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Positive pion absorption on 3He using modern trinucleon wave functions

S. Schneider, J. Haidenbauer, and C. Hanhart
Institut für Kernphysik, Forschungszentrum Ju¨lich, D-52425 Ju¨lich, Germany

J. A. Niskanen
Department of Physical Sciences, P.O. Box 64, FIN-00014, University of Helsinki, Finland

~Received 19 September 2002; published 23 April 2003!

We study pion absorption on3He employing trinucleon wave functions calculated from modern realisticNN
interactions~Paris, CD-Bonn!. Even though the use of genuine trinucleon wave functions leads to a significant
improvement over older calculations with regard to both cross section and polarization data, there are hints that
polarization data with quasifree kinematics cannot be described by just two-nucleon absorption mechanisms.
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I. INTRODUCTION

One hope in building the so-called meson factories
wards the end of 1970s was to use mesons, in these faci
pions, as probes of nuclear wave functions and nuclear st
ture at short distances@1#. However, on the theoretical side
soon turned out that meson interactions even with the t
nucleon systems were quite a challenge and most work
cerned these@2#. Pion production physics obtained a ne
surge with the advent of a new generation of accelerator
IUCF, Celsius, and COSY with a very high-energy resolut
making possible accurate measurements at meson thres
@3,4#. New and even unexpected results also created rene
theoretical activity, concentrated still mainly on two-nucle
meson production at threshold and also at higher energie
understand some puzzles, e.g., inpp→ppp0 threshold pro-
duction @5#. Nevertheless, there has emerged a general
sensus of a fair understanding of at least the main me
nisms in the two-nucleon system, although some proble
still remain—within the conventional~meson-exchange! ap-
proach@6# as well as in the chiral perturbation treatment
pion production and absorption@7#.

New experiments are also performed or in progress
meson production in few-nucleon systems as inpd
→3Hep0 or pd→3H p1 @8# as well as correspondingh
meson production experiments@9#. However, theoretical ef-
forts in this direction with three-nucleon dynamics are ve
scarce@10,11# and the situation is much less satisfactory
compared with the two-nucleon case. Nevertheless, pio
inelasticities in three- or four-nucleon systems should be
necessary bridge towards understanding them in nuclei
potentially using them as a probe in many-body nucl
physics and for possible effects of nuclear medium on h
rons and their interactions. One may also note that in th
phenomena some reaction channels are actually only ac
sible in absorption.

At the above mentioned new facilities, pion absorpti
experiments are unlikely due to their low intensities. Ho
ever, absorption is closely related to production reactions
should be understood in parallel. Furthermore, it may be
gued that some absorption processes might be easier to
proach theoretically than production. One such process c
be quasifree absorption on a pair of nucleons in3He ~or in
0556-2813/2003/67~4!/044003~8!/$20.00 67 0440
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triton!. This is the inverse of two-nucleon pion production
the presence of a~hopefully! inactive spectator. Here th
initial state nuclear wave function is known, in principl
exactly from Faddeev calculations and the final state pa
similar to those treated in two-nucleon reactions. Succes
this simplest case might open the door to modeling~with
explicit inclusion of the spectator! three-nucleon absorption
~where data from PSI@12# are available! and the breakup of
3He into a deuteron and a proton—the inverse of the ab
referred production reactions.

Experimental cross sections of quasifree two-nucleon
sorption of pions on helium isotopes have been obtai
from the meson factories of LAMPF@13#, TRIUMF @14#,
and PSI@15#, but scarce data exist also for the polarization
outcoming fast protons@16,17#. These are obtained at so
called conjugate angles corresponding to kinematics, wh
it is believed that the spectator is not an active particip
and does not absorb momentum from the pion. Then
spectator remains essentially at rest retaining only its Fe
momentum. In Ref.@14# one sees at these angles a mass
peaking of the cross section, over an order of magnitu
higher than for nonconjugate angles, as a function of
proton energy. The width of this peak may be accounted
with the Fermi motion. The quasifree nature~the spectator
having essentially the momentum distribution of the bou
state! is even more convincingly established in the kinema
cally complete experiments of Ref.@15#. Cross sections for
positive and negative pion absorption on tritium were o
tained in Ref.@18#. Overall, this gives a good amount of da
to determine absorption on different nucleon pairs with d
ferent isospins in a simple nuclear environment. Also heav
nuclei have been investigated in related contexts@19#.

