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Zong-Jian Cao and %-Y. P. Hwang
Indiana Uniuersity Cyclotron Facility and Nuclear Theory Center, Department of Physics, Indiana Uniuersity,

Bloomington, Indiana 47405
(Received 2 June 1986)

%e investigate pion production via nucleon-nucleon scattering, i.e., N+N~N+N+m, assuming
that pion emission takes place effectiuely at the quark level and that quark-quark interactions are
described to a reasonable approximation by one-gluon exchange plus effectiue one-pion exchange.
The six-quark wave function is totally antisymmetrized. Consequently, reaction mechanisms may
be grouped into several categories: (1) one-nucleon mechanism or the nucleon-only impulse approxi-
mation, (2) tv'-nucleon mechanisms or meson-exchange currents, and (3) reaction mechanisms in-

volving quark interchange. Applying the formalism to the reactions p+ p~d+ m+ and

n+p~p+p+m, we find that, for a nucleon radius of greater than 0.8 fm (as measured in the
MIT bag model), reaction mechanisms involving quark interchange may be as important as the con-
ventional one-nucleon or two-nucleon reaction mechanisms even near the pion production threshold.
This specific result provides a quantitative support of the conclusion reached by Miller and K.iss-

linger in the hybrid quark-baryon model concerning the necessity of incorporating quark effects in

describing pion production or absorption reactions,

I. INTRODUCTION

In recent years, significant progress has been made in
the quality of experimental data associated with single

pion production on complex nuclei as well as via
nucleon-nucleon scattering. ' In particular, observation of
high spin excited states of final nuclei in (p,n } reactions
suggests the importance of two-nucleon reaction mecha-
nlsIlls.

It it clear that pion production via nucleon-nucleon
(NN) scattering is of special importance for unraveling
the importance of the various underlying reaction mecha-
nisms, both experimentally and theoretically. Recent ex-
perimental measurements include the data on some spin
observables for the pp~dtr+ reaction and on spin-
dependent cross sections for the reaction
N + N~N + N+m. Meanwhile, progress in theoretical
investigations of (p,ir) reactions has also been made. For
studying pion production on complex nuclei, several
models have been introduced by Keister and Kisslinger,
Dillig and Conte, and Iqbal and Walker; but detailed com-
parison between theory and experiment remains to be car-
ried out in such theoretical models. For studying pion
production via nucleon-nucleon scattering in the
intermediate-energy region near the (3,3) resonance
[b,(1232)], there exist primarily two different approaches:
In the first approach, which is pursued mainly by
Niskanen, one attempts to solve the NN-Nh coupled
equations with some assumed NN~Nh transition poten-
tial. This formalism has been applied to calculate spin
observables for the pp~dm+ reaction. In the second ap-
proach, which has been widely used in the literature, '

one attempts to solve the Faddeev-like three-body equa-
tions, which treat the NN and NNm systems as coupled
channels. The formalism has so far been used mainly for
the pp~dm. + reaction, although there have been some re-

cent efforts in applying this method to describing the
NN~NNm reaction. It can also be supplemented by
contributions from possible dibaryon resonances without
violation of the unitarity constraints. All of these
models have been able to explain the gross features of
the existing data reasonably well. As pointed out by Sil-
bar, ' however, they fail to reproduce some detailed struc-
ture of the observed data and occasionally yield even in-
correct energy or angular dependences.

Recently, it has been pointed out by Miller and Kiss-
linger" that quarks may play an important role in view of
the high momentum transfer involved. In particular, the
typical magnitude of momentum transfer between the two
nucleons in the reaction p+p~d+m. + is about 5SO

MeV/c so that the relevant distance scale is approximate-
ly 0.4 fm. This distance is much smaller than the radius
of the MIT bag ( —1.0 fm). Thus, the reaction takes place
when two nucleons overlap substantially. Employing a
spherical six-quark bag to approximate the NN wave
functions at short distances [r &ro with ro-0.9 fm],
Miller and Kisslinger" investigated the reaction
p+ p~d+m+ and confirmed the important role played
by quarks.

In this paper we wish to report the major results of an
extensive investigation by assuming that pion emission
takes place effectiuely at the quark level and that quark-
quark interactions are described to a sufficiently good ap-
proximation by one-gluon exchange plus effectiue one-pion
exchange. Accordingly, reaction mechanisms can bq
grouped into several distinct categories, 'z viz. , (i) one-
nucleon-mechanism (ONM) or the nucleon-only impulse
approximation (NOIA), where a pion is emitted from one
of the two nucleons; (ii} two-nucleon mechanisms (TNM)
or meson-exchange currents (MEC), where pion emission
takes place while the two nucleons exchange a pion, and
here we include isobar (b ) currents, p-m currents, and pair
currents; (iii) reaction mechanisms involving quark inter-
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change (QI) with or without one-boson exchange between
the two nucleons. Such classification becomes only a
phenomenological one since it is known that inclusion of
pion distortions is of numerical importance and the pion-
deuteron optical potential, as chosen by us to describe
pion distortions, already contains the resonance behavior
due to isobars [(((),(1232)] and others. In practice, we
choose the pion-deuteron optical potential which provides
the best fit (in terms of X ) to the data at several incident
pion energies. Thus, to avoid double counting with con-
tributions from isobar currents, we do not include pion
distortions in the ONM or NOIA contribution. In this
way, we are able to carry out a parameter-free calculation
for p+p~d+m+. Our results, as will be explained in
Sec. III, support the major conclusion reached by Miller
and Kisslinger" that, for a nucleon radius of greater than
0.8 fm, quark effects, which are identified in our formal-
ism as contributions arising from reaction mechanisms in-

