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Spin-orbit force in a quark model based nucleon-nucleon potential
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The spin-orbit interaction coming from the scalar meson-exchange potential between quarks is
included in a quark cluster model for the nucleon-nucleon interaction. Its in8uence on the triplet P-
wave scattering phase shifts and on the baryon spectrum is analyzed. We require that the deuteron
binding energy is simultaneously reproduced. Our results indicate that a considerable part of the
nucleon-nucleon spin-orbit force can be explained by gluon and sigma exchange between quarks
while improving the description of the excited baryon spectrum.

PACS number(s): 13.75.Cs, 21.45.+v, 12.39.3h, 24.85.+p

I. INTRODUCTION

A challenging problem of intermediate energy physics
is to explore the consequences of the quark structure of
the nucleon in nuclear phenomena. In particular, the
nucleon-nucleon (NN) system has been studied by var-
ious groups in the framework of the constituent quark
cluster model. Among them, the Tubingen group has
developed a realistic model that has been successfully
applied to the description of the nucleon-nucleon and
hyperon-nucleon interactions and to the electromagnetic
properties of light nuclei [1,2]. On the other hand, there
are still a number of unsolved problems if the nucleon-
nucleon interaction is formulated at the quark level.

A long-standing problem of the constituent quark
model description of the nucleon-nucleon interaction and
the baryon spectrum is the origin of the spin-orbit force
[1—7]. This interaction is known to be of very short
range and thus may be explained by the quark model. In
ineson-exchange models [8], the spin-orbit force is mainly
generated by the exchange of the w meson, which is also
responsible for the short-range repulsion. However, in
quark-exchange models, the short-range repulsion comes
from the exchange of gluons and pions between quarks
accompanied by simultaneous quark interchange between
the two three-quark clusters [1,9]. Furthermore, Yazaki
[10] has shown that pseudoscalar or scalar meson ex-
change and quark exchange between the clusters can sim-
ply be added without risk of double counting. On the
other hand, vector meson exchanges between quarks be-
longing to different clusters provide contributions simi-
lar to the quark-exchange mechanism and would lead to
double counting [10]. Therefore, vector mesons are not
included in quark-exchange models and one has to look
for a difFerent source of the spin-orbit force.

A possible source of spin-orbit interaction is the one-
gluon exchange (OGE). The nonrelativistic reduction of
the OGE diagram between quarks provides two different
types of spin-orbit terms, a Galilei-invariant (symmetric)
term and a Galilei-noninvariant (antisymmetric) term.
The Galilei-invariant spin-orbit term has received con-
siderable attention in the literature [1—5], because it has

the same structure as the standard spin-orbit interaction
between nucleons. Using this source of spin-orbit force,
Morimatsu, Yazaki, and Oka [4] demonstrated that it
is possible to reproduce the observed spin-orbit splitting
in the NN interaction using a large quark-gluon cou-
pling constant o., 1.6. However, they used an efFec-
tive meson-exchange potential between nucleons and not
between quarks and therefore they neglected the pion-
exchange contribution to the L-N mass difference. If
this contribution is taken into account, o., is consider-
ably reduced and the resulting spin-orbit force is not large
enough to reproduce the experimental P-wave splitting.
In fact, when gluon and pion exchange are consistently
treated on the quark level, the OGE spin-orbit force must
be multiplied by some numerical factor (usually between
5 and 12 depending on the set of parameters [2,11,12]), in
order to reproduce the experimental spin-orbit splitting
in the NN phase shifts. Moreover, the OGE Galilei-
invariant spin-orbit term severely disturbs the descrip-
tion of the excited P wave baryon -spectrum [4,7].

Other possible sources of the spin-orbit interaction are
the confinement and the scalar sigma-meson exchange
between quarks. The spin-orbit potential generated by
confinement is strongly dependent on the particular con-
finement model. For example, while the symmetric spin-
orbit term associated with a scalar two-body confinement
potential cancels the OGE symmetric spin-orbit force in
the NN interaction [4], the one coming from a Rip-flop
confinement interaction interferes constructively with it
[5]. In Ref. [6], the uncertainties associated with spin-
orbit terms generated by quark confinement have been
emphasized by studying an alternative model in which
confinement is described through a mass term in the
relativistic single-particle equation. The single-particle
Thomas term of such a model yields a sign of the NN
spin-orbit interaction which is opposite to the one gener-
ated by a scalar two-body confining potential. Therefore,
since the detailed confinement mechanism is presently
not well understood, we leave out for the moment its spin-
orbit piece [4,6]. This does not mean that confinement-
generated spin-orbit effects do not exist, but the uncer-
tainties surrounding the confinement mechanism make it
difIicult to draw definite conclusions at the present stage.

