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In order to evaluate the influence on the pion-deuteron breakup process due to short-range AN
interaction which was previously determined through its effects on the elastic scattering observ-
ables, we calculate the contributions to the helicity amplitudes for the process md —AN due to the

AN short-range interaction in the final state.

INTRODUCTION

In a series of papers!~> we have treated the influence
on 7d elastic scattering of the short-range AN interaction
which is not accounted for in the existing Faddeev calcu-
lations.®” We have shown that, taking as a basis the am-
plitudes obtained by Garcilazo,” the theoretical results
can be improved by the inclusion of this interaction to
such a point that all essential discrepancies between
theory and experiment disappear.*> In that way we have
arrived at a determination of AN scattering parameters
which was remarkably stable and showed a smooth ener-
gy dependence. It turned out that only the °S, and P,
AN states show strong effects and that, except for the AN
threshold region in the >S, state, the required inelasticity
is small.

The discrepancies between the theory and experiment®
in the breakup reaction 7d — 7NN are less dramatic than
in 7d elastic scattering, but nevertheless there are statisti-
cally significant deviations. We, therefore, found it im-
portant to investigate the influence of the short-range AN
interaction also on the breakup reaction. The most im-
portant contribution to this process in the energy region
considered (7T, =140-350 MeV) is the formation of a A
resonance, according to the graph of Fig. 1.

The A particle may interact with the other nucleon in
the final state, and hence we have a contribution whose
skeleton diagram is shown in Fig. 2.

This contribution, whose short-range part is not ac-
counted for in the existing Faddeev calculations, can be
evaluated using the same techniques as we have used in
elastic 7d scattering.!=> In the final state the A decays
into N7 and the resulting amplitude may be added to the
Faddeev amplitudes. The justification for the simple ad-
dition of the amplitudes is the same as given in the 7d
elastic scattering case (see Ref. 3, Appendix).

In order to evaluate the contribution of the diagram in
Fig. 2 we use the same techniques and make the same ap-
proximations as explained in Refs. 2 and 3. Thus we only
take into account the S-wave part of the deuteron wave
function and neglect the influence of the Fermi motion
inside the deuteron on the A-formation amplitude. It has
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been shown in Ref. 1 that these approximations are
indeed well justified. (We recall that the expected contri-
bution of diagram 2 is a rather small correction to the
main contributions given by diagram 1.)

AN INTERACTION IN DEUTERON BREAKUP

We consider the formation of a state with given isospin
I, spin §, orbital angular momentum L, and total angular
momentum J, corresponding to the skeleton diagram in
Fig. 2. If the direction of the incident deuteron momen-
tum is taken as the projection axis for the spin and the
orbital angular momentum, and s; and s; are the third
components of the spins of the deuteron and of the AN
system, respectively, the formation amplitude is

Msjﬂfu(s)zz‘/ignNA lag | FL(s)(1,1;55,0(S,s,)

2
x(&meOLwa7§K“’ (1

[as in Eq. (9) of Ref. 2, but with superfluous 1/% elim-
inated]. Here gy, is the #*pA™ T coupling constant
(g2ya/4m=20.4 GeV~2), q, is the deuteron momentum
in the 7d c.m. frame and
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K(S)=
3

(2)

The function F; (s) (s is the square of the total c.m. ener-
gy) is related to the absorptive and dispersive parts of the
triangular diagram. Taking the parametrization of the
deuteron wave function of McGee,’ we obtain

ADbsF (s)
P}S‘, f(\/§~mN)2 2(mAl“A/*n')-\/r—+—1
<o ' Timy—m,? (m§ —p?P+mily
A(s,p1?)
X0y -—47;—— 3)
and
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FIG. 1. Diagram for the calculation of the undistorted part
of the transition amplitude for 7d —NA.

