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ABSTRACT
The rescattering model is used to study pion absorbtion/production processes on
A=2 and A=3 nuclei. In the A=2 case, the calculation includes the effects of pion-
nucleon rescattering in S- and P-waves. In the latter case, the effects due to the
Isobar degrees of freedom in the intermediate states are included. These dominate
the process of pion absorption at TK = 100 - 150 MeV. Isobar-excitation effects
are then considered in the A=3 case, and the outputs of first calculations of this
sort are shown and discussed. The effect of nucleon-nucleon rescatterings (FSI) are
considered in both situations involving two and three nucleons.

1 Introduction

Pion-induced reactions are characterized by scattering (elastic, inelastic, charge ex-
change, etc.) and by the absorption process, and by the fact that at low-intermediate
energies the dynamics is influenced by the presence of the A resonance (with mass ~
1240 MeV, and width T ~ 115 MeV). A complete theoretical approach should provide
an unitary description of the various reaction processes, since these represent different
(boundary-condition) aspects ruled by the same dynamical laws. The pion-nucleon
and nucleon-nucleon force models are the "natural" building blocks for the construc-
tion of such collision theories. As discussed elsewhere[l] in these same proceedings,
quite a few efforts have recently been addressed to the difficult task of developing uni-
tary approaches for the pion-few-nucleon systems. In spite of these efforts, theory is



still struggling with conceptual problems such as double countings[2, 3] and nucleon
renormalization[4, 5].

Alternatively, one may focus on one single channel of pion-nucleus reaction, and
develop model calculations suited for the specific aspect under consideration. Such
calculations are then not unitary. Herein, we focus on the specific pion-absorption
channel. The subject is covered by a list of review articles and monographs. The
interested reader may find useful material in the reference list[6]. Besides the rele-
vance of the P33 resonance at intermediate energies, the absorption process features
a relatively large energy-momentum mismatch, since the energy brought by the pion,
which is always greater than its rest mass, is fully converted into kinetic energy of
the nucleons, while the momentum brought by the pion can be made negligible at
threshold. The momentum gap (which is of the order of few hundreds of MeV/c) is
filled by the relative motion of the nucleons inside the target nucleus, and may be
shared among more than one nucleon by means of rescattering processes.

The simplest example of pion absorption/production processes in nuclei is rep-
resented by the reaction ir+d *-* pp. Thus, the study of this reaction becomes a
pre-requisite for tackling pion absorption on more complicated nuclear systems. This
explains why this reaction has been studied with a great deal of activity. The data
base consists of more that 4500 experimental points[7], and a lot of theoretical efforts
has been spent over the last two/three decades in trying to explain the data[8].

In spite of evident differences in describing the dynamics of the process, the
various theoretical approaches employed so far achieve only a limited success in the
reproduction of data. Theoretical calculations indicate systematic deviations with
respect to experiments. A typical problem common to most calculations occur at
the level of the curvature of the differential cross section at the resonance, which is
oriented upward, rather that downward as the experimental data seem to indicate.
Another frequently occurring problem is related to the strength in the NN spin-triplet
waves, which is directly visible in the measured values for the diagonal Cartesian
proton-proton spin correlation Azz, Axx, and Ayy as deviation from the -1 limit. The
theoretical values deviate from this limit less than the corresponding experimental
values, indicating that some strength is missing in the triplet waves. Finally, a set of
observables particularly difficult to reproduce are the proton analyzing power Ayo, the
deuteron vector analyzing power iTu, and the off-diagonal Cartesian spin correlation
Axz. These observables are dominated by interference among the various helicity
amplitudes, and are phase sensitive.

Here, we start by applying the rescattering model to the x+d *-* pp reaction.
We take into account the basic absorption mechanisms (Impulse Approximation, A-
rescattering, S-wave pion-nucleon rescattering), and calculate NN distortions in the
pp channel. Then, we show the results obtained so far with the rescattering model for
the more intricate ir+t *-*• pd process. The contribution considered for this reaction
corresponds to the (dominant) A-excitation mechanism, only. Work is in progress to
include also the other relevant mechanisms, which have already been calculated for
the w+d <-> pp reaction.

