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The pd«— 7"t process has been calculated in the energy region around tesonance with elementary
production/absorption mechanisms involving one and two nucleons. The isobar degrees of freedom have been
explicitly included in the two-nucleon mechanism wia and p-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— m"d process. The treatment of the few-nucleon dynamics entailed a Faddeev-based calculation of the
reaction, with continuum calculations for the initiptd state and accurate solutions of the three-nucleon
bound-state equation. The integral cross section was found to be quite sensitivl ¢ itteraction 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 phd 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 observal$€556-281®7)01409-X|

PACS numbd(s): 25.80.Ls, 25.10ts, 13.75.Cs

I. INTRODUCTION interaction mechanisms from the knowledge of the bound-
state wave functions. The theoretical uncertainties about the
Pion production/absorption on nuclear systems representsteraction mechanisms at the resonance are simply bypassed
a complex, challenging problem; a fact known for manythrough the employment of the experimentap— 7"d
years. In an attempt to explain the multitude of experimentatross section. The approach has been later refined by several
results collected over more than 40 years, many differenauthors, who addressed the main issues such as the role of
theoretical approaches have been proposed, with the aim dfe distortion effects, sensitivity of the results with respect to
improving our understanding of these reactions and, morg¢he available model wave functions, and generalization of the
generally, of the hadronic phenomena. formalism from three-baryon systems to the many-nucleon
The simplest approaches which have been employed ag(p,7*)A+1 case. A partial but representative sample of
sume a one-nucleon mechanism originated bysthN ver-  works developed along these lines is given in RE3s:5].
tex (generally — but not alway/— a Galilei invariant non- More recently, the analysis of t&(p, 7" )A+ 1 reaction
relativistic reduction of the usualys pion-nucleon in terms of thepp— 7 *d process has been extended to spin
interaction and recast the transition amplitude in a distorted-observables by Falk6], by using thepp— 7" d amplitude
wave impulse approximatio(OWIA) formalism where the analysis of Bugget al. [7], rather than the averaged cross-
many-body aspects can be treated with different levels ofection data of earlier works. In most cases, an overall fair,
approximations [1]. First-order corrections from the qualitative agreement with the trend of the large bulk of ex-
m-nucleus multiple scattering series leads to the two-nucleoperimental data has been found, indicating that the deuteron
mechanisms where a pion emitted from one nucleon scatteraodel even in its spin-dependent version may be considered
from another before leaving the whole nucleus. a starting point for phenomenological studies which include
The nonperturbative character of the hadronic interacspin-polarization data. This kind of approach, however, suf-
tions, together with the energy-momentum mismatch whicHers from a number of problems which limits possible future
forbids absorption on single, free nucleons and suppressasfinements and demands for more appropriate theoretical
one-nucleon absorption on bound nucleons, makes these farmulations. First, the model considefldN production
scattering effects an important aspect which cannot be igmechanisms limited to thédominan} 1—0 isospin transi-
nored for the reproduction of low-energy data. At theeso-  tion, while a complete model should take into account also
nance, however, most of the assumptions used in the earthe effects in the remaining isospin channels. Second, the
calculations were not applicable, and other phenomenologiamplitudes used for input are on-shell quantities, while in
cal approaches have been developed. theory the off-shell effects should be taken into account.
A relevant success was encountered by the “deuteron’Third, there is a certain arbitrariness in the kinematical con-
model, originally employed by Rudermd], where the straints which define the energy parameter for the evaluation
pd— 7"t cross section is directly linked to thep— =" d of the input 2N production amplitude; because of that, the
experimental cross section, by means of suitable nucleaesults are not uniquely determined. And finally, in practi-
structure functions. This method has the considerable advaally all applications the distortion contributions are in dan-
tage of disentangling the question of the choice of the correajer of double countings; indeed, in the evaluation of the
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distortion effects one should subtract the distortion contribubaryon ANN) state has been represented in partial waves
tions on the active pair, which are already included in thewith inclusion of angular momenta up te=2 for the AN
pp— m*d data. subsystem. However, in preliminary test calculati¢té],

To overcome these limitations, and to challenge the validthe quality of the convergence has been checked up to
ity of the “deuteron” approaches, there has been a numbet=5. The antisymmetrization prescription for the three
of papers where more microscopic models have been su@ucleons has been fully taken into account via the formalism
gested[8-10]. Here, the dynamical input was not mediated Of the permutation operatof47] and brings into the theory
or hidden by the cross-section data, but consists of nonreldtrther mechanisms which differ from the leading ones by
tivistic interactions among pions, nucleons, and isobars. ligxchange diagrams. The matrix elements of the symmetriza-
particular, the coupledN dynamics is obtained through the tion permutatorP involve a large number of couplings be-
solution inR space of the two-baryon Schfiager equation.  tween different three-nucleon partial waves, and rather than
First calculationg8] employed simples-wave deuteron and invoking a drastic reduction of the number of states, we have
triton wave functions of uncorrelated Gaussian forms, andiccepted the fact that we have to deal with the numerical
were extremely limited in the number of intermediate statedlifficulties implied by the approach.
included in the calculation. Subsequent analyi€e$0] used Following the formalism developed in RgfL7] we have
better parametrizationéncluding d state$ for the nuclear €mbedded these absorption operators in a Faddeev-based
wave functions, and increased slightiyom 1 to 4 or 5 the  treatment of the three-nucleon dynamics. Accurate bound-
number of two-body angular-decomposed intermediatstate wave functions have been obtained with high-rank
states, finding that these aspects improve the calculated ahaddeev-AGS calculations, and a suitable generalization of
gular distributions without, however, finding an agreementthe quasiparticle method to absorption processes has been
with theory and experiments, especially for the results aformulated in order to take into account the three-nucleon
large angles, where considerable discrepancies persist. Of¥namics in thepd channel. This continuum calculation has
of the conclusions from these studies was that these micrdeen performed in the rank-oriseparable approximation
scopic calculations needed important improvements in ordeind therefore is not as accurate as the bound-state wave func-
to give a good reproduction in the normalization and in thetion, but this is the first calculation which, to our knowledge,
angular distributions, and that these improvements wouldncludes a Faddeev-based treatment of the initial-state three-
lead to enormous complications in the theoretical evaluatioody dynamics for thed— 7+t procesgand the other pro-
of the observables. cesses related by isospin symmetry

In an attempt to go beyond the description of meson pro- Because of the above-mentioned reasons, we think that
duction in terms of single-nucleon and two-nucleon mechathe treatment illustrated in this work achieves several im-
nisms [11], it was shown that meson double rescatteringProvements with respect to the previous, pioneering, micro-
could be a good candidate to account for the discrepancies 8€0pic analyses. We have devoted Sec. Il to further discus-
backward angles, particularly in the energy region above théions on these and other important aspects of our
A resonance. However, the bulk results, while moving to-calculations, such as the treatment of thenass and width
wards the right direction, were still far from being optimal in the intermediate three-bodA{(NN) Green'’s function, and
and this again poses the question of the need to overcome tkee inclusion of off-shell effectsfor this second aspect, see
various technical approximations which had to be assumed!so the discussion at the beginning of Seg. Mhe remain-
to keep the calculation tractable. The study has the merit t8g part of Sec. Ill compares the results of our analysis with
address the attention to the problem of three-body mech#xperiments and Sec. IV contains a brief summary and the
nisms in meson production/absorption, and this is still arfonclusions.
open question which we hope will be theoretically disen-

tangled in the near future with the help of the results col- Il. THEORY
lected in recent years by pion-absorption experiments with B )
large angular detector systeffi?—14 and by making com- We express the transition amplitude for thét« pd re-

parative analyses in the region with the phenomenology of action by the following matrix element:
3He photodisintegratiofil5]. ot -