volving quark interchange, play an important role even
near threshold (where the argument regarding the large
momentum transfer remains valid). Nevertheless, the op-
tical potential for the m (pp) system is poorly known and
this aspect presents a major uncertainty in making predic-
tions for the n + p~p+p+m reaction.

There are also other justifiable objections to the level of
the approximation which we have invoked; for instance,
exchanges of more than one boson as well as couplings to
other related channels have not yet been properly incor-

porated. However, we believe that the formalism adopted
in the present work does not preclude further improve-
ments of such kinds and may in fact serve as a reasonable
starting point.

The outline of this paper is as follows. In Sec. II we
describe the key ingredients of this calculation. We wish
to refer interested readers to Ref. 12 for a detailed list of
important formulas obtained via the present formalism.
These formulas have been suitably programmed to yield
sample results reported in this paper. In Sec. III we
describe and discuss our major numerical results. Section
IV contains a brief summary of this paper.

II. THEORY

To describe the basic ingredients of the formalism, we
consider the pp~dm+ reaction as specified by

(pp)(p"), g) ~'H(p(f', g)+(t) (q),

where p"', p'f', and q are, respectively, the four-momenta
of the initial p-p system, the deuteron, and the emitted
pion in the c.m. system of the two initial protons. Fur-
ther, g and g are used to characterize the intrinsic discrete
degrees of freedom such as spin. For instance, g is the po-
larization four vector of the deuteron such that g p"=0
and g'.(=1. Thus, the transition amplitude Tf; for the
reaction (1) is given by

(2m) 5 (q —p" +p' ')?I =( H(p' ',i) J d x()'(q, x)p (x) (pp)(p", 0)) .

To evaluate the matrix element appearing in Eq. (2), we may write'

P (x)=P"'(x)+P' '(x)+ +P~(x),

where P (x) denotes the pion source current operator due to reaction mechanisms involving quark interchange, and
P' '(x) is the N-body pion source current operator which acts on N constituent nucleons. In the standard treatment,
P "(x) is characterized by the nucleon-only impulse approximation (NOIA) and P' '(x) arises from meson-exchange
currents (MEC). Specifically, the NOIA one-body pion source current P '"(x) is specified by

PNOIA(x) ~ v 2 r(a)((rla) V )$&(x—1(a))
a

(4)

P"'(x)=P'"(x,t =0;r),r2, q,E )

d'k, d'k,
exp[iki. (ri —x) +ik2. (r2 —x)).Pa '(ki, k2,'k io, k/0, q,Ea),

(2m) (2m)

with (k; )i ——(p —p; )i and E the total energy of the emitted pion. The momentum-space operator
P' '(ki, k2, k )0,k20,'q, E ) can be represented as a sum of contributions due to the various MEC diagrams. In view of the
kinematic region to be investigated, we include (1) intermediate isobar propagation (or isobar currents), (2) (pm ) exchange
currents, and (3) "pair" currents. It is known that isobar currents play an important role at low and medium energies.
Following Hwang and Walker, ' we keep terms which are generated by a nonzero energy transfer. The NOIA and MEC
diagrams considered in this paper are illustrated in Fig. 1.

As a specific example, the isobar [b,(1232)) current is given by'
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P (ki, ki, kio, kpo, q, E )

2

=i v 2 2 + —(r'XH) o k~(m +ki —ie) '
[M.

' +(PI+q) i—e]
m.' 3 3

3 M 3, 5 1 M 1 M
&&

——@ok„(2M'+M) 1 — „+k,q —M*+—M—
8

M 3 1 M 1 M
4 8 12 M4 24 M42

2

+i v2 2 — (r'—Xr ) cr kz(m~+ki &e—)
' [M' +(pi q)—ie—]

3 M 3, 5 1 M 1 M
&&

——iIokzo(2M*+M) 1 — „+kz q —M'+ —M — +
8 12 M* 24 M~2

M 3 1 M 1 M+ icr Xkq q — ——M- +
4 8 12 M' 24 M" +(1~2) .

