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Nuclear Physics and the Quark Model: A Study of Six Quarks with Chromodynamics
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The six-quark system has been studied in a nonrelativistic quark model which incorpo-
rates some of the features expected from chromodynamics. With use of a large basis
space which includes color, spin, and orbital excitations, and a Hamiltonian completely
determined by previous studies of baryon structure, a number of the features of low-
energy nuclear physics are derived. When supplemented with a reasonable model for
one-pion exchange, the residual color interactions give a good account of the properties
of the deuteron.

PACS numbers: 12.35.Eq, 21.30.+y, 21.40.+d

While progress is constantly being made in rig-
orously understanding the consequences of QCD,
the theory is so complex that the only sufficiently
versatile tools presently available for unraveling
the phenomena of the confinement regime are
some relatively crude QCD-like models. Never-
theless, since this sector of the theory seems
likely to remain unsolved for some time, except
perhaps in the simplest circumstances, we believe
it is worthwhile to study some central issues of
the strong-interaction problem in the context of
these models.

The derivation of nuclear physics from QCD is
one such central issue, both naturally and histor-
ically. We present here the results of a study' of
the six-quark system in a QCD-like nonrelativis-
tic quark model' which has had some success in
describing hadronic structure, especially in the
baryonic sector most relevant to the present cal-
culation. By specializing to the case of three u
and three d quarks and using variational methods,
we have been able to work in a much larger basis
space for the two-nucleon system than has here-
tofore been possible. The associated increases in
accuracy and reliabiIity of our direct six-quark
calculation, together with its ease of interpreta-
tion, are its main advantages over previous cal-

culations (which have all used what are essential-
ly cluster scattering methods); its basic physics
input is quite similar to most other work. Within
this new context we have derived, using only pa-
rameters previously extracted from fits to baryon
spectroscopy, ' a number of features of low-ener-
gy nuclear physics.

The starting point for our calculations is the
model Hamiltonian"

where, with r,.&
=r,. —r, and

is a two-body color confining potential and

a„„,"=-(~, /m, . m, )[~~S, S,. P(r„)
+ r, , -'S „]-',X,. -', 7,

(2)

is the color hyperfine interaction expected from
one-gluon exchange. U(v, , ) in (2) is an anharmon-
ic term which represents the expected strong
short-range attractive Coulomb-like interaction
of QCD and also other departures from the harm-
onic limit. ' We believe that this foundation for
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our calculation is fairly secure. For example,
inaccuracies associated with the absence of spin-
orbit terms in (1) and with relativistic correc-
tions (relative to two separated clusters) a.re
probably small. ' We also believe that, while one
must be cautious (as indeed we are; see below)
with the presence of spurious long-range van der
Waals-like forces in the calculation, ' (1) is other-
wise an acceptable phenomenological representa-
tion of confinement. '

Given the complicated structure of the six-quark
system it is important to choose spatial coordin-
ates which make a physical interpretation of the
states obtained as simple as possible. In this re-
gard we have been guided by the success of stand-
ard nuclear physics (especially in light of the re-
sults of Ref. 6) and have chosen as natural rela-
tive coordinates the internal coordinates of two
three-quark clusters and the corresponding inter-
cluster coordinate. Of course, if the dynamics of
the calculation are such that three-quark cluster-
ing does not dominate the resulting state, this
will be reflected in large exchange overlaps and
an inability to interpret the intereluster wave
functions in a simple manner.

