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Quantum chromodynamics and the spin-dependent quark-antiquark forces
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Recent results from quantum chromodynamics (QCD) are shown to be consistent with the generalized Breit-

type phenomenological Hamiltonian previously proposed for the spin-dependent spectroscopy of quark-

antiquark states. In particular, the concept of a short-distance and long-distance quark-gluon

chromomagnetic moment, with different qualitative behavior for light and heavy quarks, is compatible with

QCD. An induced axial-vector exchange, previously suggested by Feinberg and Sucher, also seems to be

implied by the field-theoretic calculations.

I. INTRODUCTION

Since the discovery of the gjZ states there has
been a healthy interplay between experiment,
phenomenology, ' and the field-theoretic results'
of quantum chromodynamics (QCD). Considerable
success has been achieved in the description of
heavy-quark —antiquark (QQ) spectroscopy by
means of a spin-independent static potential mod-
el. ' Further, a qualitative understanding of the
spin-dependent corrections to the QQ levels is at-
tained by means of a Breit-type Hamiltonian, ' al-
lowing both effective scalar and vector exchanges, '
supplemented by a flavor-dependent, long-dis-
tance quark-gluon color anomalous moment. ' ' In

spite of the numerous successes of this straight-
forward approach to hadron spectroscopy, a num-
ber of problems remain to be solved. In particu-
lar, it is desirable to put this program on a firmer
footing, based on known results of QCD.

Many of the same issues pursued by phenomeno-
logists have also been examined by field theorists
attempting to extract precise consequences from
QCD. For example, both the static color-singlet
potential" and spin-dependent Hamiltonian' have
recently been studied in perturbation theory. Al-

though no signal of quark confinement has been
discovered in these calculations, we believe that
a careful examination of results from QCD is cap-
able of providing further insights for the phenom-
enologist. Conversely, phenomenological analyses
and specul, ations should stimulate additional field-
theoretic calculations directed towards the prob-
lems of spectroscopy.

It is the purpose of this paper to reexamine re-
cent results from QCD, so as to present a synthe-
sis suitable for application to the phenomenology
of the spin dependence of the Qg force. We make
several speculations which have interesting impli-
cations, and which hopefully will provide the basis
for further work directed towards clarifying the
issues raised in this paper.

We shall present two major findings:
(l) The Breit-type Hamiltonian, ' with quark-

gluon anomalous moment, ' together with an in-
duced axial-vector exchange, is consistent with
recent calculations, ' and

(2) This induced axial-vector exchange is prob-
ably unimportant in light-quark spectroscopy.
Further work will be required to clarify the role
of the axial-vector exchange in heavy-quark-
antiquark spectroscopy, although our preliminary
analysis indicates that it could be comparable to
the usual hyperfine interaction in heavy-quark
systems.

It should be emphasized that the induced axial-
vector exchange was anticipated by Feinberg and

Sucher, "and their collaborators, "although they
were unable to relate it to the other terms of the
potential. Our interpretation of Dine's work sug-
gests a relation of the axial-vector exchange to the
other parameters of the theory.

II. SPIN-DEPENDENT FORCES

The phenomenology of the spin-dependent forces
in hadrons has been vigorously pursued in the last
few years. ' ' In spite of significant progress, we
are far from a fundamental understanding of these
forces, so that a certain degree of intuition and
plausibility, based on QCD, is required in any
analysis. One particular case which exemplifies
the interplay between theory and model building is
the question of the quark-gluon color anomalous
magnetic moment vertex. It had been shown by
Yao" and Duncan" that this vertex was infrared
divergent. Motivated by these analyses, we rea-
soned that such divergences must be summed in
the infrared (long distance) region if the spin-de-
pendent Hamiltonian was to have a phenomenologi-
cal meaning. Therefore we proposed' that the ef-
fective spin-dependent potential required an ef-
fective quark-gluon color anomalous magnetic mo-
ment, which was small at short distances, and
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D„„(q,=0, q) = V(q)g„, , (2.1)

possibly large for heavy quarks at long distances.
It was suggested that such an anomalous moment
might assist our understanding of the charmonium
states X(2830) and X(3450). In this section we at-
tempt to clarify the theoretical. basis of the Breit-
type Hamiltonian, and quark-gluon color anoma. -
lous moment, within the context of QCD.