0556-2813/95/51(3)/1480(8)/$06. 00 51 1480 1995 The American Physical Society



51 SPIN-ORBIT FORCE IN A QUARK MODEL BASED NUCLEON-. . . 1481

The situation is rather diferent with respect to
the sigma-meson exchange. Recently, the quark clus-
ter model for the nucleon-nucleon interaction of the
Tiibingen group [1,2] has been extended [11—13] by in-
troducing a scalar meson (O.-meson) exchange between
quarks. The 0-meson parameters are related to those of
the pion and to the constituent quark mass through chiral
symmetry requirements. This scalar quark-quark poten-
tial is certainly another source of spin-orbit interaction
between baryons and it has been suggested as a possi-
ble solution of the spin-orbit problem in the constituent
quark model [4,5]. Our aim in this paper is to explore
the effect of the spin-orbit term coming from 0-meson
exchange on the NN phase shifts, on the deuteron, and
on the excited baryon spectrum. In Sec. II we will re-
view the quark cluster model and the difFerent spin-orbit
terms considered. In Sec. III we will study the nucleon-
nucleon spin-orbit interaction generated by the one-sigma
exchange (OSE) and the OGE potentials and show the
resulting P-wave phase shifts. Furthermore, we will esti-
mate the effect of the OSE and OGE spin-orbit terms on
the description of the excited P-wave baryon spectrum.
Finally, in Sec. IV we will discuss and summarize our
results.

II. CONSTITUENT QUARK CLUSTER MODEL

Among the diferent quark models, the constituent
quark cluster model is ideally suited to describe the ef-

fects of subnucleonic degrees of freedom in few-nucleon
systems. This is due to the possibility of performing dy-
namical calculations [1,2,4,5,9—14]. Other models, like
the bag model, have severe problems in describing the
two-baryon dynamics mainly due to the center of mass
motion problem, the unphysical sharp boundary of the
bag, and the question of how and where to join six-quark
dynamics with external NN dynamics.

The constituent quark cluster model is mainly based
on the concept of constituent quark masses. Nowadays
this mass is viewed as a consequence of the spontaneous
breakdown of chiral symmetry which goes together with
the appearance of Goldstone bosons, the vr and 0. fields
[14]. Based on these assumptions, Fernandez et al. [11]
have proposed a potential model where the primary in-
gredients of the quark-quark interaction are the confining
potential and the one-gluon-exchange term. In the inter-
mediate region, between the scale at which the chiral fla-
vor symmetry is spontaneously broken, AgsB 1 GeV,
and the confinement scale, Ac 200MeV, @CD is for-
mulated in terms of an efFective theory of constituent
quarks (m~ M~ j3) interacting through the Gold-
stone modes associated with spontaneous chiral symme-
try breaking [15]. The form of this interaction has been
derived elsewhere [11].It contains two pieces correspond-
ing to the exchange of a pseudoscalar [one-pion exchange
(OPE)) and a scalar [one-sigma exchange] boson. The
specific form of these potentials is

1 A
vo E(r'z)p= —n, g m

I
Y(m r;z)—

3 A2 —m2
7r

A3 „A
Y(A r,, ) (T, o-, + H(m r,~) — H(Ar, , ) S,, ~, . r, , (1)m.' m.'

&asE(r'i) = —o' h,
S O. ,S ~ SO. ,A -+

Y( r'i) Y(A"'i ) + +osE ("'i) + +osE (r"'i) ~

where n, h is the chiral coupling constant; and A is a cutofF parameter. The i and j indices are associated with the
ith and jth quarks, respectively, r,~ represents the interquark distance, and the 0 s (r; s) are the spin (isospin) Pauli
matrices. VosE and VosE are, respectively, the symmetric and antisymmetric spin-orbit terms discussed below.
S;~. = 3 (o, . r"; )~(o ~r";z) —(T; rT~ is the quark tensor operator and Y(x) and H(z) are the standard Yukawa functions
defined by

The chiral coupling constant o(,h is related to the 7rN coupling constant g ~~ by [11]

1VN

(5) 4vr 4m~2

Perturbative eKects are included in the model by means of the OGE potential, which is obtained via the nonrela-
tivistic reduction of the one-gluon-exchange diagram in @CD [16]. It takes the form

1 ~ ~ 1
Vc)GE(rz&) = —a~ A~2 4 m2 3 4m2 r3-'+ — * ~ &("v)—,. ~~)+~acE'("")+~oaE"("e) (5)
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where a, is an efFective QCD coupling constant and the A s are the SU(3) color matrices.
Finally, the confinement potential that takes into account the multigluon-exchange efFects is of the harmonic oscil-

lator form

(6)

where a is the confinement strength. The presence of the A, A~ term assures that there is no direct confinement
contribution to the baryon-baryon interaction (or equivalently the confinement force contributes only to the nucleon
mass .

