coupled to a final deuteronlike (t50) pair.
It does couple, however, through the permutation operatoP
-
-

t

t-

ed

c-
to

he

-
ts

in the exchange contribution, as well as through final-st
interactions, where one can well have isovector pairs in
intermediate states.

Once the total absorption amplitudeAtot(q,a8,E) has
been obtained, the pion-absorption excitation function
given by

s5
cps

2 (
a8

uAtot~q,a8,E!u2, ~25!

with phase-space factor

cps5~2p!4
q

P0
p

EpEtENEd

~Etot!2
, ~26!

where

Ep5Amp
2 1P0

p2
, ~27!

Et5AMT
21P0

p2
, ~28!

EN5AM21q2, ~29!

Ed5AMD
2 1q2, ~30!

Etot5EN1Ed5Ep1Et . ~31!

Here,MD , MT , are the deuteron and three-nucleon mass
respectively. The momentumq is the on-shell momentum~in
c.m. frame! of the outgoing nucleon.

Similarly, the unpolarized differential cross section for t
p1t→pd reaction is given by
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ds

dV
~u!5

cps

2 (
K,Kz

U (
J,Jz,l

C~lKJ;lzKzJz!Yl
lz

~V!

3(
I

~2 !l2I 1KK̂Î H 1 1
2 K

l J I J
3Atot~l,I ,J,Jz;T,Tz!U2

, ~32!

whereK is the channel spin of the deuteron-nucleon syste
i.e., the sum of the spins of the two fragmentsK5 j1s.

Finally, detailed balance gives the expression for the
polarized cross section for the inverse~pion production! re-
action

F ds

dV
~u!Gproduction

5
1

3S P0
p

q D 2F ds

dV
~u!Gabsorption

, ~33!

whereu is the c.m. angle of the deflected particle.

A. Partial-wave absorption amplitudes

We outline here the basic ingredients we used for
calculation of the absorption amplitudes in partial wav
The section is mainly technical and can be ignored on a
reading, if one is not interested in the details of the calcu
tion.

For brevity, out of the four mechanisms discussed pre
ously, we have selected only two mechanisms, namely,
exchangeD rescattering, which is the dominant one, and
direct IA term. The remaining mechanisms, directD rescat-
tering and exchange IA have a similar structure and do
introduce any novelty.

To avoid unnecessary complications in the formulas,
give here the amplitudes on shell, i.e., we have substitu
uFd& in place of G0(Ed)u f 1& and have denoted b
uls j(p)[u(p) the s and d component of the deuteron i
momentum space. For the inclusion of the three-nucleon
namics via the AGS equations, these same amplitudes
been extended off shell@see Eq.~18!#. To fix the notation,
,

-

e
.
st
-

i-
e

e

ot

e
d

y-
ve

the exchangeD-rescattering amplitude in partial waves ca
be denoted as

BE
D52A3^ua8q8uPÂ1uCBS,ā ,P0

p&, ~34!

whereq8 is the c.m. momentum of theN-d system,P0
p is the

c.m. momentum of thep1t channel and denotes the bea
axis or equivalently thez axis. While the former is a one
dimensional variable in a fully decomposed partial-wa
scheme, the latter is three dimensional, since we decom
in partial waves only the baryonic coordinates, not the pio
one. The operatorÂ1 represents thepN-D transition on
nucleon labeled 2, intermediateD propagation, and aDN-
NN transition between nucleons 2 and 3, while nucleon
acts as spectator. The process is diagrammatically illustr
in Fig. 1 of Ref.@17#, while P is the three-body permutato
previously introduced. For the detailed form ofP in partial
waves, we used the expression given in the Appendix of R
@29#.

With a8 we collectively denote the quantum numbers f
the j I decomposition of thep-d channel listed according to
Eq. ~3.2! of Ref. @17#, while with ā the quantum numbers fo
the three-nucleon bound state in theLS scheme are assumed
The details of the calculation in this scheme can be found
Ref. @18#, while similar calculations in thej I scheme are
found, e.g., in Refs.@30,31#.

The resulting expression is

^u,a8,q8uPÂ1uCBS,ā ,P0
p&

5F (
kl1l 18a9aD
LDSDSzm

g̃~a8a9kl1l 2l 18l 28!T~a9ā !

3B~a9aDāLDSDSzm!

3I1~a8a9aDākl1l 18LDSDSzm!, ~35!

where

F5
iP0

p~3M1mp! f pND
2 f pNN

72p3mp
3 ~M1mp!Apvp

, ~36!

the geometrical coefficientsg̃ , T, andB are given explicitly
in the Appendix, and finally
I1~a8a9aDākl1l 18LDSDSzm!5q8 l 21 l 28E
0

`

p82dp8p8 l 11 l 18ul 8s8 j 8~p8!E
21

1

dx
Pk~x!

p* l 9q* l9E0

`

p2dpE
21

1

d cosP̂

3
Ql 9 l D

T
~p* ,pD!

