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The spin-dependent potentials in the formalism of Eichten and Feinberg and of Gromes are gen-
eralized. Consistency of the observed spin splittings in the J/P and Y systems with QCD imposes
stringent constraints on the type of nonperturbative spin-dependent forces allowed.
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In spite of the existence of a fairly extensive litera-
ture on the spin-dependent forces in heavy-quark sys-
tems' our understanding of these forces is less than
satisfactory. The usual approach is to combine the
Breit-Fermi interaction with an ad hoc long-range in-
teraction to obtain the spin-dependent potential VSD.
The value of the running coupling constant o.z used is
(unjustifiably) taken from the spin-independent poten-
tial or elsewhere, although different physical processes
in general have different values for o.s (the common
parameter is AMS, where MS denotes the modified
minimal-subtraction scheme, not ns ). Moreover,
most of the analyses of VsD do not incorporate the
QCD radiative corrections. Such corrections are rather
significant since they contribute to the spin-dependent
forces in a form different from the tree-level terms;
also, the inclusion of the one-loop effects is necessary
for relating VsD to AMS.

In this Letter we will use the one-loop QCD correc-
tions to show explicitly that the I jm expansion for VsD

in the formalism of Eichten and Feinberg and
Gromes3 (EF8cG) has to be appropriately generalized
to include the quark-mass dependence. To confront
the experimental data, we shall take the following ap-
proach. Since we know that QCD radiative corrections
must be included while the nonperturbative long-range
spin forces are not known, we use the perturbative ex-
pression (tree level plus one loop) for Vsn together
with various forms of long-range spin-orbit interac-
tions. This allows us to make eight independent deter-
minations of the parameter AMS from the current data
on the spin spin ( Vs), the spin orbit ( VL), and the
tensor ( VT) terms from the J/tet and Y systems. Con-
sistency of the observed spin splittings will impose
stringent constraints on the type of long-range spin-
dependent forces allowed. Our results are summarized
in Figs. 1 and 2. We observe that for the tit system
some additional effects, such as relativistic corrections,
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FIG. 1. The value of parameter AMs obtained by compar-
ison of the perturbative QCD expressions (with NF = 3) for
the hyperfine (S) term, the spin-orbit (L) term, and the
tensor ( T) term with the experimental values for the
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FIG. 2. We extract AMs with several possible long-range
forces added to the spin-orbit potential, as explained in the
text. The && stands for the data from Crystal Ball Collabora-
tion (see Ref. 9), and the c stands for the data from Ref. 7.
The spin-spin, spin-orbit, and tensor terms are denoted by
5, L, and T, respectively. The spin-independent potential
[F (r) ] used is consistent with AMs = 0.30 GeV at short dis-
tances.
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are required. On the other hand, one can account for
the fine structures for the Y system with the inclusion
of the one-loop QCD corrections and a choice of
AMs = 0.30 + 0.06 GeV but no long-range (nonpertur-
bative) spin-dependent force. The existence of some
(probably small) long-range spin interactions is not
ruled out; should nonperturbative spin effects be

!
necessary for the Y system, better data will certainly

provide valuable hints on the form of such forces.
Irrespective of any other corrections, the spin-

dependent potential VsD definitely receives contribu-
tions from QCD radiative corrections. To include such
contributions the EFRG classification of the spin-
dependent forces must be generalized. For unequal
quark and antiquark masses (m&am2), with incor-
poration of one-loop QCD effects the effective po-
tential is
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where E (r) is the phenomenologically determined
quarkonium potential while E(r) is the perturbative
QCD potential; bp=+C„——,

'
TFX& with N& being the

number of light quarks, p, is the renormalization scale,
and y~ ——0.5772. . . is the Euler constant. TF-, CF, and
C„are gauge-group factors. In QCD they read TF ———,',
CF = —,", and C„=3. Each V, (m], m2, r) ls a guage-
invariant quantity. The potential V5(m&, m2, r) is the
new one that we have added to the EFLG formalism.
For the equal-mass case (m