Theoretical work is of old vintage, the most recent serio
work probably being in Refs.@20,21# for positive pions,
Refs.@22,23# for negative pions, and Ref.@24# for branching
ratios in stoppedp2 absorption. The angular shapes of t
cross sections could be well explained and, roughly, a
absolute magnitudes. In fact, for positive pions the shape
not differ much frompp→dp1 in theory or experiment.
However, in absorption of positive pions on3He or 4He the
polarization of the outcoming protons was found to be
qualitative disagreement with the simple theory employ
@16,17#, which neglected the effect of the spectator and u
©2003 The American Physical Society03-1
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phenomenological range-corrected deuteron wave funct
to describe the active pair as a quasideuteron. The mea
ments were performed at 120 and 250 MeV and it was p
sible to reproduce the data qualitatively—however, o
when applying different models for the two energies, and
with the same model for both energies.

In a recent paper@25#, a convenient parametrization wa
presented, which approximates analytically exact thr
nucleon bound-state wave functions resulting from Fadd
calculations based on realistic nucleon-nucleon (NN) inter-
actions. This parametrization is similar in philosophy to th
of Ref. @26# but deviates from it in two important ways. Firs
it releases its single-term separability in the two relative m
mentap and q of the pair and the spectator~or the corre-
sponding coordinatesr andr). This gives more freedom fo
reproducing the behavior of the wave function better wh
both momenta are large—as one would expect, for exam
that one particle which is far off shell would influence th
others. In contrast, the parametrization of Ref.@26# treats the
dependence of the wave function on the two momentap and
q as being totally independent of each other. There are a
ally significant differences between the wave functions
momenta relevant for mesonic inelasticities@25#. It is inter-
esting to see what impact these may have to physically
servable quantities, in particular, whether the pair-spect
correlation could correct the above mentioned ener
dependent discrepancy seen in the pion absorption react

A second and more significant difference is that, inste
of parametrizing the single Faddeev amplitudes only, co
sponding to different permutations of the three nucleons
done in Ref.@26#, we parametrized directly partial wave pro
jections of the total antisymmetrized wave function. Also th
expansion was seen to be well convergent and was applie
calculations of low-momentum quantities such as the pr
abilities of the trinucleon wave function components and
p3He scattering length in Ref.@25#.

It may be mentioned that the Faddeev wave function
Ref. @26# has been used for pion absorption on nucleon p
in Ref. @27#. However, that paper did not include pions-wave
rescattering which is essential for the cross section at thr
old and for the polarization at all energies. The latter is
major topic of the present work.

In the present paper, we apply the above quoted par
etrization to study quasi-two-body absorption of pions
3He. Thereby, the aim is twofold. First, we want to test t
reliability and convergence of our parametrization of t
three-nucleon bound-state wave function in calculations
observables involving higher momenta. Second, we wan
see how one can fare with such improved wave function
this specific reaction physically, without explicit particip
tion of the spectator nucleon. In the following section w
shortly outline the most essential features of the param
zation and provide some details of the ingredients and te
nical aspects of our calculation of pion absorption, wh
Sec. III deals with the actual results of our pion absorpt
calculation. The paper ends with some concluding remar

II. FORMALISM

A. Faddeev amplitudes in 3He

Aiming at extreme simplicity, the model of Ref.@20# con-
sidered quasifree absorption of positive pions as simply
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sorption on a quasideuteron with a wave function more co
pressed than the free deuteron~because the binding energy
larger! and with kinematics compatible with 10 MeV mor
binding than in the normal deuteron~5 MeV for the actual
binding energy differenceplus5 MeV for the average kinetic
energy of the spectator from its momentum distribution!. A
similar approach was adopted also later for negative p
absorption on a singlet proton pair@22,23# and actually was
able to explain such features of the differential absorpt
cross section as the asymmetry about 90° and also of
analyzing power in the closely related processpW n
→(pp)S-wavep