E1M2MD2pD
2 /2mD2q* 2/2nD

Q l Dm~cosP̂D!Q l̄ m~cosP̂!

3E
21

1

d cosQ̂8Ql9n~cosQ̂8!Q l̄n~cosQ̂!Cā~p,q!. ~37!
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In this last equation, all the relevant momenta are defi
in terms of the channel momentaq8 andP0

p and of the inte-
gration variables through the formulas

p* 5A 1
4 p821 9

16 q821 3
4 p8q8x,

q* 5Ap821 1
4 q822p8q8x,

pD5AS 3M1mp

6M13mp
P0

pD 2

1p212
3M1mp

6M13mp
P0

pp cosP̂,

cosP̂D5
@~3M1mp!/~6M13mp!#P0

p1p cosP̂

pD
,

q5A~ 1
3 P0

p!21q* 21 2
3 P0

pq* cosQ̂8,

cosQ̂5
~1/3!P0

p1q* cosQ̂8

q
. ~38!

In Eq. ~37! Pk(x) represents the Legendre polynomia
Q lm(cosu) denotes the associated Legendre functions~nor-
malized according to Ref.@17#!, Ql l 8

T (p,p8) represents linea
combinations of II-kind Legendre polynomials@see Eq.~43!
in Ref. @19##, originated by thep1r meson-exchange dia
grams in the tensorDN-NN force, and finallyCā(p,q) is
the triton wave function in momentum space and in theLS
scheme. In the same equation, it is also assumed
n5Jz82Sz2m, while the identities l 11 l 25 l 8 and
l 181 l 285l8 hold in both Eqs.~A1! and ~37!.

Similarly, the direct IA amplitude in partial waves can b
expressed as

BD
IA5A3^ua8q8uHpNNuCBS,ā ,P0

p&, ~39!

with the pNN vertex acting on nucleon 2 as a one-bo
operator.

The calculation of this matrix element yields

^u,a8,q8uHpNNuCBS,ā ,P0
p&

5F2 (
L8S8Szm

B2~a8āL8S8Szm!I2~a8āL8S8Szm!,

~40!

where
d

,

at

F25
iP0

p~3M1mp! f pNN

2pmp~M1mp!Apvp

~41!

and

I2~a8āL8S8Szm!

5E
0

`

p82dp8ul 8s8 j 8~p8!E
21

1

d cosP̂8Q l 8m~cosP̂8!

3Q l̄ m~cosP̂!E
21

1

d cosQ̂8Ql8n~cosQ̂8!

3Ql̄n~cosQ̂!Cā~p,q!. ~42!

As in the previous case, all the relevant momenta have to
expressed in terms of the channel momentaq8 andP0

p and of
the integration variables

p5Ap821S 3M1mp

6M13mp
P0

pD 2

22
3M1mp

6M13mp
P0

pp8 cosP̂8,

q5Aq821~ 1
3 P0

p!21 2
3 P0

pq8 cosQ̂8,

cosP̂5
2@~3M1mp!/~6M13mp!#P0

p1p8cosP̂8

p
,

cosQ̂5
~1/3!P0

p1q8 cosQ̂8

q
. ~43!

The coupling coefficientB2 is explicitly given in the Appen-
dix.

B. 3N bound-state calculation

For the calculation of the three-body bound-state ene
ET and wave functionuCBS& we start from the Lippmann-
Schwinger equation

uCBS&5 lim
e→0

i eG~ET1 i e!uCBS&. ~44!

Using the resolvent equation

G~z!5Gb~z!1Gb~z!V̄bG~z! ~45!

and performing thee limit we end up with

uCBS&5Gb~ET!~V2Vb!uCBS&, ~46!

whereV is the total interaction summed over the pairs,Vb is
the nuclear interaction of the pair labeled byb, V̄b denotes
V2Vb , andGb is the channel resolvent for the two-clust
partition.
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If we now introduce the positionuFb&5(V2Vb) uCBS&
and the relationVgGg5TgG0, we obtain the celebrate
equation

uFb&5(
g

~12dbg!TgG0uFg&. ~47!

Here, the summation runs over all two-fragment partitionsg.
The ‘‘form factors’’ uFb& are related touCBS& by

uCBS&5(
g

G0TgG0uFg&5(
g

uCg&, ~48!

where theuCg& are the standard Faddeev components. T
can be shown by using the definition ofuFb& and again the
relationVgGg5TgG0:

uCg&5G0TgG0uFg&5G0VgGguFg&

5G0VgGg~V2Vg!uCBS&5G0VguCBS&. ~49!

