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Nucleon-nucleon interaction in the quark compound bag model
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A model for the N-N interaction is proposed which has a long range part to account for the low

energy properties and a short range component to incorporate the quark degrees of freedom. Based
on the quark compound bag model, Simonov recently derived a short range repulsive core which is

nonlocal and, with a characteristic energy dependence, can be expressed in terms of the parameters
relating to the six-quark compound bag. Adding to it an s-wave separable potential for the long

range component which is only operative outside the bag radius, we here study n-p scattering in Sl
and 'So states for laboratory energies up to 400 MeV and the electromagnetic form factor for the
deuteron. The parameters obtained to reproduce the data are compared with those of earlier investi-

gations. The short range parameters, and, in particular, the bag range parameter, are found to have
a marked variation from the one obtained in the P-matrix analysis.

I. INTRODUCTION

While considerable success has been claimed in under-
standing the properties of baryons and their excited reso-
nances in terms of the configuration of constituent
quarks, at the nucleon-nucleon level, however, efforts' to
deduce N-N interaction from the q-q force in the quan-
tum chromodynamics (QCD) framework have had rather
limited success. Besides. the obvious increase in complexi-
ty due to the increasing number of quarks and the associ-
ated symmetries in the configuration, color, spin, and iso-
spin spaces, from a dynamical standpoint, quarks are
known to interact weakly at small distances, whereas at
large distances they interact strongly (asymptotic free-
dom). . In the intermediate region, absence of analytic
methods hinders the efforts to deduce N-N interaction
unambiguously. Recently there have been attempts to
derive information oq the inner quark region and to see
how much can be learned about the quark content in the
nuclear force from our knowledge of the asymptotic
behavior of N-N scattering without introducing specific
models for the dynamics of the quarks. Thus, for in-
stance, on the basis of cluster decomposition of the total
wave function into two parts, viz. , (i) the inner wave func-
tion of the six-quark bag and (ii) the two-nucleon bag
component, Simonov was able to derive a short range
repulsive core for N-N interaction, which is found to be
energy dependent and nonlocal in character. With an ad-
ditional assumption that the interaction between quarks
and nucleons is confined to the surface of the quark com-
pound bag (QCB}, one can obtain a repulsive hard core
produced by a strong coupling of the nucleons to the
QCB. By incorporating the information about the low en-
ergy observables (e.g., scattering length and effective
range) but without assuming any specific model for the
long range N-N potential, he carried out a P-matrix
analysis" to describe Sl and 'So N-N scattering over a
wide energy range. The main finding of this analysis is
that the compound bag radius turns out to be quite large
(-1.5 fm) with a strong coupling of the nucleons to the

quark bag. It would be interesting to see how far these pa-
rameters, which essentially govern the short range com-
ponent of N-N dynamics in terms of the underlying quark
structure, are model dependent. The object of this brief
paper is to propose a model which incorporates the low
energy N-N interaction (r & b) superimposed by the short
range (r &b} hard repulsive force and which is simple
enough to yield an explicit analytical expression for the
N-N wave function and for the scattering amplitude to
study the electromagnetic form factors of deuteron and
Sl and 'So N-N scattering over a wide energy range. For

the long range (r & b ) N-N interaction we assume a separ-
able form of the potential to account for the low energy
properties, and for the short range component we adopt
the form obtained by Simonov. Our analysis clearly indi-
cates that to reproduce a fit to the N-N scattering (both
Si and 'So up to 400 MeV laboratory energy) and to the

deuteron form factor, the short range parameters, viz. , the
quark bag radius and the coupling strength of the QCB to
the N-N channel, appear to be model dependent and are
found to have considerable deviations from the ones ob-
tained by Simonov. In the next section we briefly outline
the important steps which constitute the essential in-
gredients of the approach and then in the subsequent sec-
tion present the results of our analysis.