2.
The trinucleon wave functions adopted were basically

two kinds. Initially, phenomenological functions based on
range-modified deuteron wave function following an old id
of Ref. @28# or on a calculated correlation function@29# were
used in Ref.@20#. Later, also Faddeev pair wave function
v(r ) from the separable formcn(r ,r)5vn(r )wn(r) param-
etrized by Hajduket al. @26# were used in Refs.@22,23#,
where

cn~r i j ,rk!5^r 12r3n12uc@~12!3#&

5^r 23r1n23uc@~23!1#&5^r 31r2n31uc@~31!2#&

~1!

and the total antisymmetric wave function is

uC&5uc@~12!3#&1uc@~23!1#&1uc@~31!2#&. ~2!

However, these calculations used for absorption on each
i j only the wave function component above with the partic
lar permutation (i j )k and considered only the correspondin
Jacobian coordinater i j in the absorption process. With
single-term separable parametrization@26# or with a com-
pletely phenomenological pair wave function, this left t
role of the spectator to a mere normalization integral. Pl
sibly, the use of the square root of the correlation function
the pair wave function may take the other two terms in E
~2! effectively into account to some extent. Evidently, th
issue will now be addressed more explicitly with the ne
wave functions.

In the above functions the indexn labels the partial wave
structure of the three nucleons. In the following calculatio
we only consider the states with zero spectator orbital an
lar momentum, so that this index trivially just symbolizes t
quantum numbers of the pair wave functions, in the sing
spin state1S0 and in the triplet3S1 or 3D1. The two addi-
tional states with the spectator angular momentum 2 con
ered in Refs.@25,26# have much less weight and are assum
to be of little importance for the present kinematics whe
the spectator remains essentially at rest.

In Ref. @25#, a considerably different parametrization w
given for the wave functions. First, the simple separabi
used in Ref.@26# was generalized to more terms of separa
form with a systematic improvement in the approximatio
The structure of the wave function remained basically sim
but allowed correlation between the momenta or the co
sponding coordinates, which is not present in the sim
3-2
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POSITIVE PION ABSORPTION ON3He USING . . . PHYSICAL REVIEW C67, 044003 ~2003!
product ansatz. Physically one might expect that, if in
bound three-body system either the spectator or the pair i
off shell, then it would be less likely to find also the oth
ones far off shell. A parametrization as a sum of two produ
was seen to offer sufficient freedom and to allow a reas
able fit in the sense that inclusion of a third term did not ha
much effect. It is worth noting that at large momenta, r
evant to meson production and absorption, the inclusion
the second term changed the wave function significantly~see
Fig. 1 in Ref.@25#!.

The second essential difference is that in Ref.@25# a pa-
rametrization for the fully antisymmetrized wave functio
was provided, and not only for its individual Faddeev amp
tudes as in Ref.@26#. This is a nontrivial extension, includin
also the two other amplitudes of Eq.~2! in the projection on
angular momentum eigenstates, and has the advantage
all permutations enter automatically into the calculation
each pair absorption but still with simple wave functions
a given coordinate pair. For example, if the form of Eq.~2! is
used in absorption on the pair 12, the first term is simple,
in the other terms the ‘‘proper’’ simple pair coordinate wou
be r23521/2r122r3 or r31521/2r121r3. These terms
would be quite complicated functions of the coordinatesr12
andr3. However, once the full antisymmetric wave functio
is parametrized directly in terms ofr12 andr3, the calcula-
tion is greatly simplified. The choice of the pair does n
matter, since physically absorption on any pair should g
the same result, anyhow.

