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Spin-orbital structure of the nucleon magnetic moment
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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 momgig negative. If the experimental result of a
positive ug is confirmed, then the orbital motion of strange quarks must be important in the nucleon.
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Structure of the nucleon magnetic momeuy is as im- Applying Eqg. (1), the magnetic moment operatqi
portant as, and closely related to, the structure of the nucleogéfd%(rxfcan be separated into an orbital part and a spin
spin. Historically, the naive quark model attributed all the part:
nucleon spin to the quark spin and gave a quite successful
explanation ofuy in terms of the spin magnetic moment .1 s —17 1 3= L
ft,=(1/2m)G of three constituent quarks. Today, however, ~#=7 f dXP X o DY+ o f dXYZp= p + ds,
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 (2)
is coming from the quark orbital motion or from the gluons
[1]. Accordingly, the origin ofuy must be reexamined.

Besides the physical significance in its own, knowledge o
the spin-orbital structure gy would also shed light on the
nucleon spin problem. Thgy structure is relatively simpler
because only quarks contribute, while the angular momen- 1 . . 1
tum of gluons does not generate magnetism. Thus, if it were a=—(1®-19)+ = - g, (3)
revealed that the quark spin magnetism cannot fully account 2m 2m

for the nucleon magnetism, then the quark orbital motion here th ipie) denote th tribution f th
must be important. Sadly, the relatively simpler spin—orbitalW ere the superscrip enote the contribution from the

structure ofuy did not receive much attention in the past particle or antiparticle. In Ref5], a straightforward relativ-

and it was(to the best of our knowledgenever discussed StC extension of Eq(3):

how to determine it experimentally. In the literature, there 1. A 1. )

have been arguments that the quark magnetic moment is cor- a=—(LW-LO)+ =8 -5, (4)

related not with the quark helicity distribution, but more rea- 2m m

sonably with the quark tensor char{@3]. This paper will ..

present a first-principles analysis of the spin-orbital structurgvhere S, L refer to the relativistic spin and orbital angular

of uy and discuss the physical implications. momentum, was adopted to calculate the strangeness contri-
The spin-orbital separation qfy is obtained by the Gor- bution to uy. To examine the validity of such straightfor-

don decompositiofd], which separates the quark vector cur- ward extension, let us recall the relativistic, gauge invariant

rent j“=y*¢ into a convection part and a spin part: spin and orbital angular momentum operators of a Dirac field

[6,7]:

where we have dropped total derivative terms which vanish
]when taking expectation value in a momentum eigenstate. In
the nonrelativistic limit, Eq(2) reduces to the familiar rela-
tion

- i 1 o
Y=o YD g+ Enay('/foﬂ p=jc+is, Q) §=%fd3X¢T§¢,E=Jd3XF>< ‘/;rz_lifm' 5)

wherem is the mass of the quark field aridF=Dr-D* is Comparing Egs(2) and(5), we see that the spin and orbital
the covariant derivative. The Gordon decomposition followsparts of the magnetic moment are not correlated with the
directly from the equation of motion. In case of free fidl; ~ spin and orbital angular momentum, but correlated with the
is replaced witho*. tensor charge and the “convection” angular momentum:
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- 1 s —c . 5. —1< element. In practice, the lattice QCD results for magnetic
S;= > f dXYZ L= f dxr < '/JEDI/’- (6)  moment are obtained by first computing the magnetic form
factor Gy, () at finite momentum transfeg?, and then ex-

. .2 - . > - trapolating tog?=0. On a finite lattice, the momentum trans-
There is an extrayo in S; andLc in comparison td andL. fer is quantized. In a typical lattice QCD calculation with
The effects of this extra” are at least threefold. B=6 and spatial dimension igthe smallest available non-

(1) ItrendersS;andL¢ charge conjugation odd, thus par- zerog? is about 0.5 Ge¥% This makes the extrapolation of
ticle and antiparticle contribute to the magnetic moment withjattice QCD results t@?=0 a rather awkward task. In fact,
opposite sign. the g?=0.5 Ge\? part is usually a flat “tail” of the nucleon