The bound-state equation~47! has to be projected onto th
three-body partial wavesupqlbJT&. In this subsection we
use the so-called channel-spin coupling. The labelb denotes
the set of quantum numbers (hKl), whereK andl are the
channel spin of the three nucleons@with the coupling se-
quence (j ,s)K# and the relative angular momentum betwe
the two-body subsystem and the third particle, respectiv
In this paper, the channel-spin couplingK has been already
introduced in Eq.~32!. Here, the total angular momentum
the three-nucleon systemJ is given by the coupling sequenc
(K,l) while T has been already defined as the total isosp
l is the usual orbital angular momentum andh5(s, j ;t) col-
lectively denotes the spin, angular momentum@with the cou-
pling sequence (l ,s) j #, and isospin of the two-body sub
system. Defining

TABLE I. Ranks of the two-body partial waves of the Par
Bonn A, and BonnB potentials in the EST representation.

Partial wave PEST BAEST BBEST

1S0 5 5 5
3S12 3D1 6 6 6
1D2 5 4 4
3D2 5 4 4
1P1 5 4 4
3P1 5 4 4
3P0 5 4 4
3P22 3F2 7 5 5

TABLE II. Calculated binding energies for the triton. The tot
angular momentum of the two-body subsystem was restricte
j <2. This led to 18 three-body channels in the channel-spin c
pling.

BAEST BBEST PEST

28.284 28.088 27.3688
is

y.

.

Fb
b~q!5(

l
E

0

`

dpp2f l~p!^pqlbJTuG0~ET!uFb&,

~50!

inserting the finite-rank form for theT matrix, and using the
Pauli principle, we obtain the one-dimensional equation

Fb~q!5(
b8

E
0

`

dq8q82AV bb8~q,q8,ET!

3Dh8~ET2 3
4 q82!Fb8~q8!, ~51!

with

AV bb8~q,q8,ET!52(
l l 8

E
0

`E
0

`

dpp2dp8p82f l~p!

3^pqlbJTuG0~ET!up8q8l 8b8JT&

3 f l 8~p8!. ~52!

The recoupling coefficients for the coupling scheme her
employed can be directly found in Ref.@38#, or alternatively,
they can be obtained starting from other coupling schem
@29# by means of the usual transformation algebra.

Equation~51! can be treated as an eigenvalue proble
The energy is varied until the corresponding eigenvalue i
The ranks for the partial waves taken into account for
bound-state calculations for the different potentials are lis
in Table I. Results for the binding energies can be found
Table II.

The whole wave function can now be calculated by eith
using Eq.~48! or by applying the permutation operatorP
defined in Eq.~9! on one Faddeev component@29#

uCBS&5~11P!uC1&. ~53!

This second representation has the advantage to be expl
independent from theT-matrix representation, and is there
fore computationally more convenient when the rank of
representation becomes large. The high accuracy of the w
function has been shown in Refs.@33,34#.

For the calculation of the Born terms as illustrated in t
previous section, the wave function was transformed into
LS scheme via

^@~ ll!L,~ss!S#JJzu

5(
jK

~21! l 1s1l1s1L1S12K ĵ L̂ŜK̂H l S K

s j s J
3H l S K

J l L J ^$@~ ls! j s#Kl%JJzu. ~54!

C. 3N continuum calculation

In this section we briefly summarize the continuum c
culation. As already mentioned the method used here is s
lar to the techniques developed to incorporate final-state

to
-
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56 1239pd↔p1t REACTION AROUND THED RESONANCE
teractions ~FSI! in the photodisintegration of triton@23–
25,27,28#. The only difference is the inhomogeneity, i.e., t
Bornterm, of Eq.~19!. Thus, with this replacement our work
ing program for photodisintegration has been easily modi
for pion absorption. Both programs are based on a prog
for n-d scattering@38#, which has been rewritten for the ES
method used here and the above replacement. The Fad
results for the continuum presented here are all calcula
using a rank-one representation of the two-bodyt matrices in
the kernel of the integral equation. In the case of photod
integration it has been shown@39# that this is enough for the
observables calculated.

In the case of the pion absorption the Born term is mu
more complicated and has more structure than in the cas
photodisintegration. To achieve the required accuracy
used 70 grid points in theq variable for each channel for th
off-shell extension of the Born term. For details of the n
merical solution of the integral equation we refer to R
@40#.

III. RESULTS

Our analysis of thepd→p1t reaction is essentially a
parameter-freeanalysis, because all the parameters of
model were fixed in previous studies@19,41# on the simpler
p1d→pp reaction. This was possible because the chara
of the calculation is sufficiently microscopic that the tuni
parameters are basic quantities such as coupling cons
and cutoffs at the meson-baryon vertices. Obviously th
very same parameters enter in bothpp↔p1d andpd↔p1t
reactions. We refer to the analyses of Refs.@19,41# for a
more detailed discussion on thep1d→pp reaction; here we
limit ourselves to summarize few aspects which are spec
of this approach. The coupling constants for t
D-rescattering mechanism are the ones referring to thepNN,
pND, rNN, and rND vertices, which were taken from
Table B.1 of Ref.@42# ~model III!. The cutoff parameters~in
MeV! of the four vertices are 1600, 900, 1200, and 13
respectively, which are practically equivalent to the on
given in the same Table B.1 cited above.