Previous works on 7T-production/absorption on three-nucleon systems have



been quite extensive. In earlier approaches, the leading idea was to relate phe-
nomenologically the few-nucleon or many-nucleon cross section to the two-nucleon
•K+d <-+ pp one. This is the so-called "quasideuteron" approach, originally introduced
by Rudermann[9], and then developed by many authors, partially listed in [10]. A
refined version of the approach, which includes the comparison with proton analyzing
power data Ayo, has recently been developed by Falkfll].

A more microscopic model has been developed by Green and Maqueda in
Ref. [12], where calculations for the pd —» 7r+£ reaction are shown. Contrary to
the quasi-deuteron approach, where the dynamical input is made by the on-shell
pp —+ ir+d cross-section or amplitudes, here the dynamical input consists of non-
relativistic interactions among pions, nucleons, and deltas, with the intermediate N-A
correlation obtained from the solution of a two-body coupled-channel Schroedinger
equation in i2-space. For the deuteron and three-nucleon bound-state configurations,
simple (uncorrelated) gaussian forms were employed, which allowed the reduction of
the required multidimensional integrals into an analytical form. The approach demon-
strated that the quasi-deuteron method could lead to significant errors, up to one
order of magnitude in some cases. Further progresses and refinements of this coupled-
channel approach has been obtained by Green and Sainio [13, 14]. The inclusion of
more realistic bound-state wave functions, as well as a limited increasing of inter-
mediate two-body angular decomposed states (from 1 to 4 or 5) resulted in a better
agreement of calculations with differential cross-section data, at least in the region
of low-momentum transfer. At higher angles the disagreement with experiments still
persists.

Here, we report on preliminary calculations on the 7r+£ —• pd reaction. With
respect to the approach by Green and co-workers, our approach presents differences
and similarities. The similarities rely in the fact that also our model is "microscopic",
since it starts from a theoretically-defined dynamical input, as well as in the fact that
it includes the intermediate isobar excitation as the leading contribution. However,
differences arise with respect to the treatment of the N-A dynamics. In our approach
the intermediate N-A propagation is treated in a perturbative-like fashion, while the
pure nucleonic correlations are treated to all orders. For the two-nucleon case we solve
the Lippmann-Schwinger equation in momentum space using realistic NN potentials
as input, while for the three-nucleon case we solve similar three-body Faddeev—
Alt-Grassberger-Sandhas equations using as input separable representations of the
realistic NN potentials. In other words, the coupled-channel model of Refs. [12,13,14]
treats with a higher degree of accuracy the two-body isobar-nucleon dynamics, but
disregards completely the dynamical effects due to the presence of the third nucleon,
while we do take into account the effects of three-nucleon correlations in the scattering
regime, at the price of a more crude treatment of the isobar dynamics. Clearly the two
approaches are complementary, and could in principle be unified through the solution
of Faddeev-like equations coupling nucleons and isobars. Solutions of such sort of
equations do exist for bound-state problems[15], but still appear to be prohibitive in
the scattering regime.

Another feature of our approach is that it is particularly suited for the use of
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Figure 1: The A-rescattering mechanism.

wave functions obtained from three-nucleon Faddeev calculations, which nowadays
are quite reliable in both bound-state and scattering regimes.

The calculations shown herein for the reaction involving three-nucleon systems
should not be considered definitive. The isobar-potential parameters used have been
taken as an example and were not fitted at all on the reaction under study. Rather, the
calculations shown have to be considered as tests to assess convergence with respect
to the number of partial waves included, and so forth. No normalization corrections or
other ad hoc parameters were introduced. The results (including polarization results)
however do compare with the data, at least qualitatively, and we consider these results
encouraging for further work in the same direction.