Here ga and f are, respectively, the AND, and mNN couplings, M, M', and m~ are, respectively, the nucleon, delta, and

pion masses, jri, rz, r3] are 2X2 Pauh matrices for isospin, and [ol,oq, o3) are Pauli matrices for spin. The explicit ex-

pression for the (pm) current or the pair current can be found in Ref. 12 or 13.
Note that we may write the pion source current operator due to reaction mechanisms involving quark interchange as

follows:

P&(x) =P~i4(x)+P$6(x)+P)6(x),

with

(7a)

P )4(x)= ( —12V )g —4V )4 —12V i4, ) (7b)

and analogous expressions for Pfq(x) and P(&(x). Here, P36" is the exchange operator between the third and sixth

quarks in isospin, spin, and coordinate space while V~4, V~4, and V~4 are, respectively, the one-pion exchange, one-6 OB

gluon exchange, and one-body potentials between the first and fourth quarks.
In the present work, only S-wave and P-wave pions are considered. Thus, the initial p-p must be in the Pi state (for

S-wave pion emission), and the 'So or 'Dz state (for P-wave pion emission) because of the known Si- D i wave function
for the deuteron. Considering the transition from the Pi state into the Si- Di deuteron state as an illustrative example,
we obtain for the NOIA amplitude,

No~ 3 3 3 4 g«NN i d0s(r)
Tf (Pi Si+'Di)= —

i&&
r dr uioi(r)+ ui'zl(r) uiii(r) .

)
I /2 dr 2

For the contribution due to isobar currents, we obtain' '"
(8)

Tfj( Pi ~ Si + DI )= iL i
— r drY&(m r)P, (r)[(—', )'

u ioi (r)+( —,
' )' u &zi(r)]u&i&(r)4~ (2E.)'~' (9a)

where L~ and m are specified by

(9b)

with the energy-dependent isobar width I ~ given by'

and 0 35 &3 (M'+M) mE-
Ig —— 1—

m M 2(M+E„)
2

L i
= i (M ——M 2ME iM Ia)— —«z z

PFl ~
(9d)

X ——E (2M'+M) 1—3 ~ M
8 M

(9c) Further, Yi (mr) is an "extended" Yukawa function as de-
fined by
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d k exp(ik. r)
Io mr

3 2 24n (2m)3 k2+m —i@

de(mr)
Fi(mr) = ——

m dr

In Eqs. (9e) and (9f), m &0 is allowed. The two-nucleon
radial wave functions, Uioi(r), U»i(r}, and ui2i(r), are
generated using the Reid soft-core potential.

The partial-wave amplitude from initial Pi (M =0) to
final 'Si (M'=0) due to the Vi4P36 interaction may be
obtained as follows:

T(q( Pi~ Si)= f d ruioi(r)Xio(4tr) riio J d xP (q x)V i4P36 ( i )

x f ~i 1 ( )+1—1 ~1—1(r+11]Uj I 1 (r)tji I (10)

with Xio, Xi +i the S =1 spin wave functions and riio, xiii the I =1 isospin wave functions of the two nucleons. Simpli-
fying the algebra related to spin and isospin, we obtain

Ti«'~i 'Si }=f d'rUioi(r»iii(r)
4 2n

p)n& —n&p& x qxV)gP36" ptpt

+ p())n()) —n())p()) f d'x() ( , q)vx, ~pi 6p(()p()))

38f6+15f6——16f7+39f7 ),
(v 6)'( (t)p(l)

~
V 4J' "~ p(t)p(t)&

= 9 n'(12f4 —8f~ —6f5+2f5

+9f6 2f6 7f7-»-

(12a)

Here the quantity V i4 is to be specified explicitly by Eq.
(18a) given later. We may relate the spin amplitudes at
the nucleon level to those defined at the quark level. '

For instance, we have

(~6) (p( t )n( l )
~

V P ' "
( p( t )p( r ) &

= —,'ri (13f4+23f4 +20f5

(v 6)"(p(l)n(t)
~

Vi4P36'~ p(t)p(t)&

9g'(2f: 6f-4 8f5-+»fs-

+7f6+2f7 9f7»-
(v 6)'( ( l)p( t)

~

V "Q' '
~
p( t)p( t) &

= 9''(20fo +39fs+fs —39f6

+16f6
—15ft +38f7 ) .

Here ri stands for the overlap integral defined by

ri=—(ug(l)
~
u„(l)& .

(12c)

(12d)

(13)

To obtain Eqs. (12a)—(12d), we have introduced the vari-
ous QQ amplitudes listed below:

(c)

7rl I
P~ ]&g ~& ]4 P2

& k2

P( ]4 Jk P2
N N

FIG. 1. Intercluster reaction mechanisms, including pion
production arising from (a) nucleon only impulse approximation
(NOIA), (b) isobar currents, I,'c) pair current, and I,

'd) (pm)-
exchange current.

fi ——(u(t)u(t)
~

Vi4~ u(t)u(t)&,

fi (u(t)u(l)
~ Vi4( u(t)——u(l)&,

f3 ——(u(l)u(t)~ V;, ~u(t)u(l)&,

f4 (u( t )u (1)
~

V i4 ~

——u ( t )u ( t ) &,

f5 =(u(l)u(t)
~ Vi4~ u(t)u(1)&,

f6 —(u(t)u(t)
~
Vi4~u(t)u(l)&-,

f7 =~u(l)u(l)1 V141u(t»(i) &

fs ——(u(l)u(l)
i Vi4iu(t)u(t)& .