In this paper, we have calculated the excitation function Ad =Ty | A Ves)s PG), D
and differential cross section for thed— 7t reaction in the
A region by using single-nucleon and two-nucleon mechawhere|Vgs) s represents the three-nucleon bound stB®)
nisms. In particular, the two-nucleon mechanism explicityand «¥$)| the three-body continuum state with ingoing
refers to the intermediate isobar excitation with+p ex-  boundary condition and with the deuterod in the
change AN-NN transitions with tensor components. The asymptotic channel. Both states are assumed to be properly
one-body mechanism is mediated by theN vertex, while — antisymmetrized in the nucleonic coordinates and the state
the two-body process is triggered by thdN one. The two  |P{) is the pion-nucleus three-dimensional plane wave. In a
mechanisms have been decomposed in complete threprevious exploratory calculatiofil6] the bound-state wave
nucleon partial waves, while the asymptotic pion-nucleugunction calculated in Ref.18] was used. That wave func-
plane wave has been kept three dimensional. This choicton originally was determined in Ref18] by solving the
leads to matrix elements with a large number of couplingsFaddeev equation with the Paris potential and with explicit
between different three-body states and the technical complallowance of theA degrees of freedom and consisted of 48
cations involved have been kept under control with a greathree-baryon partial waves, of which 22 refer to purely
deal of numerical analysis. Also the intermediate threenucleonic states. Because of the smallness of the remaining
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isobar states, only the nucleonic states were retained in thghenomenologically in a previous analysis of thd« pp
calculation of Ref[16]. In the present calculation, we have reaction[19]. Here we use the same analytical expression
independently recalculated the three-nucleon bound state fevhich was obtained in that analysis, with tihg energy
various realistic nuclear potentials, and the details of thesdependence extracted by the condition
calculations are illustrated in Sec. Il B.

The absorption mechanisms are specified by the operator
A. To avoid double countings, we avoided purely nucleonic o(E)=
intermediate states itl. This is because we calculate the

final-state interactions among the three nucleons using real- . . o . .
istic NN potentials, without performing any kind of subtrac- whereo.(E) is the experimental excitation function .for plon |
tion in the nuclear potential absorption on deuterons. In the numerical calculation, the fit

In this study we consider absorption mechanisms genef® ¢(E) obtained by Ritchi¢20] is used.
ated by pion-nucleon interactions frwaves as described by N @ meson-exchange framewof®1,23, the NA-NN

the 7NA and 7NN vertices. The nonrelativistic interaction ansition potential can be obtained from the- and
Hamiltonians are p-exchange diagrams

(E—ER)2+TA(E)%4’ ©

f Lo L Vaa= (VI + V8T 7).
Hoya= mNAf drp(r)(8-V)(@(r)-T), @) Na= (VRa T VRa)(T1 - 72)
T gwf'n'NA St Av T A
for the 7NA interaction, and Na= T oM. (S1"-Q)(02-Q)G(w,),
HﬂNN=f”““j drp(N(a- V@)D, 3 @t f) s o o = s
My V=~ "oum. (51 XQ)(02XQ)G(w,). (7)
p

for the wNN one. Here, the baryonic density is denoted by .
p(r), while (r) is the pionic isovector field. The quantities 1 N€ Operato is the baryon-baryon transferred momen-
m, m, is the mass of thep-meson, and the function

M and m, are the nucleon and pion masses, respectivelytu ' - ) )
while & and are the nucleon spin and isospin operators, ang. ). Which describes the meson-exchange propagation,
- g aneT } P . p P o akes into account the mass difference between nucleons and
S andT are the corresponding generalization to the isobariggpars:

nucleon transition.

The 7NN vertex defines the simplest one-body absorp- 1 1
tion mechanism and is sometimes referred to as the impulse Glow)=5—=+5—F—
i . . . 20° 20(MpA—M+ w)
approximation(lA) mechanism. However, this is suppressed
because of energy-momentum mismatch, therefore two- 1 1
nucleon mechanisms dominate. These are taken into account =202 + 202+ 2m_(M,— M)’ 8

through theA-rescattering process, where th®&IN-NN in-
elasticities are modeled through78NA-AN—-NN two-step
transition. Here the first transition is triggered by th&lA
vertex given above, followed by an intermediat®l propa-
gation and by theAN-NN transition. The intermediate
propagation of the isobar is described by the Green’s func
tion

Here, w is the relativistic energy of the exchanged meson
and, as shown in the last expression, we have taken into
account theAN mass difference in an approximated way in
order to obtain analytical expressions when performing the
partial-wave expansion. Each meson-baryon coupling in the
transition potential has been endowed with a phenomeno-
logical form factor of monopole type, with the exclusion of
_ 1 ' 4) the pNA coupling, where a dipole-type form factor was as-
E+M—My—p?/2uy—q*2vy sumed.

Finally, we discuss how the three-nucleon dynamics can
whereE is given by the pion energy plus the target kinetic be incorporated into the theory, or equivalently, how we cal-
energy in the c.m. system. The Jacobi varialfeandq are  culate (¥ ’|. The method is similar to previous proce-
the pairAN and spectator nucleon momenta, respectivelydures developed to incorporate final-state interacti®i®l)
Correspondinglyu, and v, are the reduced masses of thein the photodisintegration of three-body systerf23—
pair and spectator-pair systemdq,—M is the isobar- 25,27,28. First, we introduce the operatd?,; which ex-
nucleon mass gap. Since theisobar is not a stable particle changes spin, isospin, and position coordinates of nucleons 2
but a resonance, its mass is endowed with an imaginary paand 3. We then introduce the cyclic and anticyclic permuta-
I'y, associated to the decay width of the isobar tion operatorsP, and P, respectively. They exchange the

global coordinates of the three nucleons in the following
[ manner: 123-231 and 123312, and can be expressed in
My=My~Es— EFA(E)’ ®)  term of the pair exchange operators Bs=P,,P,; and
P;=P,3P,3. This leads to the full permutator
with M, = 1232 (MeV) and E; being the energy-shift pa-
rameter. The energy dependence forhas been modeled P=P,+Pj, 9