2 The Rescattering Model.

We begin with the following expression for the absorption transition amplitude

ATOT = s <^\A\4>BS >s \P*0 >

= S <Vd \-A\VBS >S |**3 >

where \ipBS >s a n d 5 < ^~^\ describe the initial three-nucleon bound-state and the
final three-body scattering state, respectively, which are assumed to be properly anti-
symmetrized. The final scattering state has ingoing boundary conditions, describing
final channels with three free nucleons (or a deuteron and a free nucleon, in the second
equation). The absorption mechanisms are specified by the explicit determination of
the operator A. To avoid double counting, purely nucleonic intermediate states have
to be excluded in A, since these are considered to all orders in the final states s < V^~ |̂

and s< Vd~ \-
The diagrams which have been considered are shown in figs.l, 2, and 3.
The diagram of fig.1 represents the A-rescattering mechanism. It is constructed

from the irNA interaction Hamiltonian given by

V)($(r).f),



and from the NA-NN transition interaction obtained from the TT- and ^-exchange
diagrams

Q)GK)

sJ x Q) • (a2 x

+ rel. corr.

In these expressions, a and r represent the Pauli matrices for nucleonic spin
and isospin, while S and T are the corresponding generalization for the nucleon-
isobar transition. The baryonic density is denoted by p(r), while $(r) is the pionic
(isovector) field. The quantities M, mn, and mp are the nucleon, pion, and p masses,
respectively, Q is the baryon-baryon transferred momentum, and the function G(u>),
which describes the meson-exchange propagation, takes into account the mass differ-
ence between nucleons and isobars

J 1

Here, M& is the isobar mass, and u) is the relativistic energy of the meson.
We have considered relativistic corrections to the /j-exchange diagrams, as sug-

gested in Refs. [16]. We refer to that paper for further details, for the coupling
constants, and for structure of the the vertex form factors. The angular-decomposed
matrix elements for all the mechanisms herein discussed are given in Refs. [17, 18].

In our study for the 7r+d <-> pp reaction we have included also the I.A. mecha-
nism. In the three-nucleon case (as shown in fig.2), the inclusion of such mechanism is
in progress. This contribution is calculated starting from the pion-nucleon interaction
Hamiltonian

mw

fdrp(r)(a • V)(*(r) • f)
J

Relativistic corrections of the order of ^ , have been included by assuming a pseudo-
vector relativistic coupling between ir mesons and nucleons. The nonrelativistic re-
duction then lead to a Galilei-invariant-type recoil correction. We refer to the work
[17] for full details on these contributions, and for their angular-decomposed matrix
elements.

Another mechanism we have considered for the ir+d <-» pp reaction (and the
extension to the three-nucleon case is presently in progress) is shown in fig. 3. It
represents a 7rN rescattering mechanism where the pion-nucleon interaction is based
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Figure 2: The Impulse Approximation.
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Figure 3: The S-wave ir-rescattering contribution.

on the phenomenological (Koltun-Reitan[19]) Lagrangian. The interaction is made
of two contributions, one isoscalar, and the other isovector. The former, given by

represents pion rescattering without charge exchange. The latter, expressed by

fdrp(r)(f.[4(r) x l(r)]),

refers to pion-nucleon rescattering with charge-exchange. Not shown in the diagram,
but included in the calculations, are the additional contributions which differ from
the discussed one for the time ordering of the exchanged meson. The values of the two
effective coupling constants Ao=0.005 and A/=0.05 have been determined from low-
energy data for 7rN scattering. Again, we refer to Ref. [17] for the detailed formulae,
and for further details on the TTNTTN four-leg vertex form factor.

A point that still has to be specified in the A-rescattering mechanism of fig.l
is the description of the intermediate state with isobar propagation. Due to the fact
that the A-isobar is not a stable particle but a resonance, its mass is endowed with
an imaginary part, associated to the A decay width, T&. Thus, the complex isobar



mass M.& is assumed to be

= M A - Es -
 l-

with 71/^=1232 (MeV) and Es is the energy-shift parameter. As for the energy
dependence for F, phase-space considerations [20] lead to the simple parameterization

F a
3 47T m

for the free isobar, where y/s is the invariant TTN mass, and q is the pion momentum
in the 7rN cm.