DispF; (s)=— 1 :F LSF_LL—)ds’ s (4a)
and then

F; (s)=DispF; (s)+i AbsF; (s) . (4b)
We define
P=Nymym}/Q2nVs |qq ), (5a)
E,=(s+mp—p®)/2Vs), |q|=(E}—m})'?, (5b)
E;=(s+m2—m2)/(2Vs), |qu| =(EZ—m}'"?, (5
and then the quantities B and A4 (with i =0, ...,5) are
given by

B(s)=2|q,| |qq]| (6a)
and

Md#NNA,J se

> 3 IMITH (5,02l +1)!1%2
5,8 LL' A,

X {1,354

Here Ty T, and T, are the isospin components of the N,
A, and 7 particles, respectively, and M35 Sk is the
scattering amplitude for a AN, I =1, state with initial
and final angular momenta L and L', spins S and S’, and
total angular momentum J. In the zero width limit of the
A, we write

Vs
MSLS'L (o T
AN AN(S)= mym, 2Re(q,)

T{L.ss(s) . (10)
From our earlier work we have concluded that only the
diagonal terms with L =L’ and S =S’ are important,
and thus we use the parametrization

2i87
J e LS——I).

1
Ti1iss($)=—;(IL.s (1

Here g, is the (complex) angular momentum of the A in
the c.m. frame
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FIG. 2. Diagram for the calculation of the contribution due
to the NA— NA interaction in the final state of the transition
wd —NA.

A s,y )=mi+mp —2E,E,—m} , (6b)
where
mi=mk+2B}—B3) . 7

The quantities Q; represent the Legendre functions of
the second kind, while the constants Ny, c¢;, and B;
(i =0,...,5) are parameters of the McGee wave func-
tion.’

Since s; coincides with the helicity of the incoming
deuteron, we have s; =A,;. We now rotate the final-state
angular momentum projection axis into the direction of
the scattered (i.e., final) nucleon as seen in the AN (and
wd) center of mass frame. Calling A; the projection of
the spin of the AN system over this direction, we have

M{T(5,0)= 3 d] 5 (O)IM{TIH(s) . (8)
Sy

Ayosy

Including in the final state the AN interaction given by
the AN amplitude leading to a final state of total angular
momentum J and helicities Ay,A,, we obtain the expres-
sion

N> —Aa | SSA (S L0 | T A ViME S KT () (L3, Ty, Ty | 1,T,) . 9

f

1
qA=2—‘;;—[[s +(my—il/2)*—m3)?

—4s(m,—il/2)4)12, (12)

where m,—iI'/2 is the complex A mass, with
my=1.211 GeV and I'=0.1 GeV. For energies well
above the AN threshold we can use the zero width ap-
proximation Re(g,)=g, (I'=0).

The partial wave amplitude M ‘;{:f NA;J AA(S) can be ex-

tracted from Eq. (9) as the factor multiplying
d{d,;\ —a,(0):

M‘“’NAJ (5,0)=dj 1,2 (G)M‘{;"f:fk (s) . (13)
By inserting Eq. (8) into (9) and using Eq. (1), with

sy=A4, and Eq. (10), we obtain finally for the partial
wave amplitude
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M;{ZQ;]A;_‘,;‘A(S):8(%)I/2<%,%;TN’TA t 1’T1r )grrNA | qq |
2 J+S J+S'
> S F ()2L'+ DY (1,1;1,,0]8,A4)
S$,8'=1L=J-SL'=J-5'
X (S,L;Ag,0 | J,Ag Y{S",L"; Ay —Ap,0| Ay —Ay)
im Vs

X<%)%;)¥N" —A'A | SI’)"N_)\A>K(S) mym 2Re(qA)

TZL';SS'(S) . (14)

THE UNDISTORTED AMPLITUDE

As an internal consistency check as well as to get an estimate of the order of magnitude of the influence of the final
state NA interaction (at least in a certain kinematical region), it is useful to evaluate also the undistorted formation am-
plitude of Fig. 1, using the same normalizations and the same approximations as in the case of the distorted amplitude.

