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How the nucleon magnetic moment originates from the quark spin and orbital motions is an important issue
of the nucleon structure. The Gordon decomposition separates the quark vector current and magnetic moment
into a spin and an orbital parts. We show that the spin part is related to the quark tensor charge, thus can be
determined experimentally and computed reliably by lattice QCD. Knowledge of the spin-orbital structure of
the nucleon magnetic moment would also shed light on the nucleon spin problem. As an example, we show that
the spin part of the nucleon strangeness magnetic momentms is negative. If the experimental result of a
positivems is confirmed, then the orbital motion of strange quarks must be important in the nucleon.
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Structure of the nucleon magnetic momentmN is as im-
portant as, and closely related to, the structure of the nucleon
spin. Historically, the naive quark model attributed all the
nucleon spin to the quark spin and gave a quite successful
explanation ofmN in terms of the spin magnetic moment
mW s=s1/2mdsW of three constituent quarks. Today, however,
we know that the quark spin only accounts for a small part of
the nucleon spin, and it is under hot debate whether the rest
is coming from the quark orbital motion or from the gluons
[1]. Accordingly, the origin ofmN must be reexamined.

Besides the physical significance in its own, knowledge of
the spin-orbital structure ofmN would also shed light on the
nucleon spin problem. ThemN structure is relatively simpler
because only quarks contribute, while the angular momen-
tum of gluons does not generate magnetism. Thus, if it were
revealed that the quark spin magnetism cannot fully account
for the nucleon magnetism, then the quark orbital motion
must be important. Sadly, the relatively simpler spin-orbital
structure ofmN did not receive much attention in the past,
and it was(to the best of our knowledge) never discussed
how to determine it experimentally. In the literature, there
have been arguments that the quark magnetic moment is cor-
related not with the quark helicity distribution, but more rea-
sonably with the quark tensor charge[2,3]. This paper will
present a first-principles analysis of the spin-orbital structure
of mN and discuss the physical implications.

The spin-orbital separation ofmN is obtained by the Gor-
don decomposition[4], which separates the quark vector cur-
rent jm=cgmc into a convection part and a spin part:

cgmc =
i

2m
cDJmc +

1

2m
]nscsmncd ; jC

m + jS
m, s1d

wherem is the mass of the quark field andDJm=Dm−DmQ is
the covariant derivative. The Gordon decomposition follows
directly from the equation of motion. In case of free field,Dm

is replaced with]m.

Applying Eq. (1), the magnetic moment operatormW

= 1
2 ed3xrW3 jW can be separated into an orbital part and a spin

part:

mW =
1

2m
E d3xrW 3 c

1

2i
D
↔

c +
1

2m
E d3xcSW c ; mW L + mW S,

s2d

where we have dropped total derivative terms which vanish
when taking expectation value in a momentum eigenstate. In
the nonrelativistic limit, Eq.s2d reduces to the familiar rela-
tion

mW =
1

2m
slWs+d − lWs−dd +

1

2m
ssW s+d − sW s−dd, s3d

where the superscriptss±d denote the contribution from the
particle or antiparticle. In Ref.f5g, a straightforward relativ-
istic extension of Eq.s3d:

mW =
1

2m
sLW s+d − LW s−dd +

1

m
sSW s+d − SW s−dd, s4d

whereSW, LW refer to the relativistic spin and orbital angular
momentum, was adopted to calculate the strangeness contri-
bution to mN. To examine the validity of such straightfor-
ward extension, let us recall the relativistic, gauge invariant
spin and orbital angular momentum operators of a Dirac field
f6,7g:

SW =
1

2
E d3xc†SW c,LW =E d3xrW 3 c† 1

2i
DJc. s5d

Comparing Eqs.s2d ands5d, we see that the spin and orbital
parts of the magnetic moment are not correlated with the
spin and orbital angular momentum, but correlated with the
tensor charge and the “convection” angular momentum:
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SWd ;
1

2
E d3xcSW c,LWC ;E d3xrW 3 c

1

2i
DJc. s6d

There is an extrag0 in SWd andLWC in comparison toSW andLW .
The effects of this extrag0 are at least threefold.

(1) It rendersSWd andLWC charge conjugation odd, thus par-
ticle and antiparticle contribute to the magnetic moment with
opposite sign.

(2) It implies that if we associate a magnetic moment

with SW s±d or LW s±d, the gyromagnetic ratio would be reversely
proportional to the relativistic energy instead of the static
mass. In previous studies, we have shown this point explic-

itly by expanding the operatorsmW , SW, andLW in the momentum
space[8].

(3) Most importantly, it makes the structure of the quark-
antiquark pair creation and annihilation terms(which con-

tribute to the so-calledZ diagrams) in SW, LW different from that

in SWd, LWC, andmW [8]. Numerical studies reveal that both the
quark magnetic moment and the quark spin contain signifi-
cant contributions from theZ diagrams, consequently, Eqs.
(3) and (4) are strongly violated[9].