In the analysis of pion absorption on deuterons which
used as input for our study, there were only two authentic
phenomenological ingredients. First, the way theD reso-
nance propagates in the intermediate states, and, secon
off-shell nature of thepNN and pND vertices when the
pion is the asymptotic particle, and hence rigorously stand
on its mass shell.

Concerning the first point, the resonance peak in the
perimental pion-deuteron absorption cross section is be
the position of a freeD ~as observed bypN scattering! by a
few tenths of MeV. This effect could not be explained with
the dynamical model, and therefore theD resonance peak
has been positioned downwards by introducing an ene
shift parameter. Phenomenologically, the magnitude of
shift is of the order of 30–35 MeV; it has, however, to
increased by about 20 MeV~see Refs.@19,41#! if the motion
of the other nucleon is taken into account. As for the iso
width, this was fixed to 115 MeV at the resonance, and the
fore corresponds to the value of the free resonance wi
Note, however, that the resonance peak for pion absorp
on deuteron is broader, being aroundG05150 MeV @43,44#.
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This broadening of the width is fully described by th
pd→pp model calculation, once all the mechanisms,
cluding FSI, are taken into account.

The second point with a certain deal of phenomenolo
concerns the off-shell nature of the pion-baryon vertices
the case where the pion is the asymptotic particle. When
pion is on its mass shell, the extended structure of thepNN
andpND vertices may be governed by the nucleon mom
tum, if the nucleon is the off-shell particle. The importan
of including these baryonic off-shell effects has been poin
out also in a recent study ofpN scattering@45#. Thus, the
two vertices have been endowed with a form factor depe
ing upon the momentumk of the interacting nucleon,

FN,D~k!5
lN,D

2

lN,D
2 1k2

. ~55!

For the two-nucleon systemk2 corresponds to the squar
of the Jacobi coordinatep, while for the three-nucleon sys
tem, an averaging over angles yieldsk2.p210.25q2.

At the level of the two-nucleon system, the model h
been tested against the enormous variety of experime
data collected for thep1d↔pp reaction, and its strength
and weakness, especially at the level of spin observab
have been thoroughly discussed in Refs.@19,41#.

To exhibit the quality of the results at the level of th
two-nucleon system, we report in Fig. 1 the total product
cross section for thepp→p1d reaction from threshold to

FIG. 1. Excitation function forp1 d production~in mb! from
pp collisions. The parameterh corresponds to the pion momentu
~c.m.! divided by the pion mass. The full line is the result obtain
with Bonn B potential and withp-wave pion-nucleon interaction
which includes both isobar and nonisobar degrees of freedom. P
tically indistinguishable from the full line, there is a dotted lin
which correspond to a similar calculation but with Paris potent
The other two curves~dashed and dashed-dotted, respectively! cor-
respond to the inclusion of pion-nucleon final-state interaction is
wave and differ between each other for theNN potential being
used. The BonnB in the dashed case, Paris in the dotted-das
case.
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TABLE III. Example of three-nucleon partial waves included in our calculation. The notatio
2s11l j l I , wheres, l , and j are spin, orbital, and total momentum of the pair, whilel andI are orbital and
total momentum for the spectator nucleon. This set of 82 states corresponds to the inclusion of 4 two-n
states. In our actual calculation 464 three-body partial waves have been considered, correspondin
inclusion of 18 two-nucleon states.