(14a)

(14b)

(14c)

(14d)

(14e)

(14f)

(14g)

(14h)
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All f's with a star are defined by replacing V& with VJ, in
the f's; for example,

f2 ——(u(t)u(t) ] V4, [u(t)u())) .

The operator Vi4 is related to V,4 via Eq. (18b) to be
given later. We may substitute any of the u quarks by a d
quark in Eqs. (13) and (14a)—(14h) because of the assump-
tion of the equality of the mass of the up and down
quarks. Using Eqs. (12a)—(12d), we obtain from Eq. (11)

Ti4( &i~ &i)= — — r dr ri Uioi(r)uiii(r) f dQsinecosg(3f4+5f4 —21f5+13f5
288m 9

f6+—f6 +f7 f»— (16)

This procedure may be applied to the other transition channels as well as to the quark amplitudes due to V ~6p36 and
A,

Vi6P&6 for various initial and final two-nucleon states. Contributions obtained in this way should be added directly to
the NOIA and MEC amplitudes, which are obtained in a way described earlier. A complete list of the formulas for the
NOIA, MEC, and QI transition amplitudes [which are analogous to Eqs. (8), (9a), and (16)] suitable for both the reac-
tions p+ p~d+n+ and n+ p~p+p+m can be found in Ref. 12.

An important task has to do with simplification of the various quark-quark (QQ) transition amplitudes, which consist
of integrals of high dimension. To this end, we wish to invoke a relativistic quark model to demonstrate the feasibility of
carrying out these high-dimensional integrals. As an illustrative example, we consider the quark-quark amplitude fr (r,s)
due to the V i4P36 interaction which is specified (for 1 (j & 8) by

f (r;s)= f d r, d r4[g (r, —r/2)g (r4+r/2)]

d k) d k4x f f exp(iki ri+ik4. r~)
(2m )' (2m )'

X f d xP (x)exp[ ix (k—i+k4)] V i4[g(r4+r/2)g(ri r/2)—] . (17)

Here ri and r4 are, respectively, the coordinates of the first and fourth quarks with respect to the common origin 0 as
depicted in Fig. 2. We note that the center-to-center r and the relative instantaneous cluster velocity v are also indicated
in this figure. We also note that the quarks 1, 2, and 3 are assumed in cluster 8 and the quarks 4, 5, and 6 in cluster A

initially. To specify the interaction V i4 appearing in Eq. (17), we apply Feynman s rules to the diagrams illustrated by
Fig. 3 and obtain

( gg r4-rsvp')"'gg r4ys—~ . , 2 . ( gg~rs—r )
1 m +i y(p'+q) 1 1

2E~ i m2+(p'+q) ie — i kj+m„ie—

+( —i) gg r.r—5~ —, , ( —s'g y5~)
1 m +iy(p —q)

2E„&' m +(p —q) —ie
1 1

( —gg y~r~r ) ' + Ii J Ik +m —le

(18a)

which can be rewritten as follows:

V,, = V,J(H, +r',+,—r' +&)+ V,';(r' ++3r'+ —++r~»

(18b)

(j)Vi, = (gg~r~rs) '
kj +m~ —l6

2 1
i gg~y4ys—

with

z+:——,
' (ri+ imp) . (18c)

m +i y(p'+q)
m '+ (p'+ q)' —i e

After stripping off the color factor [as required from the
derivation of Eq. (7b)] and the isospin factor [from Eqs.
(12a)—(12d)], we obtain the one-pion exchange potential
between two quarks,

m +iy(p —q)+ 2 V5
m +(p —q) ie—(19a)

and the one-gluon exchange potential between two quarks,
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1r
/4

p

7r
Pl

Q

K =p, -p'.

FIG. 2. Coordinate system chosen for calculating quark-

quark amplitudes. The middle point of the separation between

two clusters is chosen as the origin of the coordinates.

V,~ = (gQGy4yi. )
g {J)

k +m„—ic

1
gQGggs'3 4

( 2E )
] /2

FIG. 3. Pion production mechanisms at the quark level.
Here, only two-body mechanisms with one-pion exchange be-
tween quarks are shown.

The one-body potential V, is defined by

m +i y(p'+q)x y5 , , y~
m '+ (p'+ q)' i&— V =2igQ (ygys)"5 (x r") .— (19c)

m +iy(p —q)+ye z y 5 ~

m +(p —q) ie— (19b) Substituting (Eq. (9a) into Eq. (17) and carrying out the
integration first over dsk

&
and then over d x, we find

d'k,
fj"(r;s)=

& 2 2 f d r4$ (r&+r/2)(gQ y~y&)p(r4+r/2)exp( ik4 r4—)
(2m) k4+m ie—

X 'r, ~ r, —r 2 —«gg y4y52E -'" m +iy(p'+q) m +i y(p —q)

m +(p'+q) is m—2+(p q) ie——

Xystp(r& —r/2)p' '(ri)exp(ik4 r, )

To simplify this complicated expression, ~e invojk:e the

quark wave function which is obtained from the Dirac

equation with the confining potentials U and Vo, viz. ,

and choose

Vo —U =a,

[y V+y,(E —V, )]f(r)+(U+m)P(r) =0.
%e may write

g(r)&"= i( )
J

(21)

(22a)

with a and k constants, so that

1

P(r, s) =N exp( r /R ) . exp( iEr)X—, . (23—)
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TABLE I. Comparison between the radius parameter R and the MIT bag radius Ru. The calculated (r ) and the lowest eigenen-

ergy are set equal to each other for our model and the MIT bag model in obtaining these numbers. In both cases, a massless quark is
assumed.