We may write directly for the amplitude corresponding to the diagram in Fig. 1 the expression (cf. Ref. 1):

(rdmNA ( dN,N 7N, A 1

M se qN’qd’qrr)zi(sz)SzMsd,szsN(qN’qd_qN)Msz,sA (q4 —qn>94 —9qn +qﬂ)(qd_qN)2_m§ Tie (15)
2

Here q4, 9., 9a, 9Qn»> 94 —qn are the momentum of the deuteron, pion, A resonance, final nucleon, and intermediate nu-
cleon, respectively. The spin components are defined analogously.
For the deuteron-nucleon-nucleon vertex function we use

A A BS54
dN,N 5 2y B 3 | (oQy)@y-8)
Msd,xzsN(qN7Qd—qN)_X Fs((qu—qy)No-€ “)+ Vs Fp((q;—qy) |aN | 2

(16)

In the above expression Gy and ES", the deuteron spin vector, refer to the rest frame of the deuteron. For
F,((q; —qy)?) and Fp((q; —qy)?), which are the S- and D-wave deuteron form factors, we take the McGee wave func-
tion.

For the mN A vertex we use the nonrelativistic expression

N,;A — —
MZ;,ﬁA (@ =y, 9 — Ay +9,) =82l $: 5T, Ta | ,T,) \/——i (1, 1;55,50 =5, | 135A ME™ 2 "2.q1) (17)

where the vector q; represents the pion momentum in the A-rest frame. The internal polarization vector §SA "2 is used
to represent the spin of the A particle and Ty,T,, T, are the isospin components of the nucleon, A particle, and =
meson, respectively.

For low energies we may use Galilei transformations and obtain

s+m2—m}?
2 2 An - (18)

s

dy=qy—194> 95 =q,+
s4+mi—m

Three vectors without specifications refer to the #—d c.m. frame.

We have shown in Ref. 1 that the deuteron D-wave component and the “recoil term” proportional to q; —q,, are of
little importance for the final-state interaction, but for the direct contribution (Fig. 1) there may be kinematical regions
where those contributions are important. However, in view of the purpose of the calculations presented at the end of
the paper, which aim to demonstrate only qualitatively the importance of the final state AN interaction corrections, we
neglect in the following both the recoil correction g} —q, and the deuteron D-wave contribution.

Using the relation

X0 &)oY =V2( L, Lisn,s, [ 54) (19)

we obtain within the approximations mentioned above,
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F(q—qn)?)  (—2v2)
M‘“’NA( ,Q4>9,)=()(2my) - : — g,
sgisysa AN>Qd> 97/ =1 ¥ qu—ay P—ml tie v3 8N
X<%’%;TN’TA l l’Tn'>'<%’%;sN7sd_sN l I,Sd>(%,l;sd—SN,s' | %;SA>‘(§*S"(]T,) ’ (20)

with s'=s, —s;+5y.

As in the distorted case, we may choose the direction of the outgoing nucleon as the angular momentum projection
axis for the final-state particles, and then the helicities of the nucleon and the delta are given by Ay =sy, Ay=—s,. We
then introduce the deuteron helicity by a Wigner rotation

M, (5,0)=3d. , (=M TGN (5,0), 21
Sd

’V

where 0 is the angle from the deuteron to the nucleon momentum direction.
We may change to an LS coupling in the following way. We express
(£"*-q,)=dL, o(=0)|q,]| , (22)
and use for the product of d functions d,L,O(B)dsld';Ld (6) the well-known addition formula
;llm](ﬁ)d,izzm;(ﬁ):('l 22<11’12vm1» my | jym)j,jysmy, —my | j,m' )L, (B), (23a)
j

and use the formula
S AL BAysg— Ay | Lsg ) (L5 Ay — Ay —54,55—Ay | 3, —Ay)
Sd
X(l,l;sd—()\N—)\A),——sd | S, —(Ay—Ay)) =K ()¢ L3An, =S, Ay—2A,)  (23b)

to sum over Clebsch-Gordan coefficients. We have

S Ssy,sg—sy | Lisg ) (L sy —sy,s' | 25, ME*-q,)d,} , (—6)

1
Sahy
Sd

S (LLAL0 SA0 (S 3y, —Aa [ S;Ay—A ) K'Sd5 ;4 (=6),  (24)
S$=1,2

where K9 is given by Eq. (2), and we then obtain

Fs((qg—qy)?)
BTN, (s 0):(—[)(2m~)%-gﬂ,m VLT, T, | T, ) | q, | V2
(qs—qy) —my
X 2 (LLAg,018,4,)0(5, Ay, = | S, Ay =2 )K'SdF 5 (6) . (25)
S=1