In practice, the full antisymmetric Faddeev wave functi
@calculated using the charge-density–Bonn~CD-Bonn! @30#
and Paris@31# potentials# was expressed as a product of fun
tions of the pair and spectator momentap andq, where each
function is given by expansions in terms of Lorentz functio

ṽ1
n~p!5(

i

ai
n

p21~mi
n!2

, w̃1
n~q!5(

i

bi
n

q21~Mi
n!2

,

~3!

for the five most important Faddeev amplitudes. In the co
dinate representation these functions will transform i
Yukawa functions and~for D waves! their derivatives,

v1
n~r !5Ap

2(
i

ai
ne2mi

nr

or

v1
n~r !5Ap

2(
i

ai
ne2mi

nrS 11
3

mi
nr

1
3

~mi
n!2r 2D , ~4!

with similar expressions for the~spectator! r dependence
The denominatorr is canceled against the volume elemen

Up to this point the procedure would have been equi
lent to Ref. @26#, except that the fit was performed to th
exact total~antisymmetrized! wave functions. However, in
Ref. @25# another similar product termv2

n(p)w2
n(q) was
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added in order to improve the quality of the analytical re
resentation of the wave function. Thus the wave function w
presented as

Cn~p,q!5v1
n~p!w1

n~q!1v2
n~p!w2

n~q!, ~5!

with the normalization

(
n
E

0

`

dp dq p2q2uCn~p,q!u251. ~6!

The parameters of the fit~s! were given in Ref.@25# and will
not be repeated here, but the importance of the additio
freedom will be studied in the differential cross section a
polarization of the protons in quasifree absorption on po
tive pions on quasideuterons. At this stage it is worth reme
bering that for a specific low-momentum observable,
p2 3He scattering length, the effect of the second term in
~5! was seen to be only about the order of 1%@25#.

Before going into any details of the pion absorptio
mechanisms, we want to test the significance of nonsep
bility anticipated above for physical reasons. Therefore,
explore extreme momentum transfers corresponding to
highest energy at which polarization data in pion absorpt
are available, namely,Tp5250 MeV. Our results for the dif-
ferential absorption cross section on a quasideuteron
transverse polarization1 of an outcoming proton are shown i
Fig. 1 utilizing a systematic expansion of the wave functi
up to three separable terms, i.e., beyond Eq.~5!. It can be
seen that nonseparability does play a visible role. Howe
given the quality of the data and the model uncertainties
sensitivity is not really significant. Nevertheless, it is enco
aging to see that just one additional term of products is s
ficient to account for the nonseparability and that the exp
sion has converged quite well already at the two-term lev
In the calculations presented in Fig. 1 the Faddeev w

1To facilitate better comparison this is multiplied byds/dV. In
meson production this would correspond to the asymmetry of
cross section of the two-nucleon reaction with a polarized beam

1 0.5 0 0.5 1
cosθ

0

0.05

0.1

0.15

P
y d

σ/
dΩ

[m
b/

sr
]

0 0.2 0.4 0.6 0.8 1
cos

2θ

0

1

2

3

4

5

dσ
/d

Ω
 [m

b/
sr

]

Tπ=250MeVTπ=250 MeV

FIG. 1. The differential absorption cross section and its ‘‘asy
metry’’ Py ds/dV at Tp5250 MeV using different fits to the CD-
Bonn trinucleon wave function. Dashed: single-term separable
Solid: two-term fit. Dotted: three-term fit.
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functions from the CD-Bonn potential are used. We want
mention, however, that the convergence features for th
based on the Paris potential were found to be the same.

B. Absorption formalism

The mechanisms in pion absorption on two nucleons h
been discussed in detail elsewhere@20,22,23# and will not be
repeated here in depth.2 They are depicted in Fig. 2 for th
time reversed reaction corresponding to pion production.
first one@Fig. 2~a!# is the standard direct production due
the Galilean invariantpN interaction arising from the
pseudovector coupling~with obvious notation! @32#

HpNN5
f

mp
(

i
si•H qti•f2

vq

2M
@piti•f1ti•fpi #J .

~7!

Here the first term would give predeominantlyp-wave pions
~relative to nucleoni ), while the second term when opera
ing on theNN wave function facilitates also~mainly! s-wave
production. The direct production is generalized to inclu
also resonantp-wave pN rescattering@Fig. 2~b!# via the
D(1232) resonance. Note that this contribution is treated
the same footing as the direct production by generating
the DN admixture by the coupled channels method in
initial state. Subsequently, theD decays by an operator sim
lar to Eq.~7! ~with the spin and isospin operators replaced
the DN transition operators and thepNN coupling constant
f 2/4p50.076 by thepDN coupling constantf * 2/4p50.35
from the decay width of theD). This produces the wel
known prominent cross section peak at pion energies aro
150 MeV for p1d→pp.

