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The reactions 7 ~d — 7°X and #*d — n* X are calculated within a relativistic three-body model and
compared with recent data at 164.1 and 96.5 MeV, respectively. Contrary to expectations based on the
impulse approximation, the differential cross sections of both reactions exhibit a strong suppression in
the forward direction. It is shown that this suppression is due in the first case to the action of the Pauli
principle on the two final neutrons, and in the second case to the orthogonality between the initial deute-
ron and final neutron-proton wave functions. The results of the full model agree well with the available

differential cross sections at the two energies.

PACS numbers: 25.10.+s, 11.80.Jy, 13.75.Gx, 25.80.Ls

The inclusive charge-exchange' and breakup®® reac-

tions 7 ~d— 7°X and 7 *d — 7 X have been measured
recently and in both cases the differential cross section
shows a strong suppression in the forward direction.
This is a surprising result since the free pion-nucleon
cross sections o, -, . .0, and o,+y . ,+y are all forward
peaked. Thus, since the nd breakup reactions are
thought to be dominated by the impulse approximation,
one expects the cross sections to behave as if the pion
charge-exchange and scattering processes would take
place on a free nucleon and consequently to peak also in
the forward direction.

In order to understand this behavior, we have per-
formed a relativistic Faddeev calculation using the
spectator-on-mass-shell approach.* This is the first full
three-body calculation of inclusive zd breakup reactions.
The reason for such a long delay is that these calcula-
tions are very time consuming, since one has to calculate
the cross section for points covering the entire three-body
phase space and then integrate over the variables of the
two unobserved particles. In contrast, the kinematically
complete breakup reactions>™'*> cover only a small por-
tion of the available phase space and in all cases the final
three particles have been restricted to lie on a plane.

In the spectator-on-mass-shell approach* one solves
the relativistic Faddeev equations by requiring that all
the spectator particles be on the mass shell and all the
exchanged particles be off the mass shell, as well as by
imposing a variable-mass isobar ansatz for the two-body
amplitudes. This leads to integral equations that have
the same degree of complexity as those of the nonrela-
tivistic three-body problem but which are Lorentz invari-
ant and unitary. If one labels the channels of the 7NN
system as d and A channels, then d represents the state
of a VN isobar with a pion as spectator and A the state
of a n/V isobar with a nucleon as spectator. We use as
input the pion-nucleon Sy, S31, Py1, P13, P31, and Pi;
channels and the nucleon-nucleon 3S,, *D,, and 'S,
channels. The A state corresponding to a spectator nu-
cleon and the 2N pair in the P,;; channel is treated

0

differently in that the P,; amplitude is decomposed into
pole and nonpole parts such that the pole part can be for-
mally identified with a nucleon. The nonpole part, how-
ever, turns out to be negligible* and it is consequently
neglected. Thus, this theory takes explicitly into account
the coupling to the nucleon-nucleon channels so that it is
also able to describe'® the pion-absorption process
nd— NN. The integral equations for an initial zd state
are of the form

Fiu=0=8)Viu+ 2 ViytiFja, i,j=0d, (1
J=i

where the transition potentials are standard Feynman di-
agrams corresponding to a one-particle-exchange pro-
cess, for example,

Vae=g1Gogu . (2)

where G is the propagator of the exchanged particle and
g, and g4 the 7N and NN vertex functions defined such
that the corresponding two-body amplitudes in the pair’s
c.m. frame are given by

Lin =8aTa8a, (3)
INN =8uT48d 4)

which also defines the isobar propagators 7, and z,. The
vertex functions of the six S- and P-wave pion-nucleon
channels contain the form factor g(p) =p//(A’+p?),
/=0,1, where p is the magnitude of the pion-nucleon rel-
ative three-momentum and A =700 MeV/c. The isobar
propagators 1, are constructed directly from the experi-
mental pion-nucleon phase shifts in the physical region
szn > (M +u)? and from the solution of fixed-¢ disper-
sion relations'” and crossing symmetry'® in the unphysi-
cal region 0<s,nv <(M +u)2.  The nucleon-nucleon
form factors and isobar propagators g, and 7, for the
381-7D and 'Sy channels are obtained by applying the
unitary-pole approximation to the Paris potential or so-
called PEST1 approximation. '’

The breakup (normal and charge-exchange) ampli-
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tudes are given by

2
Ape= 21 (ga,+8a,ta V) taFau (5)
=

where we have taken the nucleons as particles 1 and 2
and the pion as particle 3, and have labeled the different
contributions to the amplitude according to the spectator
particle. The second term inside the parentheses is of
course the nucleon-nucleon final-state interaction (FSI).
Up to this point in the calculation there is no difference
between the normal breakup and the charge-exchange
reaction. It is only through the isospin part of the vertex
functions, ga,, ga,, and gy,, that one projects out the ap-
propriate amplitude for either of the two processes. The
impulse approximation is obtained as a special case of
Eq. (5) by replacing F, 4 by Va4 and dropping the FSI
term; that is

2
AtI)/r\ = ;I gataVaud- (6)

We show in Fig. 1 the results for the charge-exchange
reaction at 164.1 MeV measured by Moinester et al.'
The dotted line corresponds to the naive impulse approx-
imation in which one assumes that only the proton con-
tributes to the charge-exchange process with the neutron
acting only as spectator. This curve was obtained by in-
cluding only one of the two terms in Eq. (6) and ignoring
the factor + in the cross section due to the presence of
two identical particles in the final state. Indeed, this

T T

do
mbl/sr
dQ( )