We project out the partial wave amplitude by performing the integration

dn-NAJ _ 241 o amNa J
e (5)="=7 SN, (s,0d] , , (0)d9 (26)

N A’A N

and again make use of the addition formula Eq. (23) to simplify the results. We then obtain

7d; NA; . Fs((q;—qy)?)
MA:,'ﬁv‘ffAzf(—z)(ZmN)lqnlm ova (= VL LTy, Ty | 1,T,))

J+S
><2 > PO, LA50] 8,00 (4, 30y, —As | S,4)
=1L=|J-5S|
2J +1) A—h 25 —x-2, | 2L +1
K(S)( -1 41 d
X ar (—=1) (—=1) 741
X (S,L;Ay,0[J,A4){S,L;A,0|J,A)dQ, 27)

with A=Ay —A,.
Using the McGee representation’
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(28)

[see Refs. (9) or (3) for the definitions and values of the parameters ¢; and m; ], we can perform the integration over cosf
which leads to Legendre functions of the second kind. In the zero A-width approximation they are related to the func-
tion AbsF/ (s) similarly to Eq. (3), but with zero width for the A.

We finally obtain for the undistorted (kind of impulse approximation) partial wave amplitude the expression

e ()= —i2V2g 1y

J+S

X 2

S=12L=|J-S]|

~—$/§<%5%;TwyTA]1’Tﬂ))R.

1 mV's lqg |
elqgy)

maymy .

S AbsF(s)V2L +1(1,1;44,0| S,A,)

XS, L;Ag, 0| T, Ag ) (L, 35y, —Ay | S,A)-(S,L;1,0|J,A)-K'S (29)

with A=Ay —A,.

CONSISTENCY CHECK: WATSON’S THEOREM

An efficient check of the internal consistency of our calculations can be made through the Watson theorem, since our
distorted amplitude is a result of the final-state interaction correction to the simple formation amplitude. Adding to-
gether the distorted and undistorted expressions, we should obtain the characteristic phase multiplication (in the limit

of small phase values) of Watson’s theorem. We have
7V's

j?dﬂNAJ
mNmARC(q

d N> A

AJdﬁNAJ._Zv/

gﬂNA\/ (z’z’TN’TAll T, )qu|

XKS (1, 1504,0| S,A4)(S,L;1,4,0|J,Ay)-V2L +1

X (1,4

If we keep only the “on-shell” part of F; (s), this expres-
sion yields for the large squares expression the value

218
i AbsF, (s) |1+ 2—1 l

For small & this is approximately

i AbsF, (s) |1+ e’ ~i AbsF, (s){1+4i5)
~i AbsF, (s)e’® . (31)
We thus have
M +M=~Me™® (32)

which is Watson’s theorem.

NUMERICAL RESULTS

Using the AN amplitudes determined in Ref. 5 we have
evaluated the distorted part of the helicity partial waves
for J =2 and 3. Their values are given in Table I for in-
cident pion lab energies of 0.256 and 0.325 GeV. Ac-
cordingly with our previous experience with elastic md
scattering, we expect that these quantities, when com-

v —Aa | SAY(S,L;A,0|J,A) |i AbsF, (s)+iF, (s)<

ﬂﬁ__l
2i

(30

|

bined with the appropriate amplitudes obtained from a
Faddeev calculation, will lead to the correct description
of md breakup at these energies. With the purpose of
demonstrating the relative importance of the short-range
AN interaction effects in 7d breakup, we present some re-
sults for the md — AN differential cross section, using, in-
stead of the full Faddeev amphtudes, the undistorted am-
plitudes ﬂ "‘1 AN voha (s,60) given by Eq. (25). The full cross

section can be obtamed from the sum of these quantities
with the contributions of the AN interaction to the angu-
lar dependent helicity amplitudes

M1rd NA

(0= EM”" o (s)df,

Kok _ M(e) , (33)
with the partial wave amplitudes being given by Eq. (14).