II. THE QUARK-COMPOSITE BAG MODEL
FOR THE N-N SYSTEM

The basic ansatz ' here is that the total wave function
can be decomposed into two parts, viz. ,

where 4';„, describes the internal part of the six-quark
state aquark c—omposite bag (QCB) state, with the boun-
dary condition that it vanishes on the surface of the bag
and can be expanded in a complete set of discrete states
confined to the internal region, i.e.,

(2)
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where 4 are the energy eigenstates of the total Hamil-
tonian

and for g(r ) we take the Yukawa shape

g(r )=v vr/2e ~"/r . (14)

i(J=1, . . . , 6
(3)

The corresponding expressions in momentum space are

(4)

in a confined region. The 4,„, is the wave function in the
external (outer) region in which nucleons are supposed to
remain undeformed. Thus, assuIning cluster decomposi-
tion, %',„,can be expressed as

and

VNN(p p ) g(p )g(p
m

VNqN(p, p') =f (p)f,(p')/(E„E)—,

(15)

(16)

1 1r= T(r&+r2+r3) 3 (r4+r5+r6) . (6)

Here it is implied that the wave function describing the
relative coordinates between the two color singlet configu-
rations can be defined even when the two-nucleon bags
overlap each other at short distances.

With these essential ingredients, it is possible to derive,
within the framework of the cluster model, a Schrodinger
equation for O'NN(r):

'P,„„=A[VNN(r)VN (3q)VN (3q)],

where A is an antisymmetrizer and VNN(r) is the wave
function of the relative motion of the centers of the two
clusters described by the wave function 4N (3q) and

1

VN, (3q );

where

g(p) =e ~"[cos(bp)+psin(bp)/p]/(p +p ), (17)

f (p)= sin(bp)/p . (18)
2

It is interesting to note here that the structure of the
vertex function g(p) [Eq. (17)] obtained by imposing a
lower cutoff in the configuration space is strikingly dif-
ferent from the one most commonly employed (viz. , the
Yamaguchi form) in studying the 2N and 3N systems at
low energies.

Now with these input forms of the separable potentials
for long- as well as short-range nucleon-nucleon interac-
tion, the Schrodinger equation (7) can easily be solved to
get the wave function

( HO + VNN + VNqN .
E )+NN (7) +(p) =NIg(p)+[& ' —1~~(a')]f„(p)I/(p +a') (19)

where VNN is the long range part of the nucleon-nucleon
potential and VNqN is the short range component given by

VNqN y VNq(r E)VqN(r

for the bound state case. Equivalently, in configuration
space

Here VNq is the nucleon-quark transition vertex given by

VN'(r, E)= f %„(H E)A [O'N, (3q)%—'N, (3q)]

0'(r) =X(c~+c2)(e "—e ")/r for r (b (20)

X5(r—r') Q dr,', (9)
%(r) =K(d&e ~" d2e ~—")/r for r )b . (21)

and should be nonzero only inside the bag as the quarks
are not allowed outside it. Simonov, assuming a sharp
transition from quarks to hadrons on the surface of the
bag, suggested a form for VNq to be

VNq ——c„6(r—b), (10)

thus effectively giving rise to a hard core repulsion for the
short range N-N interaction.

Now adopting the same form for the short range com-
ponent and assuming a separable potential for the S-state
N-N interaction operative only in the long range region,
viz. ~

VNN(r, r') = — g(r )g(v')8(r b)8(r' —b), —
m

In Eqs. (19)—(21), X is the normalization constant of the
deuteron wave function; a is the deuteron binding energy
parameter (BE=—a /m); and c~,c2 and d&, d2 are the
simple constants in terms of the parameters a, p, b, c,
etc. In addition, we have a relation
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where I~~,I&2,Izz are the simple integrals:

90—

I»(a')= f d'q g'(q)l(q'+a')

CFl
OJu 60—

45—

CL

30—

=m'e -2bI' 1

pa(p+ a)

—2bu

a(p+a)'

I&2(a )—I&& (a ) —f d q g
( )f( )

(q2+a2)

100 200 300 ~400
Lab. Energy (NeV)

-'f5
i

FIG. 2. S~ neutron-proton scattering phase shifts (deg) vs
laboratory energy (MeV).

mc e b~
e 2ba—

)
v 2a(P+a)

Izp(a )—= f d'q f'(q)/(q'+a )

I)z(a )
=c„(1—e )/2a . (23)

mI22(a )
XIz)(a )/ 1+

V

(22)
For the case of nucleon-nucleon scattering in the S

wave, the expression for off-shell scattering amplitude is
worked out as

a~(p) =2+Ah '( g(p)g(k) [(E E)—/m +I—22( k i e)—]—
X Ig(k)f(p)Iq)( k' ie—)+g(—p)f(k)I), ( k' ie)+f(—p—)f(k)[A, ' —I,)( k' ie)—]I ),—

where

~Ill( k ie)+~~I12( —k' —i&)/[E —E+Iz~( —k' —i&)]J

The ak(p), taken on shell, is related to the phase shifts,
viz. ,

ak(p) ~~ k=e' si 5n/k, (25)