L1111l

- TA no Pauli
| -----1A « Pauli |
B full T
01 1 1 1 1 1 1 1 1
0° 60° 120° 180°
eLAB
FIG. 1. Differential cross section of the reaction 7 ~d — 7°X

at 164.1 MeV. The solid line is the result of the exact calcula-
tion and the dashed (dotted) line is the result of the impulse
approximation taking into account (not taking into account)
the Pauli principle. The experimental points are from Ref. 1.
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cross section is very close to the free 7 ~p— 7% cross
section. The dashed line is the result of the impulse ap-
proximation when one includes in Eq. (6) the contribu-
tion of both terms (as well as the factor 1 in the cross
section due to having two identical particles in the final
state). As one sees this already gives rise to the suppres-
sion in the forward direction. It is easy to show that the
term i =2 in Eq. (6) is precisely the exchange diagram
of the term i=1 required by the Pauli principle in the
case of a final state with two neutrons. This result holds
of course to all orders and is automatically included in
the expression for the exact result (5), since the FSI
term contains only Pauli-allowed states. This clearly
shows that although intuitively one may think that in the
impulse approximation only one nucleon contributes to
the charge-exchange process, Eq. (6) and Fig. 1 show
that the contribution of the second nucleon is essential in
order to explain the behavior of the cross section in the
forward direction. The solid line is the result of the full
calculation and it shows that the main effect of the
multiple-scattering terms is to lower the cross section
everywhere by approximately 20%. The full calculation
in the backward direction underestimates the data by
about | standard deviation. We have no explanation for
the origin of this discrepancy.

We show in Fig. 2 the corresponding results for the
normal breakup reaction at 96.5 MeV measured by
Khandaker er al.>? The dashed line is the result of the
impulse approximation (both nucleons included) and it
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FIG. 2. Differential cross section of the inelastic reaction
ntd— 7t X at 96.5 MeV. The solid line is the result of the
exact calculation and the dashed line is the result of the im-
pulse approximation. The experimental points are from Refs. 2
and 3.
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peaks in the forward direction like the free z7*N— 7N
cross sections. The solid line which is the result of the
full calculation describes the data well and it shows a
dramatic fall off in the forward direction of 2 orders of
magnitude with respect to the impulse approximation
(that is with respect to the free n/N cross sections). We
should point out that to a very good approximation the
result of the solid line in Fig. 2 can also be obtained if
one uses just the impulse approximation with FSI includ-
ed; that is replacing F, 4 in Eq. (5) by V4 4. The strong
suppression of the cross section in the forward direction
obtained in Fig. 2 is a consequence of the orthogonality
between the initial deuteron and final neutron-proton
wave functions as we will show next.

If one identifies in the Born term of Eq. (1) Gogs= w4
as the deuteron wave function, the Born term can be

written using Eq. (2) as

Vsd=gaWd, (7)
so that one can define an operator 7, such that
Towa=gnatsFsa, (®)

where, in particular, making the approximation Fj 4
=V,4, one finds using Egs. (7) and (8) that T;
=g, 1s8s =t:N. Thus, using Eqs. (4) and (8), the
breakup amplitude (5) can be rewritten as

2 2

Ab.-=(1 +IN/\'G()) Z T,l[l,] =Z,'(W_V) Z T; Vi . (9)
=1 i=1

Calling k3 the initial pion momentum in the c.m. frame

and k; and p; the final pion momentum and the

nucleon-nucleon relative momentum, Eq. (9) can be

written as

2 2
(k3ps | Abr [ k3 =(kayp | ; T, | kiya) =k | ; 1R kiwy)

2

—_ tlky—ky)r_(—)*

—_Zl<p.-lt,r(/'w)'lp/>fdl'€ R S
s

In the first step of Eq. (10) we have used the approxima-
tion 7,=1.4%, in the second step the factorization approx-
imation, and in the last step the orthogonality between
the deuteron and the continuum neutron-proton wave
functions which requires k3=k3. The first approxima-
tion 7,=¢% has been found numerically to be a very
good approximation as mentioned before. The second or
factorization approximation is apparently valid to a very
good accuracy due to the sharpness with which the
deuteron wave function in momentum space peaks at
p=0. Finally, the orthogonality of the two wave func-
tions applies only at the point k;=k3j which is never
reached in the breakup process; however, due to the

smallness of the deuteron’s binding energy one comes

My, ()— 0 if ky— k3.

(10)

very close to it. Also, in the forward direction the cross
section is dominated by the contributions with pion mo-
menta |ki| =|kj}|. We should also mention that the
argument of orthogonality applies only for the *S,-’D,
channel; however, the effect of the 'S, channel (which is
included in the calculation) is known to be negligible. '?
The result of Fig. 2 clearly shows that all of these ap-
proximations are very well satisfied. It would be in-
teresting if the measurements of Khandaker er al. ??
were extended to angles smaller than 40° in order to
check more accurately the prediction of Fig. 2.

Finally, we compare in Fig. 3 the results of the full
model (solid lines) and of the impulse approximation
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FIG. 3. Double-differential cross section of the reaction 7*d — n* X at 96.5 MeV for five different pion angles. The labeling of

the curves and the data are the same as in Fig. 2.
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(dashed lines) with the double-differential cross sections
of Khandaker er al.>® As expected from the previous
discussion, the multiple-scattering effects are largest as
one approaches the forward direction and they are clear-
ly needed in order to bring the theory in agreement with
the data at the quasielastic peak.

To conclude, we have found that the standard
prescription to relate the breakup cross sections to the
free mN cross sections is not valid in the forward direc-
tion. In the case of the charge-exchange reaction one
must at least take into account the Pauli principle for the
two final neutrons and in the case of the normal breakup
reaction the effect of orthogonality between the initial
and final neutron-proton wave functions.
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