JP5
1
2

2 JP5
1
2

1 JP5
3
2

2 JP5
3
2

1 JP5
5
2

2 JP5
5
2

1 JP5
7
2

2 JP5
7
2

1

1S0P1
2

1S0S1
2

3S1P1
2

3S1S1
2

1D2P1
2

1D2S1
2

1D2P3
2

1D2D3
2

3S1P1
2

3S1S1
2

3D1P1
2

3D1S1
2

3S1P3
2

3S1D3
2

3S1F5
2

3S1D5
2

3D1P1
2

3D1S1
2

1D2P1
2

1D2S1
2

3D1P3
2

3D1D3
2

3D1F5
2

3D1D5
2

3S1P3
2

3S1D3
2

1S0P3
2

1S0D3
2

1D2F3
2

1D2D3
2

1D2F5
2

1D2D5
2

3D1P3
2

3D1D3
2

3S1P3
2

3S1D3
2

1S0F5
2

1S0D5
2

1S0F7
2

1S0G7
2

1D2P3
2

1D2D3
2

3D1P3
2

3D1D3
2

3S1F5
2

3S1D5
2

3S1F7
2

3S1G7
2

1D2F5
2

1D2D5
2

1D2P3
2

1D2D3
2

3D1F5
2

3D1D5
2

3D1F7
2

3D1G7
2

3S1F5
2

3S1D5
2

1D2F5
2

1D2D5
2

1D2F7
2

1D2G7
2

3D1F5
2

3D1D5
2

3S1F7
2

3S1G7
2

3S1H9
2

3S1G9
2

1D2F5
2

1D2D5
2

3D1F7
2

3D1G7
2

3D1H9
2

3D1G9
2

1D2F7
2

1D2G7
2

1D2F7
2

1D2G7
2

1D2H9
2

1D2G9
2

1D2H9
2

1D2G9
2
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above theD resonance. The parameterh corresponds to the
pion momentum~c.m.!, in units of pion mass. The exper
mental data were extracted from a collection of Refs.@46–
55#. All data have been converted into production data us
the principle of detailed balance, if necessary, and in cas
the data of Ref.@46#, charge-independence consideratio
were applied. The full line is the result obtained with t
BonnB potential, and with thep-wave pion-nucleon mecha
nisms which, as discussed in the previous section, incl
both isobar and nonisobar degrees of freedom. Practic
indistinguishable from the full line there is a dotted line co
responding to a similar calculation but with the Paris pot
tial. The differences between the two curves slightly incre
with energy and at the resonance peak the Paris result is
than 5% smaller than the BonnB one.

The other two curves~dashed and dashed dotted, resp
tively! correspond to the additional inclusion ofs-wave pion-
nucleon interactions in the final state of the production p
cess~or conversely in the initial state, for pion absorption!.
The leading contribution for thispN-pN interaction was
obtained via ar-meson exchange model in Ref.@41#. The
two curves differ in the choice of theNN potential, the Bonn
B being referred to by the dashed line, the Paris by
dotted-dashed curve.

The log scale emphasizes the threshold results, and sh
that in order to achieve a correct reproduction of data o
three orders of magnitude, the pion-nucleon interactions
r-meson exchange have to be considered as well. Note, h
ever, that the process around theD resonance is dominate
by thep-wave mechanisms which are triggered by thepNN
andpND vertices. On a linear scale, the threshold effects
pion production due to thes-wave mechanisms would appe
smaller.

At this stage of our study of thepd↔p1t process, we
have excluded ther-mediated pion-nucleon interaction ins
wave, and limited the analysis around theD resonance. Fur-
ther work is needed to include the low-energy mechanis
and to extend the calculation at the production threshold
what follows we considered pion-nucleon interactions inp
g
of
s

e
lly

-
e
ss
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e
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r
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w-

n

s,
In

waves only. However, bothD and non-D degrees of freedom
were considered. We note, however, that we treat the p
nucleus wave three dimensionally and carefully calculate
relevant kinematical transformations from the pion-nucle
to the pion-nucleon variables. This requires additional in
grations over angular variables in order to produce the
sorption amplitudes@see Eqs.~37! and ~42!#. And, because
of this, the total angular momentumJ is not restricted, nei-
ther is the parityP, and thus we have taken into account

few JP states:J5( 1
2)

6, J5( 3
2)

6, J5( 5
2)

6, andJ5( 7
2)

6. For
each of these three-body quantum numbers, one should
sider in principle an infinite set of partial waves for the tw
body subsystem, which matches a corresponding infinite
of partial waves for the spectator particle to give a fixedJP.
Clearly, a truncation over a limited number of states is n

FIG. 2. Excitation function of pion production via proton
deuterium collisions~in mb!. The calculation includes alsoD exci-
tation and has been performed with the same parameters a
Fig. 1.
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56 1241pd↔p1t REACTION AROUND THED RESONANCE
essary. Table III shows the smallest set of three-body pa
waves which have been included in our calculation. He
four two-nucleon states have been included, namely,1S0,
3S1, 3D1, and 1D2, while the maximum values considere
for the orbital and angular momentum of thespectatorwere

l55 andI 5 9
2, respectively, for a total amount of 82 state

Such three-body states are indicated in the table accordin
the notation2s11l j l I .

All our calculations, unless otherwise explicitly indicate
have been performed with a much larger set. In particular
calculating the matrix elements of the absorption/product
matrix elements with exchange operator, we took into
count 18 two-body partial waves1S0, 3S1, 3D1, 1D2, 3P0,
1P1, 3P1, 3D2, 3P2, 3F2, 1F3, 3D3, 3G3, 3F3, 3G4, 1G4,
3F4, and 3H4. This, with the same cuts in the spectat
quantum numbersl and I specified as before, yields 3

channels forJP5( 1
2
6), 58 for JP5( 3

2
6), 70 for JP5( 5

2
6),

and 70 for JP5( 7
2
6) for a grand total of 464 three-bod

states. In solving the Faddeev equations for the three-nuc
dynamics in thep-d channel, of the 18 nucleon-nucleo
waves we have included the first 10 states (j <2) since for
these theNN state-dependent interaction was available.

Figure 2 shows the integral cross section~in mb! of the
pd→p1t reaction around the resonance. Thex-axis depen-
dence is upon the parameterh, which has been previousl
defined. The experimental bars were obtained with the h
of a collection of data contained in Refs.@56,57#. To this
collection, we have added the experimental results of R

FIG. 3. Differental cross section forp1 production in the
proton-deuterium collision.
al
,

.
to

in
n
-

on

lp

f.