R (frn)

R~ (fm)
0.286
0.4

0.357
0.5

0.429
0.6

0.500
0.7

0.572
0.8

0.643
0.9

0.714
1.0

0.786
1.1

0.857
1.2

Here g and N are given by

2

R (E+m —a)

ferent radii in the present model, assuming massless
quarks. In the present model the overlap integral iI as de-
fined by Eq. (13) is given by

2v2 1+
R ir~m R (E+m —a)2

' —1 1/2

(24b)

with E and m the total energy and mass of the quark, and i) —= (u~( t)
~

u&( l) }
T3 r3 r 2 F3+A 2

= N exp( —r /2R )R (ir/2)

X(1 gr—/4+3( R /4) . (25)

where the constant a is given by

a =E+(m+6/R )' (24c)

We use this wave function to approximate that of the
MIT bag model's by choosin'g R such that the average
values of r2 and the lowest eigenenergy are the same as
those given in the MIT bag model. ' In Table I we list the
corresponding values of R in the MIT bag model for dif-

To evaluate a QQ amplitude such as that specified by
Eq. (20), we allow the momentum operators appearing in
the quark propagators, p' and p, to act on either the final
or initial quark wave function. By Fourier transforming
the quark wave function into momentum space, allowing
the momentum operator to act on the momentum-space
wave function, and then Fourier transforming the result
back into configuration space, we find

=Xi uD(r, r/2), i— cr V, uD(r, —r/2)Niexp[ —(ri —r/2} /R ][1,—incr (r, —r/2)]2 2 ~ l

m +(p'+q) ie—
(26a)

with uD(ri —r/2) given by

uD(ri —r/2)=—N& f d r'exp( iq r')—

(ri —r/2+ r')
Xexp

R

Pl+
X Yc(m+r') .

4m

Here m+ is given by

m+ m (E/+E~)2—,— —

(26b)

(27)

with E; the initial total energy of the quark. Note that
the integrals appearing in Eq. (26b) can easily be carried
out numerically. Typical numerical results are illustrated
in Figs. (4a)—(4b), where uD(r, —r/2) is shown as a func-
tion of the absolute value,

~
ri —r/2 ~, or of the angle 8

between ri —r/2 and q. This function vanishes almost
completely for both real and imaginary parts as

~
ri —r/2

~

is close to 2R. We also note that derivatives
of uD(ri —r/2) can also be evaluated numerically in an
analogous fashion. For instance, we have

V„,uD(ri —r/2) = —2/R [ (ri —r/2)uD(r, —r/2)2

with E~ and m the final total energy and mass of the
quark, and E and q the total energy and the three
momentum of the emitted pion. The extended Yukawa
function, Yo(m+r'}, is defined by Eq. (9e} given earlier.
Exactly the same procedure can be performed with the in-
itial quark wave function. We obtain the same result as in
Eqs. (26) except that m+ is replaced by m as defined by

+vD(ri —r/2)],

VD(ri —ry):—Ni d r r exp( —Iq i' )

(ri —r/2+r')
Q exp

R

(29a)

m =m (E; —E )— (28)

Pl + Yo(m+r') .
4m'

(29b)
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In practice, we tabulate these functions numerically for
different values of the arguments and use linear interpola-
tion at a later stage.

%e are now ready to turn our attention back to the
multidimensional integral specified by Eq. (20). We note
that the integration with respect to r4 can be carried out
analytically to yield Gaussian functions in k4 and then the
integration with respect to k4 can be simplified to a one-
dimensional integral. %e obtain

6 (
I
ri+r/2

I
)

exp[ ik(—r, +r/2) kR—/8]
(2m ) k +m —&e

so that the simplified result of fj (r,s) can be written as
follows:

fj (r»)= — &4&i(~/2)' 'R'(2E )
' 'g'

X J d'riX4fF(
I r, +r/2I )X~;p' '(r, )

XXifH(ri, r, q)Xi;,

with X& and X4 the Pauli spinors of the two quarks.
F(

I
ri+r/2

I ) and H(r„r, q) are given by

1

2m
I
ri+r/2I

x
sin(

I

k
I I

ri+r/2
I

)exp( —k'R')
2k'dk,

0 k +m ie—

P(
I rl+ «2

I
) =

I
ri+«2

I

(30) and

dG(
I
ri+r/2

I
)
o (ri+r/2)

d ri+r 2
(32a)

H(ri, r, q) = exp[ —(ri —r/2)'/R ]

X [m +(Eif+E ) i gq (ri ——r/2)+ger. q X(ri —r/2)]uD(ri —r/2)