The NN interaction of the high-energy nucleon pair
based on the Reid soft core potential@33#. At high energies
the details of the potential are not expected to be very
portant. Moreover, within a coupled channels treatment
NN part must be modified, anyway, to avoid doubly counti
the attraction generated by the coupling toDN intermediate
states@32#.

At threshold, both production and absorption are, ho
ever, dominated by 2N mechanisms such aspN s-wave re-

2Many of the existing calculations are actually done for pion p
duction, but time reversal is trivial.

σ,ω

(a) (b) (c) (d) (e)

FIG. 2. The mechanisms included in pion production~as well as
in absorption! on two nucleons:~a! direct production,~b! ‘‘direct’’
production involving theD(1232) isobar,~c! pion-nucleons-wave
rescattering,~d! s-wave rescattering of a pion originating from aD,
and ~e! heavy meson exchange.
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scattering, Fig. 2~c!, with also a substantial contribution from
Fig. 2~d!. This rescattering is described by a phenomenolo
cal pN interaction

Hs54p
l1

mp
f•f14p

l2

mp
2

s•f3p, ~8!

where the parametersl1 andl2 depend on thepN on-shell
momentum and are fitted to pion-nucleon scattering d
@23#. As far as the relative importance in positive and neg
tive pion absorption is concerned one should note that, du
chiral invariance,l1 is suppressed close to threshold by
factor of mp /MN as compared withl2. Indeedl1 is very
small at threshold, but it becomes comparable tol2 for pion
momentaqp corresponding toh5qp /mp>0.5. A monopole
form factor is included in the meson exchange interacti
The value of the cutoff mass is crucial in fitting the analyzi
power Ay at some given energy. Its effect is small on t
total cross section except close to threshold.

It is known that the above mechanisms are not suffici
to explain the size of the cross section of the reactionpp
→ppp0 @5#. The remaining strength could be explained
short-range contributions from theNN interaction to the
axial charge of the two nucleons, most importantly by e
changes of thes and v mesons as shown in Fig. 2~e!
@34–36#.3 Consequently its effect was seen to be import
also in negative pion absorption on1S0 pp pairs in 3He @23#.
In pp→dp1 and the inverse reaction~i.e., the present con
sideration with a quasideuteron! the effect of the heavy me
son exchange was seen to be much less important@36#. How-
ever, in the present context the wave functions are m
condensed than in the deuteron and it is of interest to incl
also this short-range effect. Further, motivation for taking
into account here is provided by the possibility that the
tive pn pair can appear also in the1S0 state.

As a starting point Fig. 3 shows the results for the tra
verse analyzing powerAy in the basic input reactionpp
→dp1 at two energies close to the energies of the data
p1 absorption on3He. If the quasifree ansatz is correct an
the employed wave functions are realistic, one would exp
a similar degree of agreement also in the latter react
Please, note that in the calculations of thepp→dp1 observ-
ables thes-wave rescattering form factor has been adjus
individually for each deuteron wave function to reprodu
the depth of the dip at 90° as shown by the data at 515 M
@39# ~the cutoff mass used isL53mp for CD Bonn, 4mp for
Paris and 5mp for Reid!. These form factors will be used
also in the following calculations for the pion and thre
nucleon system.