In this &amework, we consider two difFerent sources of spin-orbit interaction. The first one is the Galilei-invariant
part of the OGE potential that can be written as

S.O. )S -+ ~ ~ 3 ~ w w -+ -+
Voc'E ("'i) = ~ ~' ~i 2 s t"'i X (&* &i)] (~' + ~i) .

4 8m2 r3

There is a second term Vo'&E proportional to (a, —a~) [r,~ x (p, + p~. )] called the frame-dependent antisym-
metric part. Both terms have been discussed in detail in Ref. [6], where it has been demonstrated that if only the
symmetric spin-orbit term of the OGE quark-quark interaction is retained, the spin-orbit interaction derived from the
corresponding resonating group method (RGM) quark-exchange kernels has a sign and magnitude in agreement with
the short-range part of phenomenological NN potentials. However, with the inclusion of the antisymmetric spin-orbit
OGE terms the strength of the full triplet-odd NN spin-orbit potential is greatly reduced and its sign may even be
reversed [6]. This is why these terms have usually not been considered in the literature [4,5] and will not be considered
here, although there is no fundamental reason that would justify this.

The second source of spin-orbit interaction is generated by the sigma exchange, with a symmetric term that can be
written as

OSE ( 3)
3

s r(Ar, ~) [~,~ x (&, —A. )] (T, + 0;),

where r(x) is defined by

As in the case of the gluon, the antisymmetric piece VosE is not included here.
It is important to note that, for reasons given in the Introduction, our model does not contain any massive vector

boson-exchange potentials (p,w) and therefore, there are no other sources of spin-orbit interaction.
In the quark model, a nucleon is considered to be a cluster made of three quarks,

(10)

The internal radial wave function is defined by

b
' = ~lio (ri, b) @o (rp, b) '1'I

p (rs, b),

where p and ( are the Jacobi coordinates, r; is the co-
ordinate of the ith quark, B, is the center of mass
coordinate of the three-quark system and

(12)

The parameters appearing in Eqs. (1), (2), (5)—(8), and
(12) are required to reproduce the A-2V mass difference
and the nucleon stability condition OM(b)/Ob = 0, where

M(b) is the nucleon mass and b is the oscillator parameter
of the quark wave function [11].This determines n, and
a, as a function of the two remaining parameters b and A.
Both parameters b and A describe the finite hadronic size
of the nucleon and can be related to the aN cutofF mass
of the phenomenological AN monopole vertex function
via [17]

6
srlV
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with

(14)

Typical values for A iv found in the literature [8,18] lie

between 500 and 2000 MeV. The mass of the sigma me-
son, m, as well as the other parameters 6 and A will be
discussed later.

In order to solve the NN scattering problem in the
quark model, the six-quark wave function is written in
the RGM &amework as

where B is the relative coordinate between the two three-
quark clusters.

The relative wave function y(B) is obtained from the
variational principle

III. RESULTS

A. Nucleon-nucleon interaction

As we are interested in studying the effect of the spin-
orbit force generated by the one-sigma exchange, the
value of m is chosen to provide the best fit to the exper-
imental P-wave phase shifts. However, it also required
to reproduce correctly the Si partial wave phase shifts
and the deuteron binding energy, which means that the
strength of the spin-orbit potential cannot be fitted just
by moving m alone. In our model all the parameters
are strongly correlated. For example, if we use a smaller
value of m, we get more attraction. If we still want to
reproduce the Si partial wave and the deuteron bind-
ing energy, this must be compensated by increasing the
repulsion, which for fixed A implies a bigger value of 6

and therefore a bigger o, This in turn reduces the pion
contribution because the bigger 6, the larger the gluon
contribution to the 4 Nmass differe-nce [17].