2
(q —itrXq) "V„uD(r, —r/2)

1
[—m+(Eif+E„)+g][r, r/2 —io X—(r& —r/2)]-JR ig

+ [V uD(r, —r/2)+V uD(r& —r/2)]+[m+(E„—E )] iraq —(ri —r/2)
gR' 2

gR+go" (rz —r/2) Xq]uD(ri —r/2)+ — [—m +(Ei;—E )+g][r& r/2+i—o X(ri —r/2)]

i(R (q+io Xq) V, , uD(r, r/2)— (32b)

Incorporation of recoil corrections results in terms of or-
der p/M or of order p /M or higher with p the cluster
momentum and makes Eqs. (31), (32a), and (32b) consid-
erably more complicated. It is clear that we also need to
simplify the expressions for the QI amplitudes due to the

interactions Vi6P36, Vi6P36, and so on. In Appendix F of
Ref. 12 a complete list of the simplified results for the
various quark amplitudes is given.

At this juncture, it may be useful to examine the struc-
ture of Eqs. (31), (32a), and (32b). First of all, the ampli-
tudes specified by these equations must be evaluated nu-
merically for the various spin configurations as required
by Eqs. (14a)—(14h). (Thus, we refer to these amplitudes
as "spin amplitudes. ") For a given configuration, we ta-
bulate uz, uD, and their derivatives so that the function
H (ri, r, q) can be evaluated numerically. As the next step,
we use the tabulated functions I' and H as the input to
Eq. (31) [with F determined easily from Eqs. (32a) and
(30)] and then combine the resultant three-dimensional in-

tegral with the two-dimensional angular integration re-
quired for the initial and final nucleon-nucleon wave
functions [in the variable r]. This last step requires an ex-
pression such as Eq. (16), which relates a partial wave am-

plitude to the various spin amplitudes.
In summary, the partia1-wave amplitudes as illustrated

by Eq. (16), except for the integration over dr, may now
be evaluated and tabulated for the various choices of input
parameters as follows:

(1) Three different pion kinetic energies, 82, 142, and
217 MeV„are chosen so that the elastic m-d scattering
data can be used to extract an energy-dependent optical
potential. This optical potential is used to generate the
distorted S and P pion wave functions, which are used as
an input in Eq. (31).

(2) At a given pion energy, we tabulate uD, uD, and
their derivatives [via Eqs. (26)—(28)] and use these tables
with linear interpolation in calculating the functions such
as H(r„r, q) [via Eq. (32b) and the formulae in Appendix



34 IMPORTANCE OF QUARK INTERCHANGE IN PION. . . 1793

F of Ref. 12]. Note that the functions such as I' [Eq.
(32a)] can be determined easily.

(3) At a given pion energy, we calculate the spin ampli-
tudes such as f4, fq, etc. [via, e.g., Eq. (31)], which de-

pend on the nucleon-nucleon relative coordinates (r, 8,$)
and then, as indicated by Eq. (16), combine these spin am-

plitudes suitably to form partial-wave amplitudes. The
net outcome is a list of partial-wave amplitudes tabulated
as the functions of r.

2.0

(4) Steps (1), (2), and (3) must be repeated for a given
NN~NNn. reaction of particular interest. In the present
work, we focus on the reactions p+ p~d+n. + and
n + p~p+p+K

In closing this section we wish to emphasize that invo-

cation of a relativistic quark model specified by Eqs.
(21)—(24) allows us to simplify a large number of non-
trivial 14-dimensional integrals (including the integration
over d r) into five-dimensional integrals which can then
be carried out numerically in an efficient manner via a
quasi —Monte Carlo method. ' If we choose to work
directly with the quark wave function in the MIT bag, ' it
is not possible to have a similar simplification so that the
amount of computing time required to make numerical
predictions must be increased substantially.

III. NUMERICAL RESULTS

0-

—0.5—

.8

r (fm)
4 O

2.0 — (b) T~ = 82MeV
& =04fm

+
Re Qg

+
Ilail Llp
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IO +0 80 f20 l60

8 (deg )

FIG. 4. Transformed quark wave functions by allowing the
quark Feynman propagator to act on wave functions. Here we

plot the result gJ vs (a) the radius r and (b) the angle between r
and the Z axis. The quark mass is taken to be zero. Note also
that both Ef and E; are taken to be the quark eigenenergy,
while the nucleon radius 8 is 0.57254 fm (corresponding to
AMENT

——0.& fm).