Suppose the effective Hamiltonian between heavy
color sing-tet Qq states is written in momentum
space as a sum of effective dressed propagator
exchanges, together with dressed vertices. This
proposition in general permits all five Dirae in-
variants (S, V, T, I', and A) to be included as ex-
changes in the effective Hamiltonian. ' '" Never-
theless only 8 and V can contribute to the sjin-
indePendent potential in the static limit M- ,
where M is the mass of the quark. Moreover, the
explicit fourth-order QCD calculation of Dine, '
including spin dependence to 0(1/M'), only re-
quires the presence of effective Vand A. exchanges.
Let us consider this circumstance in more detail.

Assume the effective vector-gluon propagator at
zero energy transfer to be of the firm'

and the fermion-effective-vector-gluon vertex to
be

.~(q)
I"),(p q) = r[ —&

2M o] pq
te» J

(2.2)

D"(q, =0, q) =(A(q)/M'}g „, (2.3)

and the effective fermion-axial-vector vertex is

I"„,(P, q) = (r„~')2" (2.4)

It is straightforward to derive the nonrelativistic
reduction of the effective interaction, and obtain
the effective Hamiltonian in momentum space for
V and A. exchange using (2.1) to (2.4). The result
is3 6, 10~14

where p is the (on-shell) quark momentum and &'
is the color representation matrix. Equation (2.2)

does not allow for infrared-divergent contributions
to the vertex which diverge as P'-M', but as Dine
shows, these cancel through one loop. Similarly,
assume that the effective axial-vector propagator
is of the form' '

tt~„, = -Cs 'V(q)I1+ (sPtn-indsPendsnt corrections) +,
[1+pe�(q)][q

x P, .Pe —q x P, Ps]

+ ll+&(q)l(q xp oui q x p ~el lsq oa' ™q—q'~oq ogl
l.l + ~(q)l' ~-2-

2M: 4m'

—
d~ lt+s(q)]'lq"s. 'S]I+ ~ tte. t)oct)(~.), (2.5)

(in the above C~ is the.usual Casimir operator}.
The sos-dependent corrections in (2.5) are, re-
spectively, the Thomas term, the spin-orbit cou-
pling, the tensor force, hyperfine interaction, and

axial-vector interaction. Equation (2.5) is there-
fore the momentum-space version of a Breit-type
interaction with V and A. exchanges.

Dineg has evaluated all fourth-order contribu-
tions to the Q(q) interaction correct to order
g&'ln((q' [/M'), with (q ~«M, where

&& Cgg„'
g, '(q) =g, ' 1-

3 I"8,". »(q'i] '), (2.8)
»» ~s(

is the invariant charge to O(g„'), subtracted at a
mass scale p. of the order of typical bound-state
momenta, i.es. l of order jq (, (p ). After correcting
a typographical error in Dine's reports, e"Dine's
result can be written exactly as in (2.5), with the

identifications, correct to the accuracy of his cal.-
culation,

V(q) =g, '(q),

~(q) = — "; in(q'/M'),

(2.7)

(2.8)

and

A (q) = —-'~(q)q' V(q) . (2.9)

Note that s(q) in the effective Hamiltonian arises
from the same trigtuon self-interaction correc-
tions evaluated by Yao" and Duncan" in their
studies of the quark-gluon vertex. It is important
to observe that the anomalous moment x(q) in-
volves takeo seParate mass scales, p and M, char-
acteristic of the infrared and ultraviolet domains
of the quark-gtuon vertex, respectively. Most im-
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portantly, the ln(q'/M') in (2.8) cannot be absorbed
into a redefinition of the invariant charge, or of
the spin-independent potential. Let us consider
these issues further.

[1+x(q)]-„' H =—1,
l.e. ,

z(q'=M') = 0.