We have subsequently introduced a more phenomenological parameterization of
the energy dependence of the A-width, one of the reasons for doing this is due to the
fact that in our model the isobar state is not free, but should in principle be distorted
by the effects of the other nucleons. This can be effectively taken into account by
modelling the F energy dependence to the energy dependence of the experimental
cross section,

Analytical expressions for F can be obtained [17] by using the excellent fit to the
integral cross section suggested in Ref.[21].

2.1 Treatment of 3N correlations.

Once the matrix elements for the absorption mechanisms are calculated, one has
to fold these quantities between the nucleonic wave functions describing the initial
three-nucleon bound-state configuration \*&BS >S and the final three-nucleon scatter-
ing states s < V^^l o r s < Vd I- The two states differ with respect to the asymptotic
configuration: at large distance, the former is a three-nucleon plane wave, the latter
describes a deuteron-nucleon asymptotic state. It is assumed that both wave func-
tions are antisymmetrized with respect to (spin, isospin, and position) permutations
of any pair of nucleons. By so doing, only one contribution to the absorption mech-
anisms has to be calculated, while all the others, connected to the first by simple
nucleonic permutations, can be obtained by introducing a multiplicative factor.

To calculate the pion absorption amplitude with three-nucleon correlations we
follow a method which has been well established in collision theory[22]. The method
turned out particularly useful for calculating photodisintegration[22, 23] processes
and we illustrate here a rather similar procedure for the pion disintegration process.

To begin with, we define the operator P23 which exchanges spin, isospin, and
position coordinates of nucleons 2 and 3. Then, we introduce the cyclic and anti-
cyclic permutation operators P2, P3 respectively. These exchange the coordinates of



the three nucleons in the following manner 123 —•» 231 and 123 —> 312, and can be
expressed in term of the pair exchange operators as P2 = P12P23 and P3 = P13P23. Fi-
nally, we introduce the full permutator P = Pi + P3, and the normalized symmetrizer
S = ^ £ . Then, as explained in Ref.[18], it is possible to derive the complete wave
functions in terms of the asymptotic channel wave functions i<$o| and i < $ j | (the
subscript " 1 " denotes antisymmetrization with respect to the pair made of nucleons
labelled "2" and "3")

(l + (1 + P)TG0 + {l + P)TG0TGo)S,

where the three-body operator T satisfies a Faddeev-like equation

T = PT + PTGoT

(T is the two-nucleon t-matrix).

We now restrict our analysis to the d channel, and define the M0ller operator
n(">t = 1 + TG0, so that

It is trivial to show that this operator satisfies the Faddeev-like equation

while the pion-disintegration amplitude can be rewritten as

As a consequence of these two equations, the desired amplitude satisfies the integral
equation

Ad = i Z

We now make use of the fact that for short-ranged potentials the two-body transition
matrix T can be expanded into a series of separable terms

This representation may be viewed as an identification of the physically relevant
correlated-pair structure in the transition matrix. Resonances, bound-states, or vir-
tual states are just an example of such correlations. The representation may be
visualized by the diagram shown in fig.4.
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Figure 4: The transition matrix in separable representation. The wavy line represent
the NN interaction, which summed up to all orders yields the t-matrix. On the right,
the same quantity is diagrammatically represented through the intermediate formation
of a correlated pair, or quasiparticle.

In order to simplify the notation, we consider allowance of just one value for
the indices z , j , so that the transition matrix takes the form T = |/i > A < fi\.
Moreover, we omit the proper energy dependence in A as well as in the form fac-
tor |/i >, although the energy shift E — ( | ^ ) , due to the spectator nucleon with
momentum q, should be assumed. The separable representation reproduces the cor-
rect negative-energy bound-state pole of the two-body t-matrix (for the deuteron
quantum numbers) if the form factor satisfies the homogenous equation

VGo(Ed)\f, >= | / , >,

and, within a normalization factor, Go(Ed)\fi > is the deuteron wave \$d >. Among
the many recipes for obtaining separable expansions of the two-body t-matrix, we
adopt the PEST form, which has been proven useful in three-nucleon bound-s^;(.e
and scattering situations.