Go
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and to the normalized symmetriz®& (1+ P)/+/3. It is now |f,.), and the interaction strength can be found in Refs.
possible to derive the complete wave function in terms of thg¢36,37. The input two-body transition matrixis given as a
asymptotic channel wave functiop{®g4| (the subscript 1 series of separable terms
denotes antisymmetrization with respect to the pair made of
nucleons labeled 2 and 3
I =3 11,0401, an
— mv
(V| =2(Pgl(1+TGo)S, (10
o ] To simplify the notation, we restrict the sum above to just
Wherg the three-body operatdr satisfies a Faddeev-like gne value for the indiceg. and v, so that the transition
equation matrix takes the rank-one forte= |f1)A(f,|. In A as well as
_ in the form factor|f,), we have also omitted the proper
T=Pt+PtGT 1D energy dependence, but it must be remembered that when the

two-bodyt matrix is embedded in the three-particle space the
correct energy dependence is ugdn (39%/4M), where the
energy of the spectator nucleon has to be subtracted. The

W= (b 0TS, 12 separable representation reproduces the correct negative-
(Wa = xPdl (12 energy bound-state pole of the two-botynatrix (for the
deuteron quantum numbers$ the form factor satisfies the
homogeneous equation

(t is the two-nucleort-matrix). We now define the Miter
operatorQ()T=1+TG,, in which case

This operator satisfies the Faddeev-like equation

Q=14+ PtGQ T, (13
° VGo(Eg)lf)=[f1), (18
with which the pion-disintegration amplitude can be rewrit-

ten as and, within a normalization factoGo(Egy)|f,) is the deu-

teron wave|®).
Ag=1(Dg|QTSA|W g, PT). (149  Use of the separable representation of theatrix input
in the integral equatioil5) leads to the effective two-body
Because of the two equations above, the full amplitude sa€dquation
isfies the integral equation

Ag=1{Dy|SA| W gs,PT) + 1(Dy| PtGoQ ) TSA| W, PY).
(15

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

As is well known, when the two-body transition matrix is with the definitions
represented in a separable form, the Alt-Grassberger-
SandhagAGS) equationg26] for neutron-deuteron scatter- A(0,E)=1(f1,0|G5" QT TSA| W, PT),
ing reduce to effective two-body Lippmann-Schwinger equa-
tions. The same happens for the calculation of final-state B(q,E)=1(f1,9|G{"'SA|¥gs,PY),
interaction effects in the photodisintegration of the triton
(y+t—n+d) [23-25,27,28 where one obtains a similar V(9,9",E)=1(f1,q|G{"P|f1,q0");. (20)
effective two-body Lippmann-Schwinger equation, the only
difference being that the driving term of timed scattering  Here, A andB represent the off-shell extension for the full
equation(i.e., the particle-exchange diagram, the so-calletind plane-wave pion-absorption amplitudes, respectively,
“Z diagram”) is replaced by the off-shell extension of the whijle v is the effective two-body potential which represents
plane-wave photoabsorption amplitude. Here, we use a simthe one-particle exchange diagram between different sub-
lar scheme for pion absorption on the three-nucleon systemg)ster rearrangements.

_In order to accomplish this, we use the separable expan- These amplitudes are decomposed in three-nucleon partial
sion method proposed by Ernst, Shakin, and Thé&8T)  waves, while the pion-nucleus incident wave is treated in
[32] for representing a giverNN interaction. The EST three dimensions. Details on the employed representation
method is very reliable and has been tested in the past fQjere given elsewhergl7]. The representation of the three-
bound-statg 33,34 and scattering calculatiorl85-37. In pody states is defined in momentum space and the partial-
this approximation the original interaction is expressed inygyve decomposition is discussed within tie coupling
separable terms of the form scheme. The index: refers to the whole set of quantum
numberdi.e., orbital momentum, spin, total angular momen-
tum, and isospin of the pairlg)j;t, of the spectator
(No)l; 7, total angular momentum, isospin, and associated
third components J%; TTZ].
whereN is the rank of the approximation. The detailed struc- The absorption mechanisms we include in our calculation
ture of the potential, the parameters for the form factorshave the following structure:

A(q,E)=B(q,E)+f q'2dq’'V(q,q’,E)

3q/2

E- W)A(Q',E), (19

XA

N
V=2 [f)ALF, (16)
w,v=1
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BE(q',a’,E)=23 X | p'2dp'p"2dp’q"2dq’pidpsp?dpdq
a',aA,a
><fl(a’,p’)<|0’q’a’|Plp”q”a”> (p"q"a"|VyalpaQ”aa)
E—(3/4q'?2IM—p'2/M+ie E+(M—M,)—q"%2v,—pi/2us

(PaQ" aalH onalPaa)(pgal Ve,

(21)
and
fi(a’,p") (p'q" @' |VnalpaQ' as)
BA r' /,E =2 3 /2d ' 2d Zd 2d 1
o(a’e’,B) f% PEP PACPPERY qE—(3/4)q’2/|\/|—p’2/|\/|+ieE+(|v|—/\/lA)—q'Z‘/sz—p§/2MA
X{(paQ’ as|H nalPAa)(pae| Vs (22

for the A-rescattering mechanisms, and

fl(a/,p/)<p!q/a/|P|p!/q//a//>

BE(q',a’,E)=+32 | p'2dp'p"2dp’q"?dq"p*dpidq (p"q"a"|H nlPaa){paal Pes),

o E—(3/4q'2IM—p'2/M+ie
(23
fi(a’,p"){(p'q"a’|H nnIPa)(paa|Ppes)
BIA /, /,E =3 f /2d ’ 2d 2d 7T , 24
0(a’,a’E) f% p'2dp’p*dpePdq E— (30q M —p M+ i€ (24)

for the one-body IA mechanisms. Clearly, all these mechain the exchange contribution, as well as through final-state
nisms add coherently to give the total amplitude. The subinteractions, where one can well have isovector pairs in the
scriptsE and D differentiate between exchange and directintermediate states.

mechanisms, respectively. TEBemechanisms correspond to ~ Once the total absorption amplitud&®®(q,«’,E) has
the probability that nucleon 1 is the free nucleon in the outbeen obtained, the pion-absorption excitation function is
going channel(hence nucleons 2 and 3 form a deutgron given by

while the other two cases.e., nucleon 2 or 3 as free outgo-

ing particle are assembled together in tke mechanisms. o= C_PSZ |A®Y(q,a’ E)?, (25)
These exchanges in the rearrangement channel are performed 2°7

by the permutation operat®. We refer to the appendix of

Ref.[29] for details on the partial-wave matrix elements for With phase-space factor

this operator. Each\-rescattering mechanism is multiplied

by the factor 2/3 which arises from the multiplicity of the Cps=(277)4— (26)

possible two-body mechanisms and by the normalization fac- Po (E™©Y2

tor due to Pauli principle. The same considerations lead to

the factory/3 in the impulse approximation. We also observewhere

that a coupled-channel structure has to be intended for the ,

deuteron for_m fac_torfl(a’,p), s?nce the deut_erod—wave E,.= \/m727+ PT, (27

component is obviously taken into account in our calcula-

tion. However, these coupled orbital-momentum components [ o2

of the pair must be summed up coherently. Ee=VMz+Po (28)
We assume that such a suyover the coupled’s) is per-

formed at the present stage, so that the indéxfrom now En=VM?+0?, (29

on, collectively denotes the set of quantum numiserg t,

N 1,7 J, 0% T, and T2 Eq=VM5+q?, (30
Finally, we observe that the direct contribution to the