Assuming that pion production takes place effectively
at the quark level and that quark-quark interactions are
described to a sufficiently good approximation by one-
gluon exchange plus effective one-pion exchange and the
six-quark wave function is totally antisymmetrized, it is
natural to group' the various reaction mechanisms at the
hadronic level into several distinct categories, viz. , (i)
one-nucleon mechanism (ONM) or the nucleon-only im-
pulse approximation (NOIA) where a pion is emitted from
one of the two nucleon clusters [Fig. (la)]; (ii) two-nucleon
mechanisms (TNM) or meson-exchange currents (MEC)
where pion emission takes place while the two nucleon
clusters exchange a pion, and here we include isobar (6)
currents [Fig. (lb)], p ncurre-nts [Fig. (ld)], and pair
currents [Fig. (lc)]; (iii) pion production with quark inter-
change [with or without boson exchange between two nu-
cleon clusters]. We have described in Sec. II how the vari-
ous contributions to the transition amplitude can be ob-
tained. Specifically, it is shown that the quark-
interchange (QI) amplitude can be simplified from an
essentially 14-dimensional integral into a five-dimensional
one. The central steps have been summarized at the end
of Sec. II. In particular, we must tabulate, as functions of
r, the partial-wave amplitudes as illustrated by Eq. (16)
(except for the integration over dr ) for the various choices
of input parameters, including different pion kinetic ener-
gies [which are chosen to be 82, 142, and 217 MeV so that
the elastic ~-d scattering data can be used to extract an
energy-dependent optical potential], the nucleon radius R,
the strong coupling as [ g~&/(4~)], and the effective
pion-quark coupling a' [=g (i/(4n. )]. In what follows
we wish to report a sample of numerical results on both
the reactions p+ p~d+n. + and n+p~p+p+m.

As indicated earlier, we have adopted a quasi —Monte
Carlo method' to carry out the five-dimensional integrals
involved in the various partial-wave amplitudes. The pre-
cision and stabihty of this technique have been tested by
varying the number X of integration steps as well as by
using the method to do integrals with known integrated
analytical results. A sample result is illustrated in Table
II. It is clear that the integrated values do not vary very
much from X =10000 up to N =200000. Subsequently,
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TABLE II. Test of convergence of the Monte Carlo integration method versus the integration step
number N. In obtaining the tabulated numbers, we have chosen the parameters as follows: the bag ra-
dius R =0.429 fm„and the coupling constant a„=l. f, is the spin amplitude ( t t~t t in this case) for
an s-wave pion arising from one-pion exchange with quark interchange. The pion kinetic energy is 82
MeV.

5000
10000
20000
30000
50000

100000
200000

f, (np~m pp) (X IO 3)

—0.196—0.521i
—0.239—5.03 i
—0.241 —4.98i
—0.247 —4.97 i
—0.244 —5.00i
—0.245 —5.00i
—0.246—5.00i

f, (pp~n+d) (X10 ')

—1.14—5.97i
—0.939—6.38 i
—0.940—6.36i
—0.942 —6.37 i
—0.943 —6.39i
—0.937—6.39i
—0.937—6.39 i

the integration step number X has been taken to be 10000
in our code, so that numerical results with accuracies
better than 5% can be obtained with reasonable amounts
of computing time.

To take into account effects caused by pion distortions,
we choose a n dop-tical potential which best fits the ob-
served elastic m-d scattering data at three pion kinetic en-

ergies, 82, 142, and 217 MeV. This optical potential is
chosen to be of the Kisslinger form,

V d(r)= Ak bop(r)—+Ab, V p(r)V (33a)

with A the mass number of the nucleus, k the pion
momentum (in the pion-nucleus c.m. frame), p(r) the nu-
clear density, and bo and b, some complex parameters.
Specifically, p(r) is taken as

p(r)= 2(Zw'tram) 1+ (r/w)
(Z —2)

3

once p(r) is chosen.
We turn our attention to the predicted cross sections for

both the reactions p+ p~ d+ m+ and n+ p~ p+ p
+m, respectively, in Figs. (6a) and (6b) and (7a) and (7b).
In making these predictions, we have used the following
input parameters:

f= —0.996 (pseudovector n NN coupling),

ga ——1.909 (for isobar currents),

gpNN ——2.326, fp —0.646——

[for (pm ) current]

from Ref. 13;

I'a ——(0.35/6)(q' /m )[(M'+M)i m]M—'
with

&(exp( r lw ), — (33b)

with Z =1 for the deuteron, and the size parameter of the
nucleon density w =1.39 fm. The parameters bo and b&

for nd~ndelastic scattering at T =82, 142, and 217
MeV are found by fitting the data of Gabathuler et al. '

as follows:

bo ———3.75+0.994i, bI ——4.71+0.115i,
at T„=82 MeV,

bo ———2.397—0.829i, b ) ——7.499+0.534i,

at T =142 MeV, (33c)

bo =—3.14—0.56i, b I ——5.80+4.962

at T =217 MeV .
In Figs. (Sa)—(Sc) we present the calculated cross section
angular distributions at various pion kinetic energies. The
X per degree of freedom for these fits are, respectively,
0.485, 7.17, and 29.17. We find some difficulty in reduc-
ing the X for T„=142 MeV and 217 MeV mainly due to
the failure at large angles, and the X cannot be reduced
appreciably by a readjustment of p(r). It turns out that,
since the 7 are extremely sensitive to both bo and b ~, the
resultant optical potential can be reliably pinned down

2(M+E )
q'=q I—

for isobar currents, from Ref. 14; and

(34)

R =0.572 fm (corresponding to RMiT ——0.8 fm),

ag ——1.97,
a' (r =0)=0.31 and a' (r = ae )=3.572

for quark-interchange mechanisms, from Refs. 18 and 19.
It should be kept in mind that all these parameters are
determined by other means and none of them have been
readjusted to fit the p+p~d+m+ data.