Use of the t-matrix separability in the integral equation for the absorption
amplitude leads to the effective two-body equation

Ad(g,E) = Bd(q,E) + Jq
l2dq'V(q,q',E)A(E -

with the definitions

Ad{q,E) = i<f
Bd(q,E) = , < /

V(q,q',E) = K /

Here, Ad and Bd represent the off-shell extension for the full and Born amplitudes,
respectively, while V is the effective two-body potential. It represents the one-particle
exchange diagram between different correlated-pair rearrangements.

This effective two-body-like integral equation may be viewed as an efficient
resummation method for all the rescattering diagrams occurring among the three



Figure 5: Lowest order rescattering diagrams in pion disintegration of 3N bound-
state. The dotted line represents the incoming pion, the solid lines the nucleons. Two
close solid line a correlated pair of nucleons. The box labelled B represents the (plane-
wave) Born amplitude, the one labelled F the (full) amplitude with resummation of
all rescattering diagrams.

interacting nucleons. The effective two-body nature of the representation is clear
from fig.5

As for the three-nucleon bound state, we used a 22-channel wave function
which has been provided by the Hannover group. The numerical procedure used to
solve the Faddeev equations in momentum space for the three-nucleon bound-state
wave function is explained in Ref. [15] (and in references therein contained). The
fully antisymmetrized bound-state wave function is calculated in a truncated set
of 48 partial-wave components defined in the LS coupling scheme. Out of the 48
components, 22 consist of purely nucleonic states, while the remaining states refer
to components with virtual A-isobar excitation (for one single nucleon). In our
calculation, only the first 22 purely nucleonic bound-state components were retained.

3 The 7r+d <-> pp Reaction.

We have calculated the integral cross section for pion absorption from threshold to
well above the A resonance, as a function of n which is defined as the pion cm.
momentum, in units of pion masses. The result is shown in fig.6. The calculation
includes the effects of FSI, and of all microscopic mechanisms as discussed in the
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Figure 6: Total absorption cross section with the effects of all mechanisms and FSI
included (solid line). The contributions due to S, P, D, and F waves are shown by
the dotted, dashed, dashed-dotted, and short-dashed-long-dashed lines, respectively.

previous section. The deuteron bound state, as well as the NN FSI are calculated
using the Bonn B potential[16]. In the same figure, the contributions carried by each
NN angular-momentum state are singled out. The integral cross section is almost
entirely made by d, p, and / contributions. However, the other partial waves are
important for the numerical convergence of polarization observables. Thus, we had
to include in our calculation NN states up to j = 6, and intermediate isobar states up
to /A = 5. A more exhaustive analysis of this reaction which includes differential cross
sections and polarization observables has been carried out in Ref.[17]. Here, we limit
ourselves to mention that the inclusion of all mechanisms and FSI leads only to a
qualitative agreement with the data. Pion rescattering in S wave corrects the integral
cross section at low energy, and increases the strength of triplet waves at resonance,
as indicated by the diagonal proton spin correlation data, but the results are still
far from being optimal, especially for those spin observables which are dominated by
amplitude interference, such as Ayo, iTn, and Axz.

4 The 7r+t *-» pd Reaction.

In this case, we have included only the dominant A-rescattering term. Thus, the
Born amplitude to be calculated has the following structure

11
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J
J

fl(a',p')p"dp'<p'qW\P\p"q"a">

p"Hp"q"Hq" < p"q"oc"\VNA\pAq"aA > pjdpA

p2dpq2dq

The multiplicity factor 2\/3 arises from nucleon antisymmetry, and fiA, uA are the
reduced masses for the [MA-M], [(MA-{- M)-M] systems, respectively. Other quanti-
ties have been defined previously. The adopted representation of three-body states is
defined in momentum space and decomposed in partial waves within the jl coupling
scheme. The index a refers to the set of quantum numbers of the pair (ls)j\ t, of the
spectator (Ao-)/;r, and of the total system JJZ;TTZ.

We have considered convergence with respect to the number of three-body
states included in the calculations. The total momentum and parity considered are
^=(1)*, (§)*,(§)*, and (f)±.