It is interesting to observe that there are differences
tween the results at the higher energy—even after the ab
described fitting—and that the data may favor the new
wave functions based on the Paris and CD-Bonn poten

-

3As an alternative to this heavy meson exchange mechanism
pN off-shell rescattering has been proposed@37#. Reality may be a
combination of both@38#.
3-4
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vs the older Reid soft core model. Without this fixing of th
interactions at 515 MeV the differences with different wa
functions would be even larger. Also, we want to point o
that the magnitude ofAy at the higher energy is strongl
correlated with theD-state probability in the employed deu
teron wave function, withAy becoming larger with increas
ing PD . None of the wave functions is able to reprodu
correctly the dip in the data at 800 MeV. In these calculatio
~as in those for absorption, that will be presented in the
lowing section! all the partial wave amplitudes up toJ55
were included, which was found sufficient also at 800 Me

In the present context, the above two-nucleon mec
nisms are embedded in3He for which we use the parametr
zation of the full antisymmetric wave function@25#. Since
then, absorption on any pair should give the same result
on the others, we can assume the coordinater ~e.g.,r 12) to be
the active one and particle 3 to be the spectator. With
above described parametrization the wave funct
Cn(r ,r)5(lvl

n(r ) wl
n(r) would give, for example, for the

cross section the result

ds

dV
5Tr (

ll8nn8
~Ml8

n8 !* Ml
nW l8l

n8n dnn8 , ~9!

whereMl
n stands for the two-nucleon transition matrix ca

culated for the state componentn and for a specific terml of
the parametrization of the 3N wave function. The trace is
over spin orientations. Here the minor effect in kinemat
from the variation of the spectator kinetic energy is n
glected. Now the spectator effect has reduced to mere o
lap integrals

0 60 120 180
θ [deg]

0

0.1

0.2

0.3

0.4

A
y

0 60 120 180
0.2

0.1

0

0.1

0.2

0.3

0.4
A

y

515 MeV

800 MeV

FIG. 3. The analyzing powerAy in the reactionpp→dp1 at
two energies closely corresponding to thep1 3He absorption ener-
gies of Ref.@16#. The different deuteron wave functions used a
CD-Bonn~solid curve!, Paris~dotted curve!, Reid soft core~dashed
curve!.
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W l8l
n8n

5E drwl8
n8~r!wl

n~r!. ~10!

Similar expressions with differentn assignments hold also
for other spin dependent observables.

III. RESULTS

In Figs. 4 and 5 we show the differential cross sectio
and proton polarizations for pion absorption on3He at two
energies for the trinucleon wave functions of the Paris a
CD-Bonn potentials using the two-term separable fits giv
in Ref. @25#. Our aim is to study the behavior of the proto
polarization for different wave functions and compare t
results with the data of Ref.@16#. In particular, we want to
explore the influence of using either the fully antisymmet
wave function or just the Faddeev amplitude. In addition
the quasideuteron, in the present calculations also absorp
on the 1S0 np pair is included. This study is motivated b

:

0 40 80 120 160
θ [deg]

0

2

4

6

8

10

dσ
/d

Ω
 [m

b/
sr

]

0 40 80 120 160
θ [deg]

0

2

4

6

8

10

Tπ=206 MeVTπ=120 MeV

FIG. 4. The bound-state wave function dependence of the
ferential absorption cross section atTp5120 and 206 MeV. Solid:
CD-Bonn; dashed: Paris; dash-dotted: CD-Bonn single Fadd
amplitude~normalized to one! used instead of the fully antisymme
ric wave function; and dotted: result using a wave function based
the correlation function as described in Ref.@20#. The data are from
Ref. @15#.
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FIG. 5. The bound-state wave function dependence of the
larization Py at Tp5120 and 250 MeV. Notation as in Fig. 4; th
data from Ref.@16#.
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the inclusion of heavy meson exchange Fig. 2~e!, which
should enhance this contribution as it did ins-wave absorp-
tion of negative pions on3He @23#.

In the present calculation, we employ the individually a
justed amplitudes for the basic reactionpp→dp1 ~in order
to get agreement with the analyzing powerAy at 515 MeV!
as discussed in Sec. II B. We find that, even with the adjus
amplitudes, the CD-Bonn~solid! and Paris~long dashes! po-
tentials give somewhat different results for both the abso
tion cross section and polarization on3He ~although the an-
gular distributions are rather similar!. The difference in the
total cross section is about 10%, but without the adjustm
it would be 20–30 %, i.e., comparable to the spread obtai
in Ref. @40# for the two-nucleon reactionpp→dp1 using
several different deuteron wave functions.