Correlation of the spin magnetic momentmS with the ten-
sor chargedq makes it possible to determinemS experimen-
tally. dq can be related to the first moment of the quark
transversity distributiondqsx,Q2d [10], which is one of the
focuses in the present hadron physics study. Although the
chiral-odddqsx,Q2d decouples from ordinary inclusive deep-
inelastic scattering(DIS), it may appear together with an-
other chiral-odd object in high-energy hadronic scattering(in
particular, Drell-Yan process) or semi-inclusive DIS, and
give rise to various double- or single-spin asymmetries.
Some single-spin asymmetries have recently been observed
in pion production from proton-proton collisions, by the
STAR Collaboration at RHIC[11]; and in SIDIS production
of pion and/or kaon, by the HERMES Collaboration at
DESY using longitudinally polarized target[12], by the SMC
Collaboration at CERN using transversely polarized target
[13], and by the CLAS Collaboration at JLab using instead
unpolarized target and polarized beam[14]. These experi-
ments provided a first glimpse of the transversity distribu-
tion. However, interpretation of these measured asymmetries
still involves much uncertainties. Some of them might be
clarified by upcoming results from RHIC-spin[15],
HERMES [16], and COMPASS(CERN) [17]. New ideas of
measuringdqsx,Q2d are also continually presented in the lit-
erature[18–21].

We emphasize here that the correlation ofmS with dq also
brings advantages for lattice QCD calculation. In the present
lattice approach, the magnetic moment cannot be computed
directly as the expectation value of the operatormW = 1

2 ed3xrW

3 jW. This form assumes a center for the nucleon, but on the
periodic lattice there is no center for the nucleon due to
translational invariance, and the explicitrW becomes ambigu-
ous at the boundary[22]. In Ref. [23], it was illustrated ex-
plicitly that in a periodic system continuum operators which
involve powers of the position variable do not project onto
good momentum, and so do not isolate the desired matrix

element. In practice, the lattice QCD results for magnetic
moment are obtained by first computing the magnetic form
factor GMsq2d at finite momentum transferq2, and then ex-
trapolating toq2=0. On a finite lattice, the momentum trans-
fer is quantized. In a typical lattice QCD calculation with
b=6 and spatial dimension 163, the smallest available non-
zero q2 is about 0.5 GeV2. This makes the extrapolation of
lattice QCD results toq2=0 a rather awkward task. In fact,
the q2*0.5 GeV2 part is usually a flat “tail” of the nucleon
form factor, whereas fromq2=0.5 GeV2 to q2=0 the nucleon
form factor might vary dramatically[for example,GMsq2d
increases by a factor of 3]. An extrapolation in such case may
naturally introduce large uncertainties. Especially, for quan-
tities where there exists no prior knowledge of theirq2 de-
pendence, such extrapolation must be strongly model depen-
dent and may even lose its sense.

The tensor chargedq does not suffer the above complica-
tion, and can be directly computed on the lattice as a forward
matrix element. Therefore, computingmS via the tensor
charge is much better than via the form factors of the spin
current in Eq.(1).

In the following, we apply the above discussions to the
study of the nucleon strangeness magnetic momentms. There
are recently great experimental and theoretical efforts to pin
down its value[24–26]. This was partially stimulated by the
EMC finding that the strange quarks polarize significantly
inside the nucleon[1], since such polarization would natu-
rally generate magnetism. Experimentally,ms can be deter-
mined by measuring the nucleon weak magnetism through
parity violating electron-nucleon scattering[24]. The most
recent data analysis suggests(with large uncertainty) a posi-
tive ms [25]. On the contrary, most theoretical calculations
typically give a negativems,−0.3. Normally, one would ex-
pect lattice QCD to give the most reliable prediction. How-
ever, as we explained above, in the present lattice QCD ap-
proach the computation ofms is not so accurate. In fact, the
results are controversial among various groups[27].

On the other hand, the lattice QCD prediction for the spin
part of ms, or essentially the strangeness tensor chargeds,
can be regarded as relatively reliable. Sadly, in contrast to the
numerous lattice QCD and phenomenological studies ofms,
in the literature there appeared just two calculations ofds,
one with lattice QCD[28] and one with chiral quark soliton
model[29], which gaveds=−0.046s34d and −0.008, respec-
tively. We therefore feel it necessary to present our own cal-
culation ofds, with a perturbative meson cloud model which
we used in Ref.[9] to compute the strangeness axial charge
Ds. The model Lagrangian

L = cfi]” − Ssrd − g0Vsrdgc +
1

2
s]mfid2 −

1

2
mi

2fi
2

−
1

2Fp

cfSsrdig5lifi + ig5lifiSsrdgc s7d

is derived from the nonlinears model in which meson fields
are introduced to restore chiral symmetryf30g; Ssrd=cr+m
represents the linear scalar confinement potentialcr and the
quark mass matrixm, Vsrd=−a / r is the Coulomb-type vec-
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tor potential,Fp=93 MeV is the pion decay constant,fi si
runs from 1 to 8d are the pseudoscalar meson fields, andli
are the Gell-Mann matrices. Here we adopt the same
model Lagrangian and the same variety of model param-
eters as in Ref.f9g and perform an exactly parallel calcu-
lation for ds. Namely, at zeroth order the quark-meson
coupling is turned off and the nucleon contains just three
valence quarks; then the quark-mesonskaond coupling is

included in lowest order perturbation theory to generate
sstranged sea quarks. The calculation results are given in
Table I, which are roughly consistent with the range of the
lattice QCD prediction in Ref.f28g. For comparison, we
also listed values ofDs from Ref. f9g. Table I indicates a
feature that, being purely sea quark effect,ds is not nec-
essarily smaller thanDs.

A negativeds or a negative spin part ofms has important
implication for the present investigation ofms. If due to its
relative heaviness, the strange quark contributes tomN
mainly through its polarization, then the totalms should also
be negative, contrary to the experimental result. On the other
hand, if the experimental result of a positivems is confirmed,
then the strange quark orbital motion must be important in-
side the nucleon. We therefore need an updated lattice QCD
computation of the quark tensor charge, especially the
strangeness sector.
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