For each of these values, we have considered the two-body states ^ o , 3 5 \ , AD\,
1X>2, and a cut in the spectator angular momentum at A = 5. This gives 82 different
3N channels in the final state. We have performed a set of three different calculations,
depending on the cuts of the angular momentum /A included for the AN sub-system.
The cuts were made at the values 0, 3, and 5. In another calculation, we have included
the two-nucleon states 'So, 3SU

 3DU
 lD2,

 3P0 , ^ i , 3-Pi, 3A>, 3^2, 3F2,
 lF3,

 3D3, and
3G3, and a cut in the spectator angular momentum at A = 7. This leads to the large
amount of 346 channels in the final states. In this case, isobar intermediate states
up to /A=5 have been included. The calculated integral cross sections are shown in
Tab. 1, where the corresponding experimental value at 119 MeV (pion Lab energy) is
reported. These calculations have been performed parameter-free, in particular the
parameters for the V/VA transition potential have been taken from the CC model III
of reference [16], with no extra tuning. This differs from the case of nd absorption,
where, partially because of the inclusion of the Koltun-Reitan interaction, we must
modify the cut-offs at the TTNA, pNA, and pNN vertices[17]. The rows denoted
born refer to plane-wave results, the one denoted f s i is the result obtained including
3N correlations in the final state (calculated using a rank-one separable expansion
for the Paris potential). The columns Nc indicate the number of states included in
the calculations, and (lA)max is the maximum value of isobar angular momentum
included in the calculation. The experimental value is taken from Ref.[24].

In fig.7 the calculated differential cross section is compared to the experimental
119 MeV data measured at PSI[24] . Circles refer to the ir+t —• pd reaction, triangles
to data for the charge symmetric reaction ir^He3 —> nd at the same energy. The
long (short) dashed line refers to a 82 (346) channel calculation without FSI with
(^A)max = 5. The two thin lines to similar 82-channel calculations but with l± up to

12



born
born
born
born
f s i
exp

Nc

82
82
82

346
82
-

\*A)max

0
3
5
5
0
-

a

0.575
0.503
0.505
0.479
0.612

0.8±0.2

mb
mb
mb
mb
mb
mb

Table 1: Total cross section for the reaction w+t —> pd at 119 (MeV) pion Lab Energy.

a{jc+t —> pd) (/xb/sr)

0 (deg)

Figure 7: Differential cross section for the ir+t —* pd reaction with the A-rescattering
model. Circles refer to PSI data at 119 MeV. Triangles to PSI data for the charge-
symmetric reaction ir~ He3 —> nd (from P. Weber, private communications).
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Figure 8: Analyzing power for the pd —> T+t reaction with the A-rescattering model.
The solid line refers to a 346-channel calculation, the dashed lines to various 82-
channel calculations.

0, and 3. This last case is practically indistinguishable from the long-dashed curve.
The effect of FSI has been considered in an 82-channel (/A)mai=0 calculation. For
this case, we have seen that the changes were limited to the curve normalization,
which increased by about 7%.

In fig.8 we compare our calculations of the analyzing power for the pd —* ir+t
reaction with experiments. The data are for proton energy of 330 MeV[25], 375
MeV[26]. A number of data for the isospin related reaction pd —> ir°He3 at 350
MeV have also been included[27]. The three dashed (long-dashed, short-dashed,
and dotted-dashed) lines are the results of 82-channel calculations with inclusion of
intermediate angular AN states up to / A = 0 , 3, and 5. The solid line is the result of
the 346-channel calculation. The necessity of inclusion of a large set of partial waves
is quite evident from the figure.
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In conclusion, we have seen that the rescattering model, based on meson-
exchange and A-excitation diagrams, can be feasibly extended to study pion absorp-
tion on three-nucleon systems. Preliminary results indicate that the isobar excitation
mechanism can provide a qualitative agreement with the data, but a large number of
channels has to be considered to achieve numerical convergence and qualitative agree-
ments, especially if spin data are to be considered. We have performed preliminary
tests on the inclusion of 3N FSI. These tests indicate that 3N correlations are of some
importance (at least for the normalization of the curves), but, for a conclusive answer
about these 3N correlation aspects, we have to wait for more extensive calculations.
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