III. RESULTS AND DISCUSSION

Using expressions (24) and (25) we have computed the
'So and S~ phase shifts for n-p scattering up to about 400
MeV laboratory energy and compared with the experi-
mental data as shown in Figs. 1 and 2. The set of pararn-
eters used along with the corresponding values of the
scattering length and effective range obtained for S~ and
'So cases are given in Table I. The parameter which is
found to be sensitive to the position of the zero of. the
phase shifts is E„,which is to be interpreted as the energy
(over the two nucleon masses) of the six-quark-composite
bag. For the triplet state, E equals 411 MeV, whereas
for the singlet case it is 320 MeV. These values are to be

I

compa, red with the ones obtained from the P matrix ap-
proach5 which gives 230 MeV and 190 MeV for the triplet
and singlet states, respectively. Similarly, the coupling
strength of the quark-nucleon. transition vertex in the
present case is 6 7 MeV'~ compared to about 10.4
MeV' obtained in the P-matrix analysis. The marked
difference is, however, observed in the value of b, the bag
range parameter (which may be regarded as equivalent to
the bag radius). Whereas the P-matrix analysis gives the
value of the radius as large as 1.46 fm, the present model
requires it to be 0.65 fm. Thus it appears that this is a
rather sensitive model-dependent parameter.

To check the sensitivity of the wave function obtained
in this model, we have computed, with the same set of pa-
rameters as for S~, the body form factor

(26)

for the deuteron (using the input BE=—2.225 MeV).

TABLE I; Nucleon-nucleon interaction parameters along with the values of the scattering length and effective range obtained.

State Z„-(MeV) A, (fm )c„(MeV'r ) b (fm) P (fm ') r (fm) a (fm)

Sl
'So

411
320

6.76
6.76

0.647
0.647

10.19
7.814

2.316
2.316

1.63
2.05

5.30
—23.28
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Using this we then calculate the electromagnetic form fac-
tor A (q ) of the deuteron which is given by

A(q )=F„(q )+ ,'rlF—,s(q ),
where

-2
10

F.i(q') =FcH(q')+ 9 n'Fg(q') (28)
-3

10

F,s(q )=(md/m)G, s(q )F(q ) . (29)

cv 4—10

In Eq. (28), F~(q ) refers to the form factor due to the
presence of the tensor component in the deuteron wave
function, which has not been incorporated as yet in the
present case. We thus have

5
10

-6
10

F.l(q') =FcH(q') =GcH(q')F(q') (30)

In Eqs. (29) and (30) GcH and G,s are the isoscalar
charge and magnetic form factors of the nucleon. For
these we have used here the parametrizations obtained by
De Vries et al. which give the fits for these form factors
over a large range of q . The plot of the deuteron elec-
tromagnetic form factor A(q ) vs q is shown in Fig. 3
along with the experimental data. Clearly the calculated
values are in reasonable agreement with the experimental
ones over a range of q up to about 25 fm . Beyond
this, one cannot and should not expect agreement in view
of the fact that in this region the presence of a tensor
component starts showing its marked effect. We have
also calculated the probability of the presence of the six-
quark content in the deuteron wave function which is
13.6% as compared to about 15% obtained in the earlier
calculation.

As observed earlier, one of the important findings of
this investigation appears to be that the bag range param-
eter has a considerable deviation from the P-matrix calcu-
lations, indicating that this is presumably sensitive to the
model used for the long range part of the nucleon-nucleon
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FIG. 3. Electromagnetic form factor of the deuteron vs q
(fm ).

interaction. It would be interesting to carry out further
investigations to check the sensitivity using some other
specific models.

To conclude, we have here a fairly realistic and yet
analytically simple model which can yield useful informa-
tion about the inner quark content in the N-N system,
starting from the long range scattering as well as bound
state data. However, to put it on a more realistic footing,
we have to include the tensor part of the N-N interaction.
In addition, it will be interesting to analyze, within this
framework, the contribution of isobar and three-quark-
color states present within the inner quark region of the
deuteron wave function. The attempts made along these
directions will be the subject for future communications.
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