@58# for p2 absorption on3He at 64 and 119 MeV, assum
ing time reversal and charge symmetry. The full, dotted, a
dashed lines differ among each other for theNN potential
which has been used to generate the asymptotic bound st
i.e., the deuteron and triton. The three curves represent
culations with BonnB ~solid line!, Bonn A ~dotted!, and
Paris interactions. We find that at the peak the Paris res
are smaller than the BonnB results by almost 25%. This
relative difference is substantially larger than the 5% diff
ence obtained for the simplerpp→p1d reaction. Experi-
mentally, thepd→p1t cross section is smaller by a facto
80285 with respect to thepp→p1d one. This large sup-
pression, due to the small overlap of the deuteron wave fu
tion in the incoming channel with the pion production matr
elements, is fully reproduced by our calculations.

The unpolarized differential cross section is reported
Fig. 3 for a variety of energies spanning theD resonance.
While Fig. 2 shows the normalization of the cross section
Fig. 3 we have addressed our attention to the pure ang
dependence and therefore all the curves are normalized to
experimental data. Thus, the three curves referring to
MeV ~lab energy of the proton! have been multiplied by a
factor. The full line, referring to the result with BonnB
potential, has been multiplied by 1.075, the dotted line~Bonn
A! by 1.016, and the dashed line~Paris! by 1.329. The three
factors are due to the differences in normalization imme
ately perceived in Fig. 2 forh51, which is the correspond
ing value for that energy.

At the resonance peak, the angular differences betw
the variousNN potentials are practically zero. These diffe
ences, however, increase in moving away from the resona
in both directions. We find larger differences above the re
nance, for backward angles. In particular, calculations w
Paris potential seem to reproduce better the data at back
angles.

In the first sector (E5300 MeV! of the figure, the data
were taken from the inverse absorption reaction,p2

3He→nd at 64 MeV, Ref.@58#, using the detailed balanc

TABLE IV. Calculated production cross sections~in mb! at h 5
1.36 for variousNN potentials. The impulse approximation~first
row! represents a bare plane-wave calculation withoutD rescatter-
ings. The second and third rows include also theD degrees of
freedom but use a plane-wave approximation in the incoming ch
nel. They differ between each other for the number of partial wa
included in the intermediate states. In casea, four two-nucleon
states have been included and onlyS-wave orbital momentum for
the intermediateD-nucleon state has been considered. In caseb, 18
two-nucleon states and intermediateD-nucleon states inS, P, and
D waves have been taken into account. In the last two rows, wh
the same number of partial waves have been included as in
previous two, thep-d interactions in the initial state have bee
included via a Faddeev calculation.

Bonn A Bonn B Paris

IA 0.58 0.72 0.93
PWa 30.1 28.0 21.7
PWb 30.7 28.7 22.5
ISIa 31.3 29.0 22.5
ISIb 32.0 29.9 23.4
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and charge symmetry. In the same picture we have repo
also four points obtained from Ref.@63# for the production
reaction at 305 MeV. The four points are clearly visible b
cause they stand above the rest of the data set. From
same reference@63#, we have taken also the data at 3
MeV, shown in the second sector, while the data at 382 M
were obtained from pion-absorption reactions at 119 Me
In particular, data from both reactionsp2 3He→nd ~Ref.
@58#! andp1t→pd ~Ref. @59#! have been included. The da
at 450 and 500 MeV were taken from Ref.@60# using charge
independence, and finally, at 605 MeV, we considered
older data of Ref.@61#. In terms of integrated cross sectio
that last set of angular data corresponds in Fig. 2 to
datum ath52.4, which has the largest error bar. Because
this, the large multiplicative factors we found at this ener
~5.956 for BonnB, 5.413 for BonnA, and 7.982 for Paris!
seem to be attributable more to normalization problems
the data, than to the model calculation. For all the remain
energies, the normalization factors were all well around o

Table IV compares for the threeNN potentials the inte-
grated cross section calculated under various conditions.
first row exhibits the contribution arising from the solepNN
vertex ~denoted IA, impulse approximation!. In the second
row ~PWa!, we show a plane-wave calculation which i
cludes the isobar degrees of freedom via thepND vertex. In
the third row, PWb, the number of intermediateNN states
have been increased from 4 up to 18 two-body partial wav
and from the soleS state up to theD states in theDN orbital
momentum. The effect in the total cross section is about 3
however, as shown in the next figure, there is a not large
sizeable change in the angular dependence. In a forthcom
article we will show that certain spin observables such asAy0
are extremely sensitive to the number of waves included
the intermediate states.