The calculation then proceeds in three phases.
In the first we restrict ourselves to states which
are the appropriately antisymmetrized versions
of two three-quark s-wave clusters in a relative
s wave, but with all possible spin and color ex-
citations. In the isospin basis these states are

in the 1 =1, J=O channel (our notation gives the
isospin and spin of the clusters as I] Sy)2S2 the
subscript "c"denotes a cluster in a color octet
state). The spatial wave functions of the three-
quark clusters are taken to be those of the nucle-
on ground state, ' while the intereluster wave func-
tion is taken to be of the form

(4)

in order to facilitate the calculations of the spa-
tial matrix elements. The spin and color states
in the six-quark color singlet sector are readily
obtainable for any value of total spin. The phys-
ical states of a given sector are then obtained by
antisymmetrizing in the three u quarks and three
d quarks separately, allowing isospin to emerge
dynamically in the space of available I, =0 states.
This procedure considerably reduces the calcula-
tional effort required and allows us to handle

many more states than has previously been pos-
sible. In each sector of the problem the Hamil-
tonian matrix was constructed and diagonalized
for va. rious choices of P,. and $,. in (4) until a
variational minimum was found. [In the event
that no bound state was found the Hamiltonian (1)
was supplemented by an artificial weak harmonic
attraction which allowed one to extract informa-
tion on the short-range behavior of the system. ]
In both the J=0 and 4= 1 sectors the resulting in-
tercluster wave function was strongly suppressed
at r = 0 and the system showed an almost complete
dynamical clustering into the neutron plus proton
configuration (as measured by small admixtures
of other color, spin, and isospin components and
by small exchange integrals even within the np
component). The "phase-I" bound-state effec-
tive nP potential'

was characterized by a large repulsive core and
weak (-5-MeV) intermediate-range attraction,
with the 'Sp potential more repulsive for r s1
fm and less attractive for r ~1 fm than the 'S,
potential.

In the second phase of the calculation we ex-
panded the basis space of our system to include
the most important states with up to two units of
orbital excitation: states consisting of two spatial-
ly excited P-wave color octet clusters coupled to
the phase-I nP ground state by the spin singlet
color-dependent potentials, and those (such as the
nP relative D-wave state) coupled by the tensor
interaction. Given the (dynamically enforced)
dominance of the nP component and the smallness
of the intercluster overlap integrals, we con-
sidered only matrix elements connecting these
new states directly to the nP system, their effect
on the system being treated perturbatively and to
leading order in the small exchange overlap in-
tegrals. ' The ground-state energy was then re-
minimized in the old P, , $,. as well as with re-
spect to independent variations of the intercluster
wave functions of the new states. While the tensor
interaction proved to have an almost negligible
effect, admitting spatially excited clusters sig-
nificantly increased both the depth of the inter-
mediate-range attraction and the 'S] Sp splitting,
while producing only small changes in the charac-
ter of the repulsive core. The resulting "phase-
II" effective nucleon-nucleon potentials associated
purely with residual quark forces are shown in
Fig. 1. They are quite similar to potentials com-
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FIG. 1. The effective nucleon-nucleon potential from
residual quark forces in the S& and 'Sp channels.

monly used in low-energy nuclear physics. '
Given that mesons and nucleons have radii (r„

and r„, respectively) which characterize the
spatial extent of their quark substructure, it is
difficult to imagine —in the most naive geometri-
cal terms hat meson exchange can be very rele-
vant in the two-nucleon system for distances r
~ 2r~+ 2r~. For pions r is ~ 2 fm; for excited
mesons, it is even larger. Thus, in our view, it
is probable that only residual quark forces con-
tribute to the nucleon-nucleon potential at dis-
tances wc 2 fm. Conversely, at distances much
greater than this, one expects simple quark dy-
namics to be inadequate: qq pair creation in this
region will both cut off the spurious long-range
part of the van der Waals potential generated by
(1) and create meson-exchange contributions to
the nucleon-nucleon potential. With the assump-
tion of naive quark-pair-creation values for the
couplings, however, all meson contributions ex-
cept that of the pion are negligible at these dis-
tances, because of suppression by the Yukawa
factor e "/x. We therefore advocate a picture
in which the long-range part of the nucleon-nu-
cleon potential is dominated by pion exchange and
the short-range part by residual quark forces.