I et us briefly discuss the determination of the the pa-
rameters b and A. The parameter A [aside from o.,h,
which is fixed by Eq. (4)] governs the strength of the
mq interaction which plays a dominant role in determin-
ing the deuteron binding energy and D-state probability.
This is also evident from Eqs. (13) and (14), which relate
both parameters A and 6 to the aN cutoff mass. Increas-
ing A increases A ~. This will lead to more binding and
to a bigger D-state probability, because the larger A, the
less regularized or more attractive the OPE interaction.
On the other hand, the quark core radius 6 determines
the probability for the overlap of the clusters and thus
the range of the short-range repulsion. For a larger 6, the
range of the short-range repulsion is increased, which in
turn leads to less binding. We have determined A and 6
such that the NN phase shifts and the deuteron binding
energy are reasonably well reproduced and found 6=0.53
fm and A=3.0 fm i, as listed in Table I. With these val-

+Ps(B) ((LS)J L S
I

(LS)J) = R~M (17)
N(L s)j(B}B)

where I, S, and J are the relative orbital, spin, and
total angular momentum of the two-nucleon system,
and V(&s~&(B,B) and N(&s~&(B, B) are, respectively, the
RGM spin-orbit interaction and normalization kernels
projected onto the partial wave ~(LS)J). The spin-orbit
force coming from OGE is generated only by quark-
exchange diagrams, which makes it highly nonlocal, while
the one coming from OSE has a non-vanishing direct
term. As can be seen in Figs. 1 and 2, this makes the
interaction coming from OSE longer ranged. The sign of
the adiabatic potential for the OSE-LS force is the same
for P and D partial waves, because the direct term dom-

TABLE I. Quark model parameters.

m~ (MeV)
b (fm)

As

a, (MeV fm )
O'ch

m (fm ')
I, (fm ')

Aosa (fm )

313
0.53
0.67
48.69
0.026
2.914
0.70
3.0

ues we obtain for A N ——3.12 fm, which corresponds to a
soft form factor as favored by deep inelastic electron and
muon scattering data [19]. Note that in previous works
[4,5], where the gluon and meson contributions were not
treated consistently, this strong correlation among the
parameters did not exist, and the meson-exchange part
was fitted independently to the experimental data. The
parameters used in the present work are shown in Table
I.

In order to gain some qualitative insight prior to the
detailed RGM calculation, we estimate the contribution
from the one-sigma-exchange spin-orbit force (OSE-LS)
to the NN interaction and compare it to the one of
the one-gluon-exchange spin-orbit force (OGE-LS) in the
adiabatic approximation. Figures 1 and 2 show, respec-
tively, the radial part of the adiabatic spin-orbit potential
for P and D waves defined by
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0.0

—20.0

—40.0

—60.0
0.0 0.5 1.0 1.5 2.0 2.5

r (fm)

FIG. 1. The adiabatic spin-orbit potential Vl, s(R) defined
by Eq. (15) for the Pz partial waves. The solid line cor-
responds to the contribution of the OGE-LS force and the
dashed ones represent the contribution of the OSE-LS force
for two different values of m: short dashed line, m =575
MeV, and long dashed line, m, =550 MeV. The OGE-LS and
the OSE-LS terms have the same sign for the triplet P waves.

80.0

D

inates the exchange one. However, the OGE-LS force
has a different sign for the P and D partial waves since
only the exchange terms contribute in this case. Results
similar to these were found in Ref. [5] using the spin-
orbit force generated by a Hip-Hop model for confinement,
which like the OSE-LS interaction studied in this work
has a direct term different from zero. For the P waves

the strength of the adiabatic potential of the OSE-LS
force is comparable to that of the OGE-LS force and
they interfere constructively. For the D waves both spin-
orbit forces almost cancel each other, which seems to be
consistent with the fact that the NN spin-orbit force is
known to be very small for even orbital angular momen-
tum states. This is why one can expect that the spin-
orbit interaction coming from OSE can help to solve the
problem of the missing spin-orbit NN interaction in the
nonrelativistic quark model.

Next we carry out the RGM calculation in order to
examine the quark contribution to the NN spin-orbit
more quantitatively. In Fig. 3 we show the result of
our model for the Sq partial wave in comparison to that
obtained in Ref. [11] with a different set of parameters.
The agreement is of the same quality. The deuteron
binding energy obtained with the present set of param-
eters is Ep ———2.2241 MeV and the D-state probability
P~ = 3.76%. This guarantees that we are not including
an unphysical attraction in our model by using a smaller
mass of the scalar meson as compared to Refs. [11,13].