A-rescattering term, E¢22), vanishes on-shelOn-shell, EY'=EN+Eq=E,+E;. (32)

the two-nucleon quantum numbesg, andt are fixed by the

deuteron state, and the relative motion of the specater Here,Mp, M+, are the deuteron and three-nucleon masses,
fixed by total energy conservatigrThis vanishing effect is respectively. The momenturis the on-shell momentuitin

due to isospin considerations, since the intermedidepair  c¢.m. frame of the outgoing nucleon.

cannot be directly coupled to a final deuteronlike=Q) pair. Similarly, the unpolarized differential cross section for the
It does couple, however, through the permutation opeitor 7 t— pd reaction is given by
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the exchangé\-rescattering amplitude in partial waves can

do Cc z
m(a)z?psz S COKINKZIDYN(Q) be denoted as
K,KZ [ 3,92\
11 K BE=2V3(ua'q'|PA;| Vs, a,PF), (34
XZ (=M EKI J whereq’ is the c.m. momentum of ths-d system Py is the
c.m. momentum of ther "t channel and denotes the beam
2 axis or equivalently the axis. While the former is a one-
dimensional variable in a fully decomposed partial-wave
XAP(NL,3,95T, 79| (32)  scheme, the latter is three dimensional, since we decompose

in partial waves only the baryonic coordinates, not the pionic
one. The operator?tl represents therN-A transition on
whereK is the channel spin of the deuteron-nucleon systembucleon labeled 2, intermediate propagation, and aN-
i.e., the sum of the spins of the two fragmelts:j + . NN transition between nucleons 2 and 3, while nucleon 1

Finally, detailed balance gives the expression for the un@cts as spectator. The process is diagrammatically illustrated

: ; ; : : ~ " in Fig. 1 of Ref.[17], while P is the three-body permutator
polarized cross section for the invergwion production re previously introduced. For the detailed form Bfin partial

action waves, we used the expression given in the Appendix of Ref.
[29].
With «’ we collectively denote the quantum numbers for
do production 1 ( p I do absorption the jI decomposition of the-d channel listed according to
aq? =3l g aq? (33 Eq.(3.2 of Ref.[17], while with a the quantum numbers for

the three-nucleon bound state in th& scheme are assumed.

_ _ The details of the calculation in this scheme can be found in
where ¢ is the c.m. angle of the deflected particle. Ref. [18], while similar calculations in thgl scheme are
found, e.g., in Refd.30,31].

A. Partial-wave absorption amplitudes The resulting expression is

We outline here the basic ingredients we used for the
calculation of the absorption amplitudes in partial waves.
The section is mainly technical and can be ignored on a first

(u,a’,q'|PA| Vg, a,PF)

r_eadmg, if one is not interested in the details of the calcula- =F 2 g(a’a"klyl, 1) T a" a)
tion. Klgljaay
For brevity, out of the four mechanisms discussed previ- LASASM
ously, we have selected only two mechanisms, namely, the L, —
exchange\ rescattering, which is the dominant one, and the XB(a"ayal y$,S,m)

direct IA term. The remaining mechanisms, dirdctescat-

tering and exchange IA have a similar structure and do not

introduce any novelty. where
To avoid unnecessary complications in the formulas, we

give here the amplitudes on shell, i.e., we have substituted o 5

|®y) in place of Gy(Eg)|f;) and have denoted by _ IPg(3M+me)fonafann

Uisj(p)=u(p) the s and d component of the deuteron in 72W3me(M+m7)\/T,wﬁ'

momentum space. For the inclusion of the three-nucleon dy-

namics via the AGS equations, these same amplitudes havee geometrical coefficientE, 7, and B are given explicitly

been extended off shelsee Eq.(18)]. To fix the notation, in the Appendix, and finally

XTy(a'a"ayaklyl{LySyS,m), (35

(36)

oo ! o+l * 12 I PR ' ! Pk(x) * 2 ! e
Zi(a' a"apyakl 1L AS\S,m)=q’ 2 2f0 p'edp’p"tT g (P )f_ldxm . p dpf_ld coP

Qi (P*,Pa)
X
E+M—My—pa2us—q*22v,

0}, m(COP,) OTr(coP)

1 ~ ~ ~
X le CoR' 0y (€oN") O 1;(coN)P,(p,q). (37
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In this last equation, all the relevant momenta are defined ip
. . iPg(3M+m_)f nn
in terms of the channel momenga and Pg and of the inte- o= 41
gration variables through the formulas 2mm (M+m )Vrw,
and

p*=\1ip'2+ £q'2+3p'g'x, _
Z,(a'al'S'S,m)

) 1
= 2dp’ e (p’ f d coP’' O, (coP’
q*:\/prZ+ %q’z—p’q’x, fO p pu s’j (p ) 1 | m( )

_\/ M+m,
Pa= NVieM+3m, ©

x@rm(co@)fl d co' 0, ,(coR)’)
-1

6M +3m_ X O35(coN)¥L(p,q). (42

As in the previous case, all the relevant momenta have to be
. [(3M+m_)/(6M+3m_)]PI+p co expressed in terms of the channel momegitandPj and of
coP, = , the integration variables

Pa
p= \/p’2

PIp’ cod’,

3M+m, ﬂ)Z 3M+m,
0

-2
- - =~ 6M+3m, 6M+3m._.
a= (3 P)2+q* 2+ 3 P7q* coLy’,

) a=a'2+ (4 P)2+ £ Pq’ cos’,
. (13)P5+g* cox’

coN= q . (38
. —[(3M+m,)/(6M+3m,)]PZ+p’cos’
coP= ;

In Eq. (37) P (x) represents the Legendre polynomials, P
0, (cosd) denotes the associated Legendre functiors-

: : T , ; R
mahzed eccordlng te Ref17]), Q. (p,p") represents linear . (13PI+q’ coD)’
combinations of II-kind Legendre polynomidlsee Eq.(493) coN= . (43
in Ref. [19]], originated by ther+ p meson-exchange dia- q

grams in the tensoAN-NN force, and finallyW_{p,q) is
the triton wave function in momentum space and in L&
scheme. In the same equation, it is also assumed that
n=J,—S,—m, while the identities I;+1,=1" and
I1+15=\" hold in both Eqs(Al) and (37).

Similarly, the direct IA amplitude in partial waves can be  For the calculation of the three-body bound-state energy
expressed as E; and wave functiof¥gs) we start from the Lippmann-

Schwinger equation

The coupling coefficienB, is explicitly given in the Appen-

B. 3N bound-state calculation

BY=\3(ua'q'[Honl Vs, a.Pg),  (39) [Veg)=limieG(Er+ie)| V). 49

e—0

with the 7NN vertex acting on nucleon 2 as a one-body Using the resolvent equation
operator.
The calculation of this matrix element yields o
G(2)=Gg(2) +Gg(2)VG(2) (45)

P — and performing the limit we end up with
<U,a q |H7TNN|"PBSva!PO> P 9 P

=F, > Bya'al'S'Sm)I,(a al’S'S,m), |Wgg)=Ga(Er)(V—Vp)|Vgs), (46)
L's
Sem whereV is the total interaction summed over the palfg,is
the nuclear interaction of the pair labeled By V; denotes
V—Vg, andGg is the channel resolvent for the two-cluster
where partition.