&

——m 2
——m) the V5 (m, r)

term vanishes and V&(m &,m2, r) receives additional
contributions from the annihilation diagrams,

5 V4(m, r) = 12(1—ln2) CF TFns2a'(r).

The EFA.G formalism assumes that the V; are flavor

(2)

!
independent. Since V, are proportional to lnm, which
is not analytic as rn ~, it is not surprising that the
EFAG method does not include this term. However,
Eq. (3) shows that, even in the equal-mass case where
V~(m, r) disappears, the other V, (m, r)'s still contain
logarithms of (q/m) . These logarithms are not
present in QED for which C~ vanishes. The presence
of these ln(q/m) terms show that these forces are ac-
tually flavor dependent.

Applying Lorentz invariance -Gromes has derived
the relation

(d/dr) [E(r) + V) (m), m2, r) —V2(m (,m2, r) ] = 0.

(4)
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The perturbative expressions for E(r), V&(m, , m2, r),
and V2(mt, m2, r) satisfy this identity at the tree level
and at the one-loop level for both the unequal- and the
equal-mass cases. The Gromes relation implies that
V& and/or V2 must contain some long-range contribu-
tions similar to E(r), but the relation gives no infor-
mation about the net long-range spin-orbit interaction.
We also note that invariance under infinitesimal boosts
dictates that (mt St —m2 S2) L and (mtm2)

&& (S, —S2) L must be described by the same potential
factor. This also is satisfied at the one-loop level and
we have incorporated it into our formalism by defining
only one new potential in Eq. (1), namely, V5.

Recently many new experimental results on the fine
and hyperfine structure in the P and Y systems have
become available. ' For the cc 1 Pz states we use
MJ =3555.8+0.6 3510.0+0.6, 34315.0+ 1.0 MeV,
respectively, for J = 2, 1, 0. The cc hyperfine splittings
are AE = 113 + 5 and 92 + 5 MeV, respectively, for 1S
and 2S states. For the photon energies (E~) in the M
transition 2 S& 1 PJ + y, we use "E = 109 + 1,
129+1, 155+4 MeV, and in 3 S~ 2 PJ, E =84.2
+ 2.2 101.4 + 3.2, 122.1 + 5.5 MeV for J = 2, 1, 0,

respectively.
Models of heavy quarkonium start with a nonrela-

tivistic, spin-averaged Hamiltonian that is solved ex-
actly for wave functions and energy levels. ' ' The
spin splittings are treated as small perturbations. To
leading order

M(n 's, ) —M(n 's, ) = ( v, ),
M(n'P, ) =M, ——,

' (v, ), (5)

M( PJ) =Mo+ —,
' (Vs) +/J( VL) +rJ( V ),

where lj ——1, —1, —2 and tJ ——
,p 2

—1, respective-
ly, for J =2, 1, 0; Mo is the spin-averaged mass, and
expectation values are denoted by angular brackets.
The potentials are obtained from Eq. (1):

1 1 =1 1
Vs

3 2 V4(m r) VT 2 V3(m r)
3 m (6)

E(r)+ V, (m,—r)+ V, (m, r) .
1 1 d 1

m rdr 2

To extract the QCD scale parameter AMs from the
energy-level splittings we first invert Eq. (5) to get the
experimental values for ( Vs), ( Vz ), and ( VT). (The
dependence on Mo cancels out in mass differences. )

For the spin-dependent partial Vsn we use the QCD
perturbation (tree level plus one loop) expression plus
some long-range spin-dependent forces. The Gromes
relation provides one constraint on the three potentials
E(r), Vt(r), and V2(r) that appear in the spin-orbit
interactions. With E (r), the nonperturbative part of
E(r), approximately known, we need one assumption
in order to determine fully the long-range part of the
spin-orbit interaction. We will discuss the following

four representative cases (other cases can be con-
sidered in a similar manner): (1) VP = —3 V2
= —