In the third and final phase of the calculation we
have imylemented this hybrid picture in a semi-

quantitative manner by adding to our phase-II ef-
fective potential a modified one-pion exchange po-
tential obtained by suppressing the pion field (and
thereby the resulting potential) within the nucleons.
The resulting potential produces negligible chang-
es in the diagonal 'S, and 'S, potentials of Fig. 1,
but leads to a significant 'S,-'D, mixing through
its tensor part. Bearing in mind the qualitative
nature of the hybrid model, we have made no at-
tempt to "fine tune" the pion potential: We have
only insisted that the suppression be operative
below roughly 2 fm. With hybrid potentials having
this character we always obtain a good qualitative
description of the deuteron. Our results are
given in Table I. The theoretical errors that we
quote are rough estimates based mainly on dif-
ficulties associated with the spurious long-range
part of the van der Waals force; far more reli-
able is the difference in energy between the deu-
teron and 'S, channels, for which we obtain —2.3
+0.3 MeV, in good agreement with experiment.
While the existence of the core is unambiguously
demonstrated by the strong suppression of the
wave function 4 as r-0, the magnitude of the
repulsion at r =0 is less sensitively determined
than is the attractive region and could, we esti-
mate, still be in error by as much as 20%.

Two comments are in order regarding the ori-
gins of the major qualitative features of our ef-
fective potentials. First, as we have seen, most
of the intermediate-range attraction traditionally
associated with either two-pion or scalar meson
exchange' is produced in the present model by
the excitation of colored P'-wave clusters. We ex-
pect this conclusion to remain valid independent
of problems with the long-range part of this inter-
action since the features of (1) have been tested
in the relevant intermediate region by spectro-
scopic studies of excited mesons and baryons.
Second, our results on the antibinding effect of
the spin-spin piece of the hyperf inc interaction
are compatible with conclusions of other authors
regarding this interaction as the source of the
repulsive core. '

TABLE I. Some properties of the six-quark ground states.

(Z 2) I/2

{fm) {mb)
E('sp)
(MeV)

Theory
Experiment

0'38

2 y 23
4.5~ 1.1

3.9
+2.1+ 0.5

+2.86
(+ 0.859+ 0.003)p~

+ 0,857@~

0 4+0 ~ 4

Unbound

'p~ is calculated under the assumption that the departure from p&+p„ is due only to
our 3.6' D-vrave mixing.

1829



VoLUMR 50& NUMBER 25 PHYSICAL REVIEW LETTERS 6 JUNE 1983

Many improvements could be made in this cal-
culation, but unfortunately all those of which we
are aware appear to require a considerable in-
crease in effort. It would be especially interest-
ing to perform a fuller variational calculation in
which cluster sizes were no longer fixed before-
hand but variationally determined (to do this
would not onl.y require a restudy of baryon spec-
troscopy, but also the calculation of much more
complicated six-quark matrix elements since the
simple forms' we have used for U and JJ&y p

would
have to be modified) and in which intercluster
wave functions were allowed to vary independent-
ly for distinct cluster configurations. This would,
among other things, allow us to complete the
proof of our conclusion (already strongly indi-
cated') that three-quark clustering completely
dominates the deuteron, since the results of this
more complete calculation would be independent
of the initial cluster decomposition chosen. The
present calculation can only draw conclusions on
other clusterings (such as q') when the system
as a whole has a size comparable to the fixed
cluster size. We ean now only offer the observa-
tion that our results are stable under reasonable
variations of the cluster size about the value ob-
tained from baryon spectroscopy.

To the reader unfamiliar with previous work in
the area we should stress that attempts to under-
stand the nucleon-nucleon force in the context of
the quark model have a long history. " Qur re-
sults appear to strongly confirm the emerging
view that the repulsive core has a quark-model
origin, and to point (for the first time we believe)
to a similar origin for the intermediate-range at-
traction of the nuclear force.

In conclusion, although there are reasons for
caution (as outlined above) one might optimistical-
ly interpret our results as evidence that even the
present rather crude models for @CD are capable
of explaining many of the basic features of low-
energy nuclear physics.
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