FIG. 4. p1-production differential cross section ath51.36. The
full line shows the results with inclusion of nucleon-nucleon initia
state interactions. The dotted line represents the plane-wave c
lation. The dashed line shows the results with a limited numbe
channels. The dashed-dotted line shows the contribution of the
nonisobar degrees of freedom, magnified by a factor 10. All ca
lations were performed with the Paris potential.
ed
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Finally, in the last two rows~ISIa and ISIb! the effect of
three-nucleon dynamics in the incoming channel has b
taken into account with the Faddeev formalism. Similar
the previous two rows, these differ between each other
the number of intermediate states. In both cases, the effe
the three-nucleon dynamics yields an increase of about
or less. Around the same value forh, the pd→p1t cross
section extracted from Ref.@60# gives 3563.2 mb at
h51.32, while data extraction from@58# gives 32.768.0 at
h51.43.

Figure 4 shows the differential cross section calculated
h51.36 in various conditions, in comparison to the data o
tained forp0 production at 350 MeV assuming charge ind
pendence@60#. The solid line is the solution of the Faddee
equation for the three-nucleon dynamics in the incom
channel. The corresponding plane-wave results are show
the dotted line. The comparison shows that the three-nuc
dynamics have a relatively small effect on the different
cross section. On a linear scale, the effect is more p
nounced at forward angles, however, on a log scale it
comes evident that the overall effect is simply a rescaling
the curve, without changing the angular dependence.
dashed line shows the results obtained with a limited num
of channels~a total of 82 instead of 464!. Differences are
seen at both forward and backward angles. It is theref
important to consider convergence with respect to the nu
ber of three-body states included in the calculation. Fina
the dashed-dotted line contains the effect of the sole nu
onic intermediate states. For reasons of visibility, the
nonisobaric effects have been multiplied by a factor of 1
Overall the effect is small, but at backward angles its con
bution is larger than 10%. The calculations shown in t
figure were performed with the Paris interaction. Practica
identical angular dependences have been obtained with
Bonn B and BonnA potentials.

cu-
f
le
-

FIG. 5. Unpolarized differential cross section forp0 production
in proton-deuterium collisions. Circles and triangles represent m
surments taken at Saturne@62# at forward and backward~c.m.!
angles, respectively. The solid and broken curves are forward-a
calculations with BonnB and Paris potentials, respectively, th
dashed and dotted-dashed curves are the corresponding back
angle results.
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56 1243pd↔p1t REACTION AROUND THED RESONANCE
Finally, Fig. 5 exhibits the dependence of the different
cross section upon the parameterh for forward and back-
ward angles. Due to the smallness of the three-body effe
the calculations have been performed in plane-wave appr
mation. The theoretical results have been divided by 2
comparison with the experimental data forp0 production
obtained at Saclay@62#. The BonnB and Paris curves hav
been normalized at E5350 MeV to the data of Ref.@60#.

IV. SUMMARY AND CONCLUSIONS

We analyzed thepd→p1t reaction around theD reso-
nance with a model calculation which explicitly includes is
bar degrees of freedom and meson-exchange diagrams
elementary production/absorption mechanisms were te
on the simplerpp→p1d reaction. In particular, the positio
and width of the isobar resonance were modeled to re
duce the excitation function of thepp→p1d process, and
off-shell effects in the baryonic coordinates were taken i
account in bothpNN andpDN vertices. The same absorp
tion mechanisms~without further changes! have been em-
bedded in a Faddeev-based treatment for thepd→p1t pro-
cess, where the three-nucleon bound state and the th
nucleon continuum dynamics in the initial channel we
calculated using the Faddeev-AGS formalism. The comp
tional method is similar to the one employed recently for
triton photodisintegration. We checked our results aga
integral and differential cross-section data in the resona
region, finding that the unpolarized experimental data
reproduced reasonably well.

As for the excitation function, we found that the res
nance peak is reproduced within the errors without chang
the isobar parameters in passing frompp pion production to
the pd one. We also found that the magnitude of the cu
~i.e., the normalization of the cross section! is sensitive to the
nucleon-nucleon interaction used as input for the 3N bound-
state wave function, with a 25% difference between
Bonn potentials and the Paris one. This sensitivity is lar
by a factor of 5 with respect to thepp→p1d process. The
results with the Paris potential were always smaller th
those obtained with the Bonn potentials.

We then analyzed the angular dependence of the diffe
tial cross section in the energy region spread around the r
nance peak. At the peak there are practically no differen
in the angular distribution with respect to the model selec
for the nucleon-nucleon interaction. In moving away fro
the peak, the angular distributions begin to show some in
action dependence: the differences are larger at higher e
gies and backward angles. The calculation with the P
potential seems slightly in better agreement with the gen
trend of the data at backward angles. Definitive conclusio
however, should be drawn only after thepN interactions ins
wave are also included.

At the resonance peak we have singled out the role of
nonisobaricpN interaction inp wave ~the IA term!, ana-
lyzed the convergence of the calculation with respect to
number of intermediate three-baryon partial waves includ
and considered the effect of the three-body dynamics in
nucleon-deuteron channel. It turns out that the size of th
effects are all comparable. Indeed, the contribution of the
term with respect to the total cross section ranges from
l
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4 % depending on the model interaction which has be
used. Differences of the same size are found when the
culation performed with a strictly necessary set of par
waves is compared with converged results. Finally, by me
of the Faddeev-AGS formalism, it was possible to ascrib
4% effect to the contribution due to the three-nucleon d
namics in the nucleon-deuteron channel. It is obvious t
this is equivalent to saying that for the inverse pio
absorption reaction, final state interactions contribute w
the same 4% amount.