(40)
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TABLE I. Ranks of the two-body partial waves of the Paris, %

BonnA, and BonnB potentials in the EST representation. F?,(q)=2| fo dpp?fi(p)(palbITIGy(Eq)|F ),
Partial wave PEST  BAEST  BBEST (50
13, 5 5 5 inserting the finite-rank form for th& matrix, and using the
3g,— 3D, 6 6 6 Pauli principle, we obtain the one-dimensional equation
'D, 5 4 4
D, 5 4 4 o )
1p, 5 4 4 F(@)=2> | dg'q’24v"'(q,q9",Ey)
3p, 5 4 4 b’ 70
3

Po 5 4 4 ! 3 4r2yeb' (!
XA7T(Et— 3 F 1
3P2_ 3F2 7 5 5 ( T 4q ) (q )1 (5 )
with
If we now introduce the positiofF g) =(V—V;) |¥gg)

and the relationVv,G,=T,G,, we obtain the celebrated , ® oo

equation T AV (q,q" Er)=22, fo fo dpp?dp’p'2fi(p)

I
X(palbJTGe(Er)|p'q’l"b'IT)
IFp)=2 (1-85,)T,ColF). (47) <t (). 52

Here, the summation runs over all two-fragment partitigns The recoupling coefficients for the coupling scheme herein
The “form factors” |F ﬁ> are related tgWgg) by employed can be directly found in R¢88], or alternatively,
they can be obtained starting from other coupling schemes
[29] by means of the usual transformation algebra.
_ _ Equation(51) can be treated as an eigenvalue problem.
| Vgs) 27 GoT,GolF>) Ey V), “8) The energy is varied until the corresponding eigenvalue is 1.
The ranks for the partial waves taken into account for the
where the| ¥ ,) are the standard Faddeev components. Thigound-state calculations for the different potentials are listed
can be shown by using the definition [¢65) and again the in Table I. Results for the binding energies can be found in
relationV,G,=T,Gq: Table II.
The whole wave function can now be calculated by either
using Eq.(48) or by applying the permutation operatér
defined in Eq(9) on one Faddeev compondi9]

|\If,y>:G0T7G0|Fy>:G0V7Gy|F,},>
=GoV,G,(V-V,)|[¥gs)=GoV,|Vgs). (49
The bound-state equatiqd7) has to be projected onto the |Wgs)=(1+P)|¥y). (53
three-body partial wavefpqlbJT). In this subsection we
use the so-called channel-spin coupling. The ldbdEnotes
the set of quantum numbergKX\), whereK and\ are the

This second representation has the advantage to be explicitly
independent from th&-matrix representation, and is there-
channel spin of the three nucleofsith the coupling se- fore computationally more convenient when the rank of the

quence [,0)K] and the relative angular momentum betWeenrepresentation becomes large. The high accuracy of the wave

: : : unction has been shown in Ref&83,34.
the two-body subsystem and the third particle, respectwelyf. For the calculation of the Bofn terf]ns as illustrated in the

:rr:trtgésugsg?;’ g;igczr)\aﬂr;?gsg:g f ;;Fgﬁ%ﬁ?;r trfoerg :rlmrtﬁfr%f previous section, the wave function was transformed into the
: ' LS scheme via

the three-nucleon systedns given by the coupling sequence
(K,\) while T has been already defined as the total isospin.

| is the usual orbital angular momentum ane (s,j;t) col- ([(INL,(s0)S]IF
lectively denotes the spin, angular momentjwiith the cou-

pling sequencel(s)j], and isospin of the two-body sub- _E 1) FsPA oL SR BR IS K
system. Defining B (=1) ] o j s

TABLE Il. Calculated binding energies for the triton. The total S K )
angular momentum of the two-body subsystem was restricted to 13 % L ({[(Is)joIKN}IF. (54
j=<2. This led to 18 three-body channels in the channel-spin cou-
pling.

C. 3N continuum calculation

BAEST BBEST PEST

In this section we briefly summarize the continuum cal-
—8.284 —8.088 —7.3688 culation. As already mentioned the method used here is simi-
lar to the techniques developed to incorporate final-state in-
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teractions(FSI) in the photodisintegration of tritofi23—
25,27,28. The only difference is the inhomogeneity, i.e., the
Bornterm, of Eq(19). Thus, with this replacement our work- = 108
ing program for photodisintegration has been easily modified "3,
for pion absorption. Both programs are based on a program ™~
for n-d scatterind 38], which has been rewritten for the EST .
method used here and the above replacement. The Faddee.? 10
results for the continuum presented here are all calculated &
using a rank-one representation of the two-bbdyatrices in
the kernel of the integral equation. In the case of photodis- & 10"
integration it has been showWB9] that this is enough for the
observables calculated. —

In the case of the pion absorption the Born term is much =,
more complicated and has more structure than in the case o © 10°
photodisintegration. To achieve the required accuracy we
used 70 grid points in thg variable for each channel for the
off-shell extension of the Born term. For details of the nu-
merical solution of the integral equation we refer to Ref.
[40]. n

IIl. RESULTS FIG. 1. Excitation function form* d production(in wb) from
pp collisions. The parametef corresponds to the pion momentum
Our analysis of thepd— 7"t reaction is essentially a (c.m) divided by the pion mass. The full line is the result obtained
parameter-freeanalysis, because all the parameters of theyith Bonn B potential and withp-wave pion-nucleon interactions
model were fixed in previous studi€$9,41] on the simpler  which includes both isobar and nonisobar degrees of freedom. Prac-
m*d—pp reaction. This was possible because the charactetrcally indistinguishable from the full line, there is a dotted line
of the calculation is sufficiently microscopic that the tuning which correspond to a similar calculation but with Paris potential.
parameters are basic quantities such as coupling constaritBe other two curvedashed and dashed-dotted, respectjvedy-
and cutoffs at the meson-baryon vertices. Obviously theseespond to the inclusion of pion-nucleon final-state interactios in
very same parameters enter in bpix— 7+d andpd— 7"t wave and differ between each other for tNeN potential being
reactions. We refer to the analyses of Rdfs9,41] for a used. The BonmB in the dashed case, Paris in the dotted-dashed
more detailed discussion on the”d— pp reaction; here we Ccase.
limit ourselves to summarize few aspects which are specific ) ] ] )
of this approach. The coupling constants for the This broadening of thg width is fully descrlbed. by the
A-rescattering mechanism are the ones referring toriiél, ~ 7d— PP model calculation, once all the mechanisms, in-
#NA, pNN, and pNA vertices, which were taken from cluding FSI, are taken into account.
Table B.1 of Ref[42] (model IIl). The cutoff parametersn The second point with a certain deal of phenomenology
MeV) of the four vertices are 1600, 900, 1200, and 1350concerns the off-shel_l nature of the p|on_-baryqn vertices, in
respectively, which are practically equivalent to the oned€ case where the pion is the asymptotic particle. When the
given in the same Table B.1 cited above. pion is on its mass shell, the extended structure oftNeN
In the analysis of pion absorption on deuterons which weand7NA vertices may be governed by the nucleon momen-
used as input for our study, there were only two authenticallfum, if the nucleon is the off-shell particle. The importance
phenomenological ingredients. First, the way thereso- of including these baryonic off-shell effects has been pointed

nance propagates in the intermediate states, and, second, @& @lso in a recent study ofN scattering[45]. Thus, the
off-shell nature of therNN and #NA vertices when the two vertices have been endowed with a form factor depend-
pion is the asymptotic particle, and hence rigorously standindd Upon the momenturk of the interacting nucleon,
on its mass shell. 5