In Figs. (6a) and (6b) the calculated cross section for the
pion-absorption reaction ~+d~p+p and the analyzing
power A» for the reaction p+p~d+m+ at T„=180
MeV are shown, respectively, as a function of
( =q„/m ) and as a function of the pion scattering angle
8, (in the c.m. frame). In both figures we compare the
prediction calculated with quark-interchange (QI) reaction
mechanisms with that calculated without QI (NO QI).
The p-p partial waves included in the calculations are P&,
'So, and 'D2. Although the importance of QI varies with
the kinematic region, these two figures alone already con-
firm the observation made by Miller and Kisslinger" that
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FIG. 5. Calculated differential cross sections for n.+d elastical scattering at the pion kinetic energies of (a) 82 MeV, (b) 142 MeV,
and (c) 217 MeV with the best-fitted optical potentials. The data are from Ref. 17.

effects caused by short-distance quark-interchange mecha-
nisms need to be considered even near the pion production
threshold.

In Figs. (7a) and (7b) the predicted double differential
cross section d o jdE dO, and the analyzing power A~
for the reaction n+p~p+p+m at the p-p excitation
energy E„=4 MeV and the pion emission angle 8 =30'

are both shown versus the initial proton energy T~™.
(Note that a neutron beam will likely be used in this ex-
periment. ) Specifically, we have included the following
channels in these calculations: Po~ So Sp~ Po,
S]+ D]~ P], D2,~ P2 (all for S-wave pions), and
S]+ D] So, p] po, PJ~ p], PJ p2 (all for

P-wave pious) for ONM (or NOIA) and TNM; Po~'So
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FIG. 6. (a) Calculated cross section for the pion-absorption
reaction n.+d~p+p and (b) the analyzing power A~ for the re-

action p+p~d+m+ at T~=180 MeV are shown as functions
of q (=q /m ) and the pion scattering angle 8, (in the c.m.
frame), respectively. In both figures we compare the prediction
calculated with quark-interchange (QI) reaction mechanisms
with that calculated without QI (NO QI). The p-p partial waves

included in the calculations are Pi, 'So, and 'D2. The input pa-
rameters are listed in Eq. (34) in the text.

FIG. 7. Predicted (a) double differential cross section
d o/dE dO, and (b) analyzing power A~ for the reaction
n+p —+p+p+m at the p-p excitation energy E„=4MeV and
the pion emission angle 8 =30' are both shown vs the initial
proton energy Tp™.Specifically, we have included the follow-

ing channels in the calculations: 'Po~ 'So, 'So~'Po,
'S& + D& ~ P&, 'D2~'P2 (all for S-wave pions), and

S)+ D) —+'So, P)~ Po, Pg~ Pj, Pg~ P2 (all for P-wave
pions) for ONM (or NOIA) and TNM; Po~ Sp and
Si+'D~~'So for the various quark-interchange (QI) reaction

mechanisms. The input parameters are listed in Eq. (34} in the
text.

cal potential. Results from a further investigation of this
point, as reported in Ref. 12, suggest that our predictions
for the reaction n + p —+p+ p+ n. are not modified
severely by adoption of a rather different ir-(pp) optical
potential.

S, + Di~'Su for the various quark-interchange
(QI) reaction inechanisms. Once again, the numerical «-
suits show that effects due to quark-interchange reaction
mechanisms should be included even near the pion pro-
duction threshold. However, the optical potential for the
ir-(pp) system may differ significantly from the m-d opti-

IV. SUMMARY

In this paper we have investigated pion production via
nucleon-nucleon scattering, i.e., N+ N~N+N+m, as-
suming that pion emission takes place effectiue1y at the
quark level and that quark-quark interactions are
described to a reasonable approximation by one-gluon ex-
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change plus effectiue one-pion exchange. The six-quark
wave function is totally antisymmetrized. Consequently,
reaction mechanisms may be grouped into several
categories: (1} one-nucleon mechanisms (ONM) or the
nucleon-only impulse approximation (NOIA), (2) two-
nucleon mechanisms (TNM} or meson-exchange currents
(MEC), and (3} reaction mechamsms involving quark in-

terchange (QI). Treatment of these reaction mechanisms
has been sketched in some detail in Sec. II (with an exten-
sive number of resultant formulas collected in Ref. 12).
Applying the formalism to the reactions p+p~d+m+
and n+p~p+p+ ~, we have found in Sec. III that, for
a nucleon radius of about 0.8 fm (as used in the MIT bag
model), reaction mechanisms involving quark interchange
may be as important as the conventional one-nucleon or
two-nucleon reaction mechanisms even near the pion pro-

duction threshold. This result provides quantitative sup-
port of the conclusion reached by Miller and Kisslinger"
from a hybrid quark-baryon model concerning the neces-
sity of incorporating quark effects in describing pion pro-
duction or absorption reactions.
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