In the zero-width approximation the differential cross
section is given by

do 4my-my [q4]

dQ  e4n*s |q,|
X3 3 MU, (5,0)+M 158, (5,60)|°
Ad ANAA

(34)

However, this zero-width approximation for the A parti-
cle in the final state would lead to an unrealistic energy
dependence near threshold, as we must take into account
the finite width of the produced A, in the same way as it
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TABLE I. Values (in GeV~!) of the real and imaginary parts of the partial wave helicity amplitudes given by Eq. (14) for the pion
lab energies 0.256 and 0.325 GeV. The 24 amplitudes are reduced to 12 due to the symmetry A4,Ay,Ay— —Ay, —Ay, —A,s. As can
be observed from the table, there are only seven independent amplitudes for each J value.

T =0.256 GeV

24y 2hy 2Xa J=2 J=3
0 1 -3 —18.500 10.986 —11.244 11.524
0 1 —1 —16.022 9.514 —12.317 12.624
0 1 1 —13.082 7.768 —10.667 10.933
0 1 3 —9.250 5.493 —7.111 7.288
2 —1 -3 —8.011 4.757 —5.806 5.951
2 —1 —1 —11.329 6.728 —8.709 8.920
2 —1 1 —13.875 8.240 —10.057 10.307
2 —1 3 —16.022 9.514 —9.181 9.409
2 1 -3 —16.022 9.514 —9.181 9.409
2 1 —1 —13.875 8.240 —10.057 10.307
2 1 1 —11.329 6.728 —8.709 8.926
2 1 3 —8.011 4.757 —5.806 5.951

T =0.325 GeV

de ZAN 2)\'A J=2 J=3
0 1 -3 —10.979 3.198 —1.367 1.806
0 1 —1 —9.508 2.770 —1.497 1.978
0 1 1 —7.763 2.262 —1.296 1.713
0 1 3 —5.489 1.599 —0.864 1.142
2 —1 -3 —4.754 1.385 —0.706 0.933
2 —1 —1 —6.723 1.959 —1.059 1.399
2 -1 1 —8.234 2.399 —1.222 1.615
2 —1 3 —9.508 2.770 —1.116 1.475
2 1 -3 —9.508 2.770 —1.116 1.475
2 —1 —8.234 2.399 —1.222 1.615
2 1 1 —6.723 1.959 —1.059 1.399
2 1 3 —4.754 1.385 —0.706 0.933
has been done for the intermediate state A [cf. Eq. (3)].

10t We then evaluate a cross section
99 ¢ als,0,u),
a2 [ #
L where p? is the varying mass of the final state A, and de-
(mb/sr) scribe the experimental cross section using a Breit-
- Wigner shape for u. Thus
m} +a mCp/7
! ? o(s,B)z_—f ZA d,u2 2( Az ZA/ )2 3 o(s,6,u) .

C ma—a (my—p)"+miTy
i (35)
The quantity a corresponds to the range of invariant
r masses, in which a 7N system is experimentally counted
as a A resonance. In the numerical calculations we have

Ol L L taken a=TI"/2=0.050 GeV.
0.15 0.2 0.2 5T ey We are well aware that the model calculation for the
m

FIG. 3. Comparison of the cross section values at 60° c.m.
angle for the process md — NA, obtained with the undistorted
amplitude (dashed line) due to the diagram in Fig. 1, and with
the distorted amplitude which takes into account the contribu-
tion of the AN interaction of short range (solid line).

full cross section should only be used as a demonstration
for expected effects of the AN final-state interaction. For
small angles of the outgoing pions, the NN final-state in-
teraction (after the decay of the A resonance) will play an
important role'® while for large angles the deuteron D-
wave and the recoil corrections become important. To
avoid such unfavorable circumstances, we present in Fig.
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3 the energy dependence of the differential cross section
only at the intermediate angle of 60°, where the model is
at least qualitatively reliable. We observe in the whole
energy range a decrease in the value of the differential
cross section, which ranges from about 10% to about
50%. These results show that the short-range AN in-
teraction is a non-negligible ingredient for the proper
description of the 7d breakup cross sections.
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