(2.12)

(2.13)

A. Color magnetic moment

51((q) =- [1+«(q) j
2'l -u(e (q ))

hI' j (2.10)

Aside from the induced axial-vector exchange,
which we discuss shortly, Eqs. (2.5)-(2.8) are
completely consistent with the spin-dependent
Hamiltonians assumed in phenomenological analy-
ses. ' ' The presence of a (q ) dependent, i.e. ,
distance dependent color anomalous moment z(q)
also confirms our earlier hypothesis. Since the
factor ln(q /M') cannot be absorbed into a rede-
finition of the running charge g„'(q), one should
consider the behavior of the sum of all powers of
the ln(q') terms contributing to «(q) before applica-
tion of phenomenology should be attempted. There
are no specific techniques avail. able for performing
such a sum, other than the general considerations
of Poggio. " The methods of Poggio' are impor-
tant in that they allow the separation of the infra-
red from the ultraviolet domain in summing con-
tributions to l((q) in the spin-dependent Hamilton-
ian. We conjecture, consistent with the analysis
of Poggio" and (2.8), that the total chromomagne-
tic moment 5R(q) is

Given (2.10), since (M'/g')»1 in heavy-quark
spectroscopy, the long-distance chromomagnetic
moment of heavy quarks is

[1+1((q)]-„. (2.14a)

(2.14b)

or

lim &Q
hf2~ 0

p2, q fixed

(2.15b)

This means that the hyperfine-interaction energy,
at fixed q' and p. ', satisfies

where (2.14b) is based on the assumPtion that
d(g„) &0. This is true in the lowest-order esti-
mate (2.11). Note that Eqs. (2.10)-(2.14) are con-
sistent with the behavior postulated for the shoxt-
distance and long-distance anomalous moment of
heavy quarks in earlier work. '

An interesting limit of (2.10) is obtained if the
mass scale M' vanishes, i.e. , if M'-0, with
q', p' fixed. Then, again assuming d(g„') &0,

lim [1+x(q)]-0 (2.15a)
N2 0

p q fixed

where in perturbation theory

d(gq(q ))= 16 2 +O(g„'(q )), (2.11)

«m
0 M

p, q fixed

finite, if d(gq') &—,'.
(2.16a)

with g&'(q ) given to lowest order by (2.6). The
conjectured summation (2.10) is plausible in that
(a) it removes all explicit logarithms from z(q),
and (b) it accounts for cross terms of powers of
lnq' of the form [1nq'/p']"[lnq'/M'j', which in-
evitably appear in perturbation theory for the
Yang-Mills vertex. Although (2.10) is deceptively
simple, the interplay of the ultraviolet and infra-
red regions can be quite complicated in perturba-
tion theory. Only when ~q ~'» p, '. should the per-
turbative evaluation of (2.11) be valid, since only
then will g„'(q ) be small. .

Since a leading-logarithm calculation, such as
performed by Dine, ' cannot determine the ultra-
violet mass scale with any precision, at the very
least a higher-order calculation keeping track of
subdominant logarithms will be required. We have
plausibly chosen this mass scale so that the shoxt-
distance chromomagnetic moment of heavy quarks
1S

[»(q'/l ')][»(q'/M')] = [»(q'/p')]' (2.18)

in region (2.17), Eq. (2.10) is probably not the most
convenient form for practical applications. An-

(2.16b)

Equations (2.15b) and (2.1'6b) have previously been
noted in a phenomenological context. ' Thus, if
(2.10) and (2.16b) are correct, then (2.14b) also
follows.

Equations (2.15) and (2.16) are not limits ap-
propriate to light-quark spectroscopy. In the
spectroscopy of ordinary quarks, there is no clear
separation of the ultraviolet and infrared mass
scales, since one must consider the quark-gluon
vertex in the kinematical domain,

(2.17)

In this case one does not have sufficient informa-
tion to apply Eq. (2.10) to light-quark spectroscopy.
Since
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other summation making the q' dependence more
explicit is desirable. Since 5R= (1+«) = 0 is equiva-
lent tQ scalar exchange, "which apparently is the
Lorentz character of the confining potential, ' a
careful study of II(q') in the domain (2.1 I) is
clearly warrented.