Concerning the first point, the resonance peak in the ex- _ Ma

; . . o Fna(K)=———. (55)
perimental pion-deuteron absorption cross section is below )\,%l At K2
the position of a fre&\ (as observed byrN scattering by a '
few tenths of MeV. This effect could not be explained within ~ For the two-nucleon systek? corresponds to the square
the dynamical model, and therefore theresonance peak of the Jacobi coordinatp, while for the three-nucleon sys-
has been positioned downwards by introducing an energtem, an averaging over angles yiekf=p2+0.2572.
shift parameter. Phenomenologically, the magnitude of this At the level of the two-nucleon system, the model has
shift is of the order of 30—35 MeV; it has, however, to be been tested against the enormous variety of experimental
increased by about 20 Meléee Refs[19,41)) if the motion  data collected for ther*d«< pp reaction, and its strength
of the other nucleon is taken into account. As for the isobaand weakness, especially at the level of spin observables,
width, this was fixed to 115 MeV at the resonance, and therehave been thoroughly discussed in R¢if,41].
fore corresponds to the value of the free resonance width. To exhibit the quality of the results at the level of the
Note, however, that the resonance peak for pion absorptiotwo-nucleon system, we report in Fig. 1 the total production
on deuteron is broader, being arouing=150 MeV[43,44.  cross section for th@p— 7" d reaction from threshold to
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TABLE Ill. Example of three-nucleon partial waves included in our calculation. The notation is
2st 1Ij N\, wheres, |, andj are spin, orbital, and total momentum of the pair, whiland| are orbital and
total momentum for the spectator nucleon. This set of 82 states corresponds to the inclusion of 4 two-nucleon
states. In our actual calculation 464 three-body partial waves have been considered, corresponding to the
inclusion of 18 two-nucleon states.

JP: %* JP: %Jr JP: %* JP: ng JP: g* JP: ng JP: %* JP: %+
'SPL 1SSt °s,PL °s,sl ‘D,PL 'D,SL 'D,P3 'D,D3
°s,PL °S,SL °D,P} °D,SL °s,P3 °s,D3 °S,FS °s,D§
°D,P} °D,SL 'DoP} 'DoS} °D,P3 °D,D3 °DyFS °D,D3
°s,P$ °s,D3 1SP3 'SD3 'DoF3 'D,D3 'DoFS 'D,D3
3 3 3 3 3 3 3 3 1 5 1 5 1 7 1 7
1D1Pz 1D1D,z 3le>,Z 3510,Z Sson SSODZ 3soF2 380(32
D,P3 D2D3 D,P3 D,D3 SiFS $:D§ SiF! Sield

'DoFS 'D,D3 'DoP3 'D,D3 °DyFS °D,D3 °DyF] °D1GJ
3 5 3 5 1 5 1 5 1 7 1 7

3SlF? 3le2 3D2F2 3DZD2 3D2F2 3D2c52

D,F3 D,D3 SiFJ $iG] SH $iG§

'DoFS 'D,D3 °DsF] °D1G} °DyHS °D1GY

'DoF! 'D,G/ 'DoF7 'D,G/ 'DoH? 'D,G?

1D2Hg 1Dzeg

above theA resonance. The parametgrcorresponds to the waves only. However, both and nonA degrees of freedom
pion momentum(c.m,), in units of pion mass. The experi- were considered. We note, however, that we treat the pion-
mental data were extracted from a collection of Re#6—  nucleus wave three dimensionally and carefully calculate the
55]. All data have been converted into production data usingelevant kinematical transformations from the pion-nucleus
the principle of detailed balance, if necessary, and in case db the pion-nucleon variables. This requires additional inte-
the data of Ref[46], charge-independence considerationsgrations over angular variables in order to produce the ab-
were applied. The full line is the result obtained with the sorption amplitude$see Eqs(37) and (42)]. And, because
BonnB potential, and with th@-wave pion-nucleon mecha- of this, the total angular momentudis not restricted, nei-
nisms which, as discussed in the previous section, includther is the parityP, and thus we have taken into account a
both isobar and nonisobar degrees of freedom. Practicalliey JP statesd=(3)*, I=()*, I=(9*, andI=(2)*. For
indistinguishable from the full line there is a dotted line cor- g 5ch of these three-body quantum numbers, one should con-
responding to a similar calculation but with the Paris potenw;qer in principle an infinite set of partial waves for the two-
tla_ll. The differences between the two curves sllghtly InCcreasg, gy subsystem, which matches a corresponding infinite set
with energy and at the resonance peak the Paris result is legg partial waves for the spectator particle to give a fid8d

than 5% smaller than the Bori one. Clearly, a truncation over a limited number of states is nec-
The other two curvegdashed and dashed dotted, respec-

tively) correspond to the additional inclusionsfvave pion-
nucleon interactions in the final state of the production pro-
cess(or conversely in the initial state, for pion absorption
The leading contribution for thistN-7N interaction was = a0 L
obtained via ap-meson exchange model in R¢#1]. The 32
two curves differ in the choice of thdN potential, the Bonn
B being referred to by the dashed line, the Paris by thef L
dotted-dashed curve. S
The log scale emphasizes the threshold results, and show: 7 B
that in order to achieve a correct reproduction of data over~s 20
three orders of magnitude, the pion-nucleon interactions via-=
p-meson exchange have to be considered as well. Note, how- ___ =
ever, that the process around theresonance is dominated S
by the p-wave mechanisms which are triggered by #gN b
and7NA vertices. On a linear scale, the threshold effects in -
pion production due to the-wave mechanisms would appear 0.0
smaller. )
At this stage of our study of thpd«— 7"t process, we 1.0 2.0
have excluded the-mediated pion-nucleon interaction & K
wave, and limited the analysis around theresonance. Fur- FIG. 2. Excitation function of pion production via proton-
ther work is needed to include the low-energy mechanismsgeuterium collisiongin xb). The calculation includes alst exci-
and to extend the calculation at the production threshold. Iation and has been performed with the same parameters as in
what follows we considered pion-nucleon interactiongpin Fig. 1.
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TABLE IV. Calculated production cross sectiofis ub) at » =
1.36 for variousNN potentials. The impulse approximatidfirst
row) represents a bare plane-wave calculation withbuescatter-
ings. The second and third rows include also thedegrees of
freedom but use a plane-wave approximation in the incoming chan-
nel. They differ between each other for the number of partial waves
included in the intermediate states. In casefour two-nucleon
states have been included and oBiyvave orbital momentum for
the intermediaté\ -nucleon state has been considered. In ¢ask8
two-nucleon states and intermedidtenucleon states i, P, and
D waves have been taken into account. In the last two rows, where
the same number of partial waves have been included as in the
previous two, thep-d interactions in the initial state have been
included via a Faddeev calculation.