In order to compare with earlier more phenomenologi
investigations we repeated the calculation using a wave fu
tion based on the correlation function of the two protons
3He given in Ref.@29#. This yields results shown by th
dotted curves, which are very similar to those obtained e
lier in Refs.@16,20# using this wave function. However, on
should note that our calculation utilizes the mechanisms
interactions described above~including adjusting the analyz
ing power ofpp→dp0), so that any difference here is due
the differences in the bound-state wave functions. With
new trinucleon bound-state wave functions we find a mu
better agreement with data than in earlier studies@20#. How-
ever, one may note that for the higher energy the differen
cross section seems to have a problem at 90°.

Contrary to Ref.@16#, the qualitative shape of the pola
ization can now be roughly reproduced with the new bou
state wave functions~solid and dashed curves! also at the
higher energy 250 MeV~Fig. 5!. The slight minimum in the
old calculation has all but vanished and the top is mu
lower. This result may be related to the smaller deute
D-state probability, as in the earlier calculations neglect
the quasideuteronD state reproduced the high-energy da
@16#. ~However, then the 120-MeV result was unacceptab!
In any case, in spite of this apparent success in the cas
the three-nucleon system, comparison with two-nucleon d
in Fig. 3 could give some reason for a different interpretat
as discussed in the Conclusion.

The results discussed above were all obtained with
parametrization of the full antisymmetric wave function. T
result using single-permutation Faddeev amplitudes fr
Ref. @25# for the CD-Bonn potential@normalized to one; see
Eqs.~1! and~2!# is given as the dash-dotted curve. This wa
function has a significantly different short-range behavior
cluding a node at about 0.3 fm and is similar to the functio
provided in Ref.@26# @however, we also include the secon
term to the expansion as in Eq.~5!#. Also it is overall shorter
ranged than the full antisymmetrized wave function. It is
very striking result that the single Faddeev amplitude give
qualitatively unacceptable polarization. The result for t
cross section is qualitatively much closer to the dotted cu
based on the correlation function of protons, which is also
short range. The longer range of the full antisymmetriz
wave function obtained in Ref.@25# is clearly reflected in the
present results, perhaps most directly in the decrease o
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cross section. As another reason for the largeness of the c
section in the Faddeev-amplitude calculations it is worth n
ing that in those cases the fraction of the more active trip
state is significantly larger than in the antisymmetrized wa
functions.

To further test the dependence on the bound-state w
function the above calculation with the single Faddeev a
plitude was repeated for the cases of the Paris potential
the Reid soft core potential~using the parametrization o
Ref. @26# and an antisymmetrized version of the latter!. In
these calculations two clear trends emerged. The cross
tions and polarizations were very similar in all antisymm
trized calculations in one hand and in all Faddeev-amplitu
calculations on the other hand~e.g., in each case the Rei
cross section was nearly indistinguishable from the co
sponding Paris result!. The structure of the results using th
correlation wave function is apparently associated to its ov
all shorter range rather than the direct use of the Reid po
tial. To some extent, the present results also confirm
rather moderate dependence of the total cross section on
detailed structure of the bound-state wave functions found
Ohtaet al. @27#.

In order to study our model results in more detail let
switch on and off different interaction components. Cor
sponding results are shown in Fig. 6 for the polarization. T
solid curve is the same as in Fig. 5~CD Bonn!, while in the
dotted curve absorption on the1S0 np pair is neglected.
Although heavy meson exchange@Fig. 2~e!# enhances this
contribution, its effect is still negligible. However, heavy m
son exchange can also take place in absorption on the q
deuteron. It has been included in the results of this work
far and is switched off in the dashed curve. Due to the m
condensed bound-state wave function, its effect is somew
larger than inpp→dp1 @36#, but still does not change th
results qualitatively.