As is well known, states with different angular mo-
menta are coupled due to the tensor term in the nuclear
force. For the P wave, the P2 channel can couple to
the F2 channel by the tensor force. But the mixing
parameter is small in the energy region considered here

([ e [( 0.05 for E, ( 200 MeV). Therefore, we neglect
this coupling and perform a single-channel calculation for
all the triplet P waves. With this hypothesis, the P wave
phase shifts can be factorized in the following way:

PJ — PC (1)J + PT (+12)J + PIgS (L S)z . (18)
P

Here, (O)g is the expectation value of the operator 0
for the quantum numbers of the triplet P wave of total
angular momentum J. Pg, PT, and PI.s can be inter-
preted, in first order, as the contribution of the central,
tensor, and spin-orbit part of the nuclear force, and can

10.0

Q

0.0

80

—10.0 OsE —Ls

—20.0
2.50.0 0.5 1 ' 0 1.5 2.0

r (frn)
FIG. 2. The adiabatic spin-orbit potential VLs(B) defined

by Eq. (15) for the DJ partial waves. The solid line cor-
responds to the contribution of the OGE-LS force and the
dashed lines represent the contribution of the OSE-LS force
for two different values of m: short dashed line, m =575
MeV, and long dashed line, m =550 MeV. The OGE-LS and
the OSE-LS terms have the opposite sign for the triplet D
waves and they almost cancel each other as seems to be sug-
gested by the experimental data.

—40 I

100

Ei~b (MeV)

I

200

FIG. 3. The NN S& phase shifts as a function of the lab-
oratory energy. The solid curve represents the result of the
present model. For comparison we show the result of Ref.
[11] (dashed line) with a difFerent set of parameters. They
are about of the same quality. Experimental data are taken
from Ref. [20].
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be evaluated as follows:
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tions of the spin-orbit problem in the baryon spectrum.
For example, Blask, Huber and Metsch [21], who took
both spin-orbit terms (Galilei invariant and noninvari-
ant) of the OGE and confining potentials into account,
suggested that the spin-orbit force is suppressed due to
the coupling of the ¹ resonances to the meson-baryon
decay channels. However, they did not study the efI'ect

of this mechanism on the NN interaction.

IV. SUM MARY AND DISGUS SION

In this paper we have calculated the spin-orbit force
generated by the exchange of a scalar particle (the sigma
meson) between quarks and studied its efFect on the
nucleon-nucleon interaction and on the excited baryon
spectrum. The Hamiltonian used contains only interac-
tions between quarks.

As possible sources of the NN spin-orbit interaction
we have considered the Galilei-invariant spin-orbit terms
generated by one-gluon and one-sigma exchange. The
results we obtained are qualitatively similar to those re-
ported by Koike [5] using the spin-orbit force generated
by one-gluon exchange and by a flip-flop model for con-
6.nement, and can be summarized as follows.

(a) For the triplet P waves, the OSE-I S and the
OGE-LS forces interfere constructively. They are of the
same order of magnitude and their sum gives roughly the
strength required by the empirical NN spin-orbit force.

(b) For the triplet D waves the above mentioned
sources of spin-orbit interaction have opposite sign and
almost cancel each other, which is consistent with the
experimental fact that the spin-orbit interaction is weak
in the triplet even states.

(c) As in our previous work [13], the deuteron bind-
ing energy and the NN phase shifts are simultaneously
described.

(d) For the excited negative parity baryon spectrum,
the two spin-orbit forces are of the same order of mag-
nitude but of opposite sign, the total contribution being
reduced as required by the experimental data.

The essential feature leading to the above results is
that the direct term in the OSE-LS forces dominates the
exchange one, while a direct term does not exist for the

OGE-I S force.
When this work was 6.nished, we learned that in Ref.

[22] very similar conclusions with respect to the baryon
spectrum have been reached. Takeuchi has studied the
spin-orbit interaction using an instanton model inter-
action (Viii) and the usual one-gluon-exchange poten-
tial (V~QE). As in our work, all Galilei-noninvariant
terms as well as all spin-orbit terms related to con6ne-
ment were neglected. Here, we have shown that the a
and o. exchange interactions between quarks provide the
same qualitative effect in the baryon spectrum and in
the NN interaction as the instanton-induced interaction
suggested in Ref. [22]. While in Ref. [22] there is only
a qualitative discussion of the instanton-induced inter-
action in the two-nucleon system, we have demostrated
in this work that the scalar-meson-exchange interaction
between quarks leads to a satisfactory description of the
P-wave NN phase shifts and the deuteron binding en-
ergy.

As we have discussed in this paper the situation of
the spin-orbit force in quark potential models is still
quite controversial [6,7]. To remove some of the afore-
mentioned problems a better understanding of the quark
confinement is clearly needed. In spite of the remaining
uncertainties, one can still conclude that the symmetric
spin-orbit force generated by the scalar meson and one-
gluon exchange between quarks provides a very impor-
tant part of the spin-orbit force between nucleons while
it improves the description of the excited baryon spec-
trum.
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