Bonn A BonnB Paris
1A 0.58 0.72 0.93
PWa 30.1 28.0 21.7
PWb 30.7 28.7 225
ISla 31.3 29.0 22.5
ISIb 32.0 29.9 23.4

[58] for 7~ absorption on*He at 64 and 119 MeV, assum-

ing time reversal and charge symmetry. The full, dotted, and
dashed lines differ among each other for thi#l potential
which has been used to generate the asymptotic bound states,
i.e., the deuteron and triton. The three curves represent cal-
culations with BonnB (solid line), Bonn A (dotted, and
Paris interactions. We find that at the peak the Paris results
are smaller than the BonB results by almost 25%. This
relative difference is substantially larger than the 5% differ-

essary. Table Il shows the smallest set of three-body partig@nce obtained for the simplgrp— 7 "d reaction. Experi-
waves which have been included in our calculation. Herementally, thepd— 7"t cross section is smaller by a factor

four two-nucleon states have been included, namés,
3s,, °D4, and 'D,, while the maximum values considered
for the orbital and angular momentum of tepectatorwere

A=5 andl =2, respectively, for a total amount of 82 states.
Such three-body states are indicated in the table according
the notation®*1[; \,.

All our calculations, unless otherwise explicitly indicate
have been performed with a much larger set. In particular, i
calculating the matrix elements of the absorption/productio
matrix elements with exchange operator, we took into ac
count 18 two-body partial wavesS,, S, 3D;, !D,, 3P,
Py, °Py, 3Dy, Py, °Fy, 'F3, °Ds, 3Gg, °F3, 3Gy, Gy,
3F,, and 3H,. This, with the same cuts in the spectator
guantum numbers. and | specified as before, yields 34

channels forJP=(3%), 58 for J°=(3*), 70 for J°=(37),
and 70 forJP=(1*) for a grand total of 464 three-body

80— 85 with respect to thgpp— 7*d one. This large sup-
pression, due to the small overlap of the deuteron wave func-
tion in the incoming channel with the pion production matrix
elements, is fully reproduced by our calculations.

to The unpolarized differential cross section is reported in
Fig. 3 for a variety of energies spanning theresonance.

d While Fig. 2 shows the normalization of the cross section, in
’rfig. 3 we have addressed our attention to the pure angular
r{Jependence and therefore all the curves are normalized to the

experimental data. Thus, the three curves referring to 300
MeV (lab energy of the protgnhave been multiplied by a
factor. The full line, referring to the result with BonB
potential, has been multiplied by 1.075, the dotted (Benn

A) by 1.016, and the dashed liearig by 1.329. The three
factors are due to the differences in normalization immedi-
ately perceived in Fig. 2 fop=1, which is the correspond-

ing value for that energy.

states. In solving the Faddeev equations for the three-nucleon At the resonance peak, the angular differences between

dynamics in thep-d channel, of the 18 nucleon-nucleon
waves we have included the first 10 statgs2) since for
these theN N state-dependent interaction was available.

Figure 2 shows the integral cross sectigm wb) of the
pd— 7"t reaction around the resonance. Thaxis depen-
dence is upon the parameter which has been previously
defined. The experimental bars were obtained with the hel
of a collection of data contained in Ref&6,57. To this

the variousNN potentials are practically zero. These differ-
ences, however, increase in moving away from the resonance
in both directions. We find larger differences above the reso-
nance, for backward angles. In particular, calculations with
Paris potential seem to reproduce better the data at backward
angles.

p In the first sector E=300 MeV) of the figure, the data
were taken from the inverse absorption reaction,

collection, we have added the experimental results of Ref°’He—nd at 64 MeV, Ref.[58], using the detailed balance
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. ] ] ) ) in proton-deuterium collisions. Circles and triangles represent mea-
FIG. 4. m" -production differential cross sectionat=1.36. The  gyrments taken at Saturié2] at forward and backwardc.m)
full line shows the results with inclusion of nucleon-nucleon initial- gngles, respectively. The solid and broken curves are forward-angle
state interactions. The dotted line represents the plane-wave calChy|cylations with BonnB and Paris potentials, respectively, the

lation. The dashed line shows the results with a limited number ofjashed and dotted-dashed curves are the corresponding backward-
channels. The dashed-dotted line shows the contribution of the solgngje results.

nonisobar degrees of freedom, magnified by a factor 10. All calcu-

lations were performed with the Paris potential. Finally, in the last two rowgISla and ISIb the effect of

and charge symmetry. In the same picture we have reportdéire€-nucleon dynamics in the incoming channel has been
also four points obtained from Ref63] for the production  taken into account with the Faddeev formalism. Similar to
reaction at 305 MeV. The four points are clearly visible be-the previous two rows, these differ between each other for
cause they stand above the rest of the data set. From tfiee number of intermediate states. In both cases, the effect of
same referenc¢63], we have taken also the data at 330the three-nucleon dynamics yields an increase of about 4%
MeV, shown in the second sector, while the data at 382 Me\or less. Around the same value fat, the pd— 7"t cross
were obtained from pion-absorption reactions at 119 MeVsection extracted from Ref[60] gives 35:3.2 ub at
In particular, data from both reactions™ *He—nd (Ref.  5=1.32, while data extraction frofb8] gives 32.7-8.0 at
[58]) and 7 "t— pd (Ref.[59]) have been included. The data 7=1.43.
at 450 and 500 MeV were taken from REB0] using charge Figure 4 shows the differential cross section calculated for
independence, and finally, at 605 MeV, we considered they=1.36 in various conditions, in comparison to the data ob-
older data of Ref[61]. In terms of integrated cross section, tained for#° production at 350 MeV assuming charge inde-
that last set of angular data corresponds in Fig. 2 to thgendencd60]. The solid line is the solution of the Faddeev
datum atp=2.4, which has the largest error bar. Because okquation for the three-nucleon dynamics in the incoming
this, the large multiplicative factors we found at this energychannel. The corresponding plane-wave results are shown by
(5.956 for BonnB, 5.413 for BonnA, and 7.982 for Parjs  the dotted line. The comparison shows that the three-nucleon
seem to be attributable more to normalization problems irdynamics have a relatively small effect on the differential
the data, than to the model calculation. For all the remainingross section. On a linear scale, the effect is more pro-
energies, the normalization factors were all well around onenounced at forward angles, however, on a log scale it be-
Table IV compares for the threldN potentials the inte- comes evident that the overall effect is simply a rescaling of
grated cross section calculated under various conditions. Thiae curve, without changing the angular dependence. The
first row exhibits the contribution arising from the sel&IN dashed line shows the results obtained with a limited number
vertex (denoted IA, impulse approximatignin the second of channels(a total of 82 instead of 464 Differences are
row (PWa, we show a plane-wave calculation which in- seen at both forward and backward angles. It is therefore
cludes the isobar degrees of freedom via#iA vertex. In  important to consider convergence with respect to the num-
the third row, PWb, the number of intermedidtiN states ber of three-body states included in the calculation. Finally,
have been increased from 4 up to 18 two-body partial waveshe dashed-dotted line contains the effect of the sole nucle-
and from the solé& state up to th® states in the\N orbital ~ onic intermediate states. For reasons of visibility, these
momentum. The effect in the total cross section is about 3%onisobaric effects have been multiplied by a factor of 10.
however, as shown in the next figure, there is a not large bubverall the effect is small, but at backward angles its contri-
sizeable change in the angular dependence. In a forthcomirution is larger than 10%. The calculations shown in the
article we will show that certain spin observables sucAgs  figure were performed with the Paris interaction. Practically
are extremely sensitive to the number of waves included irdentical angular dependences have been obtained with the
the intermediate states. Bonn B and BonnA potentials.
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Finally, Fig. 5 exhibits the dependence of the differential4 % depending on the model interaction which has been
cross section upon the parameterfor forward and back- used. Differences of the same size are found when the cal-
ward angles. Due to the smallness of the three-body effectsulation performed with a strictly necessary set of partial
the calculations have been performed in plane-wave approxivaves is compared with converged results. Finally, by means
mation. The theoretical results have been divided by 2 fobf the Faddeev-AGS formalism, it was possible to ascribe a
comparison with the experimental data fof production 494 effect to the contribution due to the three-nucleon dy-
obtained at Saclay62]. The BonnB and Paris curves have namics in the nucleon-deuteron channel. It is obvious that