Finally, the dash-dotted curve shows results where
quasideuteron3D1 component has been completely n
glected. Now the shape of the polarization at 250 MeV
well reproduced but then the results at the lower energy
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FIG. 6. The effect of different interaction components on t
polarizationPy at 120 and 250 MeV. Solid: CD-Bonn full result a
in Fig. 5; dotted: absorption on the1S0 pair neglected; dashed
heavy meson exchange mechanism neglected; and dash-dotte
D-state of the quasideuteron omitted. The data are from Ref.@16#.
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strongly at variance with the data—even qualitatively, as w
also seen in Ref.@16# for a wave function based on an A
gonne potential calculation. Although there is some unc
tainty in theD-state component~in particular its probability
is unknown!, it is obvious that it cannot be made sma
enough for a perfect agreement with the higher-energy d

IV. CONCLUSION

In this paper, we have employed parametrizations
genuine three-nucleon wave functions, obtained from F
deev calculations with realisticNN models, with the aim of
investigating the crucial observables of quasifree pion
sorption on two nucleons in a three-nucleon environme
The most essential new points were the use of a total a
symmetrized wave function of the target and a nonsepar
fitted form of its wave function to allow for correlations be
tween the two relative canonical coordinates~or momenta!.
Both were seen to have an effect, but nonseparability wa
minor importance. In contrast, the full antisymmetrized wa
function was necessary for a quantitative agreement with
experimental cross section and a qualitatively successful
scription of the polarization. Also it was seen that hea
meson exchange had a significant, though not qualitat
effect in particular at intermediate or low energy.

Although an essential improvement is found, these res
confirm to some extent the earlier result~which used less
sophisticated bound-state wave functions! that conventional
two-nucleon calculations cannot be easily accommoda
with the polarization data of Refs.@16,17#. In these earlier
works, a somewhat poorer description was obtained for
wave functions calculated with the Reid potential and hav
a sizable3D1 component~quasideuteron!. However, if the
effect of theD state was neglected, the high-energy polari
tion could be reproduced at the expense of the agreeme
120 MeV as seen in Fig. 6. The present improvement o
the old results may be partly seen as a compromise w
somewhat smallerD-wave components in the new deutero
and quasideuterons. However, it is hardly realistic to assu
an arbitrarily lowD-state probability only in order to agre
with the higher-energy results.

For further improvements, one might have to consid
either some energy-dependent mechanism yet not inclu
~and possibly not necessary in two-nucleon reactions! or ad-
r

rt

tt.
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mit some influence, probably active participation, of t
spectator even in the quasifree kinematics of the conjug
angles. An argument for this may be found indirectly from
comparison of the true two-body and quasi-two-body res
even, though admittedly the agreement with two-body dat
high energies is not perfect. However, in our model calcu
tions the characteristic basic structure of thecalculatedpo-
larization in pp→dp1 ~see Fig. 3! is carried over to pion
absorption on3He for a variety of deuteron and quaside
teron wave functions. The similarity of the shapes of t
polarization in the two cases is partly due to the smallnes
the 1S0 pair contribution. To establish its smallness it w
necessary also to study the impact of heavy meson exch
in the preceding section.

Some success in absorption on3He was achieved per
haps, because the dip in the polarization data at 800 Me
not reproduced even in the basicpp→dp1 reaction. From
the calculated structural similarity of the two-body an
quasi-two-body results one can deduce that,if the assump-
tion of quasifree mechanisms is validand the abundant two-
nucleon data forAy at 800 MeV are used, then it is hard t
understand why the dip structure should not be found als
the polarization of pion absorption on quasideuterons. Si
the existing data at 250 MeV clearly do not indicate such
dip, they lend support for the need of other mechanisms

The latter possibility would make nuclear physics wi
mesonic inelasticities even more involved than previou
believed. On the other hand, this could be a tool to study
effect of the ‘‘medium’’ on pionic inelasticities. Therefore,
would be desirable to have more data to investigate in de
the development ofPy(u) for energies intermediate to 12
and 250 MeV and also to confirm the structural differen
seen in the data at 250 MeV. Also it may be useful to ap
the new wave functions inp2 absorption on the singletpp
pair in 3He orp1 on thenn pair in a triton@41#. In this case
the two-body absorption is strongly suppressed making
possible~but also small! 3N background more visible.
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