In conclusion, we have here confirmed the expectatio
previously formulated in Refs.@17,64#, that a careful embed
ding of the basic pion absorption/production matrix eleme
in a Faddeev-based treatment of the few-nucleon dynamic
a very important tool for understanding the hadronic p
cesses in nuclei at intermediate energies. Once this point
been settled, it will be possible to move further on with t
same approach and tackle other, more refined experime
data underlining the pion few-nucleon systems.

Such aspects are, e.g., the pionic absorption on the di
ton @65#, the wealth of experimental data involving polariz
tion phenomena@6,60,63,66#, the pion-induced reaction a
energies around the pionic threshold@67#, and, finally, the
meson-absorption coincidence experiments (p1,pp! at non-
conjugated angles with the connected puzzle of the ‘‘ge
ine’’ three-body mechanisms@68#. However, before all of
these aspects can be theoretically disentangled, an impo
improvement is needed in our treatment~as well as in any
other approach!. This is connected with the role played b
the pion-nucleons-wave interaction~in both its isoscalar and
isovector components! in multiple rescattering processe
Stated in other words, it is the role played by the pio
nucleus final state interaction~or initial, depending on the
selected direction in time!. This aspect is still missing in the
present treatment of thed(p,p1)t process, but a flavor of its
importance can be immediately percieved in the simpler c
of the p(p,p1)d reaction, by glancing at the dashed a
dotted-dashed curves passing through the data in Fig. 1
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APPENDIX

We collect here the detailed expressions for the coup
coefficients necessary for the calculation of the partial-wa
amplitudes given in Sec. II A.

In the case of the exchangeD-rescattering diagram, Eq
~35!, the coefficients are
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g̃~aa8kl1l 2l 18l 28!52 l̂ ŝĵ t̂ l̂ Î l̂ 8ŝ8 ĵ 8 t̂8l̂8 Î 8H 1
2

1
2 t

1
2 T t8
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~2 !LL̂2Ŝ2H 1
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1
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1
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J H l s j
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~2l 1!! ~2l 2!!
A ~2l811!!

~2l 18!! ~2l 28!!(f f 8
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T~a8ā !596A30~2 !s81 j 8111 s̄1 t̄ ŝ8 l̂ 8 ĵ 8 t̂8 Î 8 ŝ̄ Ŝ̄ t̂̄ T̂̄H t8 1
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2

1 3
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2

J H 1
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1
2 T8 T̄

J H 1 1
2

3
2

1
2 t8 t̄

J C~1T̄T8;12 1
2

1
2 !, ~A2!

B~a8aDāLDSDSzm!5~2 !sD1SD1 T̄i l D2 l 8ŝD
2 l̂ DŜDL̂DS l 8 2 l D

0 0 0 D H 1 1
2

3
2

1
2 sD s̄

J H 1 s̄ sD

1
2 SD S̄

J H j 8 s8 l 8

2 l D sD
J

3H 1
2

3
2 1

1
2

1
2 1

s8 sD 2
J H l D sD j 8

l8 1
2 I 8

LD SD J8
J C„LDSDJ8;~Jz82Sz!SzJz8…C„L̄ S̄ J̄ ;~Jz82Sz!SzJz8…

3C„1 S̄SD ;0SzSz…C„l Dl8LD ;m~Jz82Sz2m!~Jz82Sz!…C„ l̄ l̄ L̄ ;m~Jz82Sz2m!~Jz82Sz!….

~A3!

Similarly, the recoupling coefficient for the direct IA mechanism, Eq.~40!, is

B2~a8āL8S8Szm!5~2 !11 s̄1s81 t̄ 1t81S81T8 ŝ̄ ŝ8 t̂̄ t̂8 Ŝ̄ T̂̄ ĵ 8 Î 8 L̂8

3Ŝ8H 1
2 t̄ t8

1
2 T8 T̄

J H 1 1
2

1
2

1
2 t8 t̄

J CS 1T̄T8;12
1

2

1

2D H 1
2 s̄ s8

1
2 S8 S̄

J H 1 1
2

1
2

1
2 s8 s̄

J
3H l 8 s8 j 8

l8 1
2 I 8

L8 S8 J8
J C„L8S8J8;~Jz82Sz!SzJz8…C„L̄ S̄ J̄ ;~Jz82Sz!SzJz8…C„1 S̄S8;0SzSz…

3C„l 8l8L8;m~Jz82Sz2m!~Jz82Sz!…C„ l̄ l̄ L̄ ;m~Jz82Sz2m!~Jz82Sz!…. ~A4!

In all equations, we have assumed̂5A2 j 11.
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