4 E, such that there is no nonperturbative spin
interactions (the superscript N denotes nonperturba-
tive, E =E —E); (2) V2 =0; (3) V& =0; (4) Vt
= —V2 ————,'E . For each case, three independent
determinations of the parameter AMS can be made
from the current data on the fine structures from the
J/+ and Y systems. Irrespective of which type of
long-range spin-orbit interaction one considers, the
current data on Vz and VT terms provide five more
determinations of the parameter AMS. Consistency
demands that for one particular type of long-range
spin-dependent forces we obtain a common value of
AMs (within errors). We emphasize that, in contrast
to the usual approach which assumes a certain form of
the long-range spin forces and then confronts experi-
mental data, we use the data to extract the parameter
AMS and deduce the long-range spin-dependent poten-
tials.

Now we consider the four types of long-range spin
interactions separately.

Case 1: V~ = 3 V2 =
4 E, such that VgD Is

taken entirely to be the expression given by the pertur-
bative QCD calculations. For this case the spin-orbit
potential is given by

VL = [2/m r ]clMs(p ) [1 + ~s/'rr~ ]

(7)

A =
2 bo(lnpr +y& —1) + —,2 bo+ 9

—2(lnmr +y~).

By use of Eq. (7) for Vt and the one-loop expressions
[Eq. (2)] to describe Vs and Vr we are left with
uMs(p, ) as the only unknown parameter. All other
quantities that the spin splittings depend on, such as
the quark mass and the wave function, can be deter-
mined from other properties of the quarkonium spec-
trum.

We choose the prescription advocated by Grun-
berg' to specify the mass scale p, . To calculate the
wave-function factors we use the potential given in
Ref. 15. After solving for nMs(p, ) we extract AMs via
the two-loop d|1 function. ' The results' ' for AMs

shown in Fig. 1 are consistent with one another within
the experimental and theoretical uncertainties. We
estimate AMs= 0.30+ 0.06 GeV, a value consistent
with other determinations of AMs. We conclude that
current data indicate no appreciable long-range (non-
perturbative) spin-dependent force or any other
correction for the Y system. For the charmonium sys-
tem, some additional effects, such as relativistic
corrections, are required. Future (better) data can cer-
tainly check if this approach for the Y system is
correct.
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v, (m, r) =

For a recent survey see J. L. Rosner, Enrico Fermi Insti-
tute Report No. EFI84/33, 1984 (to be published); K. Berk-
elman, Phys. Rep. 98C, 145 (1983); J. Lee-Franzini and

Case 2: Vz = 0 so that V&
———E . This case is

equivalent to the assumption that the spin-averaged
confining potential comes from an attractive scalar ex-
change. A phenomenological expression for E(r)
(which is consistent with AMs = 0.30 GeV at short dis-
tances) is used to add a long-rang'e part to the interac-
tion. We extract AMs from the remaining perturba-
tive, nonphenomenological part of the expression.
The results are shown in Fig. 2.

Case 3: V& = 0 so that V2 = E . For this case

1 d 3—E+(—E —v, + v, ) . (8)
m r dr

But the combination ( —E + Vt + Vz) is already of or-
der o.z. To extract AMS we need to calculate E, V&,

and V2 to order o.q.
Case 4: V& ———V2 so that V] =

2 E V2
= —,'E . The assumption, made in Ref. 2, that only
the color electric field contributes to the long-range
part of the static energy is phenomenologically
equivalent to this case. The results for AMs are shown
in Fig. 2 with the other cases. Since there is a signifi-
cant difference between the Klopfenstein et al. (CUSB
Collaboration)7 data and the Irion et al. (Crystal Ball
Collaboration)9 data for the 1P splitting, Fig. 2 also
presents separately the AMs extracted from each data
set.

Figure 2 shows that the electric-confinement model
is disfavored. Although we have not extracted AMS for
the V~ =0 case, the trend indicates that this model
gives values of A Ms below those of the electric-
confinement model, and is probably ruled out. More
details as well as predictions can be found in Ref. 6.
Better data will be able to distinguish the model of
short-range spin forces from the model of scalar long-
range force and other models.
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