(1 +«) y p (1 +2«+«)
q Vq ~, q. -= ~, g gq Vq

(2.19)

since this represents the magnetic-magnetic in-
teraction

( ) [-. (-)) (2.20)

The term (2«) in (2.19) receives O(g&') contribu-
tions from the two graphs of Fig. 1, and O(g„')
contributions from the vertex graphs of Fig. 3.
The term («') receives its leading correction, of
O(g„'), from the double vertex correction of Fig.
3(a). As we have noted, the graphs of Fig. 3 are
interrelated by gauge invari. ance, so that anoma-
lous magnetic moment corrections are closely re-

8. Induced axial-vector exchange

The reader will observe from (2.8) and (2.9) that
we have assumed that the In(q'/M') term in the in-
duced axial-vector exchange is actually «(q). In
fourth order this identification is not obvious, but
consideration of a gauge-invariant subset of graphs
at the two-loop level makes this more plausible.
At the one-loop level, «(q) appears in the Hamil-
tonian as a result of the Yang-Mills correction to
the quark-gluon vertex (Fig. 1). In order g„', the
induced axial-vector interaction comes from the
uncrossed and crossed two-gluon exchanges (Fig.
2). At the two-level, i.e. , in order g„', gauge in-
variance interrelates the two-gluon exchange
graphs with the vertex corrections (Fig. 3), thus
intertwining the induced axial. -vector current with
the Pauli moment corrections.

Let us focus on the hyperfine interaction ob-
tained from the vector exchange. It is propor-
tional to'

FIG. 2. Diagrams contributing to induced axial-vector
exchange to 0(g&4).

&(q) = —-'«(q)[1+ «(q) 1'q I'(q), (2.21)

to theo-LooP accuracy. Field-theoretic calculations
of the Qq interactions must be extended to O(g„'),
at the very least. , to test the validity of (2.21). In
the next section we argue that (2.21) is not quite
the correct axial-vector interaction to be used in
phenomenology. We will attempt to take into con-
sideration the possibility that only a fraction f of
the confining potential is due to effective vector
exchange, and (1 f) due to sca—lar exchange.

Finally we remark that we have assumed that the
Lorentz character of the induced interaction is
axial vect.or, although it could just as well be de-

fc )

lated to the induced axial-vector exchange. There-
fore, we also anticipate a K' contribution to the
axial-vector exchange.

Notice that to O(g„'), the exchange of two scalar
gluons, or one scalar gluon and one vector gluon
cannot induce an axial-vector exchange in the static
limit; double vector exchange seems to be re-
quired. Since (1+«) =0 is equivalent to scalar ex-
change, "we conjecture that A(q) must vanish as
[1+«(q)]', w'ith the power reflecting the above line
of reasoning. Assembling the various e1.ements of
this discussion, we conjecture that

FIG. 1. Diagrams contributing to the color-, anoma-
lous-moment correction to 0(g&4),

FIG. 3. Diagrams related by gauge invariance, con-
tributing to both, the color anomalous moment and the
induced axial-vector exchange in 0(g& ). (a) ~ contri-
bution to the hyperfine interaction with vector exchange;
(b)-{d) diagrams contributing to the inducing axial-
vector exchange.
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scribed as tensor. ' ' In order to distinguish these
two possibilities, one will require a calculation of
the effective Hamiltonian correct to O(l/M').

A(q) = 0 at short distances (3.4a)

III. IMPLICATIONS FOR PHENOMENOLOGY
A (q) ™——«(1 + «)'[q V(q)] at long distances,

«(q) =0 at short distances, (3.1)

The discussion of Sec. II indicates that the work
of Dine' and Poggio" lend strong support to the
general framework of the phenomenological ef-
forts to date, ' ' including the induced axial-vector
exchange suggested by Feinberg and Sucher. "
Even though the general strategy of the phenomen-
ological program seems to be confirmed, there is
as yet no evidence for quark confinement or even
of induced scalar exchange emerging from the
perturbative QCD calculations. Since the weight
of empirical evidence favors a scalar confining po-
tential, ' one might hope for the appearance of an
induced scalar exchange in perturbation theory.

Since one is as yet unable to derive the function
d(g„(q )) appearing in (2.10), applications must
treat the anomalous moment «(q) in an approxi-
mate manner, consistent with QCD. For the pur-
poses of phenomenology, (2.10)-(2.14) make it
reasonable to approximate «'(q) by an average
short-distance and long-distance value. There-
fore, as in previous work, ' one may take

2

A (r) =—«(1 +«)'V' V,(r) . (3.5)

Thus from (2.5) we must add the additional term

b, H~~ = —4, «(1+«)'v' V,(r)&g. o'q (3.6)

to the phenomenological Hamiltonians of earlier
work.