been normalized at-€350 MeV to the data of Ref60]. this is equivalent to saying that for the inverse pion-
absorption reaction, final state interactions contribute with
IV. SUMMARY AND CONCLUSIONS the same 4% amount.

In conclusion, we have here confirmed the expectations,
We analyzed thepd— 7"t reaction around the\ reso-  previously formulated in Ref$§17,64), that a careful embed-
nance with a model calculation which explicitly inc;ludes iso- ding of the basic pion absorption/production matrix elements
bar degrees of freedom and meson-exchange diagrams. The, Faddeev-based treatment of the few-nucleon dynamics is
elementary productlgn/absor_ptlon mechanisms were tested yery important tool for understanding the hadronic pro-
on the simplepp—  "d reaction. In particular, the position esses in nuclei at intermediate energies. Once this point has
%een settled, it will be possible to move further on with the

S . T
duce the excitation function (.)f thppﬁ” d process, an(_j same approach and tackle other, more refined experimental
off-shell effects in the baryonic coordinates were taken into

account in bothwNN and wAN vertices. The same absorp- data underlining the pion few-nucleon systems.

tion mechanismgwithout further changeshave been em- ¢ S[lég]h ?hspects l«;:lr:e,fe.g., the plc’:nllcda:)sprpnlor.\ on thle Q|pro-
bedded in a Faddeev-based treatment forptties 7"t pro- on » (ne wealth of experimental data Involving polariza-

cess, where the three-nucleon bound state and the threté(—)n p.henomene[G,r?O,6_3,6.@ tEe pr:on-mducedf'ree}lctlo% at
nucleon continuum dynamics in the initial channel were€Nergies around the pionic threshdl], and, finally, the

calculated using the Faddeev-AGS formalism. The computad'€Son-absorption coincidence experiments {op) at non-
tional method is similar to the one employed recently for theconjugated angles with the connected puzzle of the “genu-
triton photodisintegration. We checked our results against1e” three-body mechanismgs8]. However, before all of
integral and differential cross-section data in the resonancé€se aspects can be theoretically disentangled, an important
region, finding that the unpolarized experimental data arémprovement is needed in our treatmeas well as in any
reproduced reasonably well. other approach This is connected with the role played by
As for the excitation function, we found that the reso-the pion-nucleors-wave interactior{in both its isoscalar and
nance peak is reproduced within the errors without changingsovector componenksin multiple rescattering processes.
the isobar parameters in passing frpm pion production to  Stated in other words, it is the role played by the pion-
the pd one. We also found that the magnitude of the curvenucleus final state interactiofor initial, depending on the
(i.e., the normalization of the cross sectigmsensitive to the  selected direction in time This aspect is still missing in the
nucleon-nucleon interaction used as input for thet®und-  present treatment of thé(p, 7 *)t process, but a flavor of its
state wave function, with a 25% difference between th@mportance can be immediately percieved in the simpler case
Bonn potentials and the Paris one. This sensitivity is largepf the p(p,#*)d reaction, by glancing at the dashed and

by a factor of 5 with respect to thep—m"d process. The  qqtted-dashed curves passing through the data in Fig. 1.
results with the Paris potential were always smaller than

those obtained with the Bonn potentials.

We then analyzed the angular dependence of the differen-
tial cross section in the energy region spread around the reso-
nance peak. At the peak there are practically no differences \we thank G. Cattapan, P.J. Dortmans, G. Pisent, and J.P.
in the angular distribution with respect to the model selectedsvenne for scientific discussions and interest at an early
for the nucleon-nucleon interaction. In moving away fromstage of this research project. L.C. wishes to acknowledge
the peak, the angular distributions begin to show some intetelpful discussions and correspondence with K. Amos, Q.
action dependence: the differences are larger at higher engfigram, B. Mayer, J. Kbler, P. Weber, A. Lehmann, W.
gies and backward angles. The calculation with the Parigalk, and D. Hutcheon. W.S. wishes to thank the warm hos-
potential seems slightly in better agreement with the generajjtality of the University of Padova during several visits. The
trend of the data at backward aﬂgles. Definitive COﬂClUSionaNork of W.S. was Supported by the INFN and the Deutsche
however, should be drawn only after thél interactions irs Forschungsgemeinschaft under Grant No. Sa 327/23-1.
wave are also included.

At the resonance peak we have singled out the role of the
nonisobaricwN interaction inp wave (the IA term), ana- APPENDIX
lyzed the convergence of the calculation with respect to the
number of intermediate three-baryon partial waves included, We collect here the detailed expressions for the coupling
and considered the effect of the three-body dynamics in theoefficients necessary for the calculation of the partial-wave
nucleon-deuteron channel. It turns out that the size of thesamplitudes given in Sec. Il A.
effects are all comparable. Indeed, the contribution of the IA In the case of the exchangerescattering diagram, Eq.
term with respect to the total cross section ranges from 2 t¢35), the coefficients are
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Similarly, the recoupling coefficient for the direct IA mechanism, Ef), is
Bz(a'a_'S’Szm)Z( )1+s+s+t+t +8'+T e & A_A LA_’J‘ i i
|zt _11y]z s S|f1 3 3
XS’ N 1TT,;1—§§ L , N ,
2 : S s)lz s s
|/
x4 N/ % 1"+ C(L'S'I;(3.—S,)S,3.)C(L SJ; (I, —S,)S,J.)C(1SS';0S,S,)
L s J
XC('NL";m(J,—S,—m)(J,—S))C(I AL;m(3,—S,—m)(J;,—S,)). (A4)

In all equations, we have assumgd /2j + 1.
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