Since a recent survey of light-meson spectro-
scopy strongly suggests that

(3.4b)

where V, (q) is the quark confining potential, « is
the (constant) long-distance anomalous moment,
and f the fraction of vector exchange contributing
to the confining potential. Equation (3.4b) is spec-
ulative, particularly with regard to the factors of
f' and (1 +«)', although the reasoning leading to
(3.4) has evolved from known results of QCD. Un-

fortunately, one may not be able to verify the form
of A(q) in perturbation theory. For many purposes
it is preferable to work in coordinate space, where
(3.4) becomes

f= 0 for mesons with light quarks, (3.7)

«(q) "—« = constant at long distances, (3.2)

or (b) scalar exchange. (3.3)

Further, since one apparently requires the ex-
change of A8o effective vector gluons for a non-
vanishing effect, we propose, compatible with

(2.9) and (2.21), that one analyze meson spectro-
scopy with

with I(. obtained from experiment. Ke hope that at
some future date we will be able to use (2.10), or
its improvement directly. The analysis of Sec. II A

indicates that the long-distance anomalous moment
is flavor dependent in that the long-distance anom

alous moment of light and heavy quarks behave
qualitatively differently. It is gratifying that this
appears to be compatible with phenomenological
analyses. "

The possible phenomenological role of the in-
duced axial-vector exchange requires further
clarification. We have equated A(q) with Eq. (2.9)
to O(g„'), and with Eq. (2.21) to O(g„'), with (2.21)
the more speculative. Combining Eqs. (3.1) and

(3.2) with (2.9) or (2.21) we expect

A(q) = 0 for either (a) short-distance vector
exchange

ordinary meson spectroscopy is essentially unaf-
fected by the induced axial-vector exchange. Ap-
plication to charmonium is another matter. In
charmonium one may obtain f, and (1+«,) from the
noncontroversial 'I' states alone. ' [We have used
the subscripts to stress that f, and (1+«,) may
take different values from their light-quark coun-
terparts ]The t.wo 'I' energy differences in char-
monium give '

and

f,= 0.059 (3.8)

g, = 5.26.

The complete hyperfine interaction is then

(3.9)

&spm-s« = —
6 ~ [1+2(f«)] &' V,(r) &q ~ o'g, (3.10)

f(l+«)'

where the 2(f«') factor comes from the axial-vector
exchange. Since it has been estimated that"'

2(f,«,) = 0.46 (3.11)

in charmonium, the predictions of the 'S,-'So en-
ergy differences are increased accordingly. Using
our most recent estimates, ' we now predict
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and

n = 1: E('S,) —E('Sg = [204+94]MeV

=298 MeV,

n= 2: E('S,) —E('Sg = [170+78]MeV

=248 MeV,

(3.12)

(3.13)

where the earlier prediction with anomalous mo-
ment and the new axial-vector contributions are
shown in (3.12) and (3.13) separately. These pre-
dictions are in qualitative agreement with

. E(P) —E(X(2830))= 265 MeV

and

(3.14)

IV. CONCLUSIONS

In this paper we have shown that recent results
from QCD,"'"evaluated in perturbation theory,
are compatible with the phenomenological Hamil-

E(P ) —E(y(3455)) = 229 MeV. (3.15)

Therefore, if our only problem in understanding
X(2830) and X(3455) were their mass values, the
existence of the induced axial-vector exchange
wouM go a long way towards resolving this prob-
lem. Unfortunately this is not the case. '

tonians used to extract the spin-dependent forces
of quark-antiquark interactions from spectro-
scopic data. ' ' In particular, the concept of a
short-distance and long-distance quark-gluon
chromomagnetic moment, ' with different qualita-
tive behavior for light and heavy quarks, "is
shown to be consistent with QCD. An induced
axial-vector exchange, suggested by Feinberg and
Sucher, ' is also revealed by the calculations of
Dine. g

We use these results as the basis for several
speculations, which should provide a framework
for further work in both field theory and phenom-
enology.

For numerical work based on Eqs. (2.5)-(2.9)
see J.M. Richard and D. »dhu.
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