(2) It implies that if we associate a magnetic momentform factor, whereas from?=0.5 Ge\? to g?=0 the nucleon
with S® or L®, the gyromagnetic ratio would be reversely form factor might vary dramaticallyfor example,Gy(g?)
proportional to the relativistic energy instead of the staticincreases by a factor ofl.3An extrapolation in such case may
mass. In previous studies, we have shown this point explichaturally introduce large uncertainties. Especially, for quan-

itly by expanding the operatoys, S, andL in the momentum tities where there exists no prior knowledge of thedrde-

space[8]. pendence, such extrapolation must be strongly model depen-
(3) Most importantly, it makes the structure of the quark- dent and may even lose its sense. _
antiquark pair creation and annihilation terrfvshich con- The tensor chargéq does not suffer the above complica-

tribute to the so-called diagramsin §, L different from that tion, _and can be directly computed on the Iamoe as a forward
matrix element. Therefore, computings via the tensor

in S5, Lc, and u [8]. Numerical studies reveal that both the charge is much better than via the form factors of the spin
quark magnetic moment and the quark spin contain signifirrent in Eq.(1).

cant contributions from t_he‘i diagrams, consequently, Eqs. | the following, we apply the above discussions to the
(3) and(4) are strongly violated9). _ study of the nucleon strangeness magnetic momerihere
Correlation of the spin magnetic momemg with the ten-  gre recently great experimental and theoretical efforts to pin
sor chargesq makes it possible to determines experimen-  qown jts valug24—26. This was partially stimulated by the
tally. 59 can be related to the first moment of the quarkgmc finding that the strange quarks polarize significantly
transversity distributionsg(x, Q%) [10], which is one of the jnside the nucleorfl], since such polarization would natu-
fOCUSGS in the present hadron phySiCS Study. Although th%_”y generate magnetism' Experimentau% can be deter-
chiral-oddéq(x, Q°) decouples from ordinary inclusive deep- mined by measuring the nucleon weak magnetism through
inelastic scatteringDIS), it may appear together with an- parity violating electron-nucleon scatterig4]. The most
other chiral-odd object in high-energy hadronic scatte(ing recent data analysis suggegtsth large uncertaintya posi-
particular, Drell-Yan procegsor semi-inclusive DIS, and tive u [25]. On the contrary, most theoretical calculations
give rise to various double- or single-spin asymmetriesypically give a negativeis~—0.3. Normally, one would ex-
Some single-spin asymmetries have recently been observeséct lattice QCD to give the most reliable prediction. How-
in pion production from proton-proton collisions, by the ever, as we explained above, in the present lattice QCD ap-
STAR Collaboration at RHIG11]; and in SIDIS production  proach the computation gf is not so accurate. In fact, the
of pion and/or kaon, by the HERMES Collaboration atresylts are controversial among various gro[fg.
DESY using longitudinally polarized targgt2], by the SMC On the other hand, the lattice QCD prediction for the spin
Collaboration at CERN using transversely polarized targebart of s, OF essentia”y the strangeness tensor Chaﬁge
[13], and by the CLAS Collaboration at JLab using insteadcan be regarded as relatively reliable. Sadly, in contrast to the
unpolarized target and polarized bedf]. These experi- numerous lattice QCD and phenomenological studiegof
ments provided a first glimpse of the transversity distribu-in the literature there appeared just two calculationss®f
tion. However, interpretation of these measured asymmetriegne with lattice QCD[28] and one with chiral quark soliton
still involves much uncertainties. Some of them might bemodel[29], which gavess=-0.04634) and —0.008, respec-
clarified by upcoming results from RHIC-spif15],  tjvely. We therefore feel it necessary to present our own cal-
HERMES[16], and COMPASSCERN) [17]. New ideas of  cyjation of 5s, with a perturbative meson cloud model which
measuringsq(x, Q) are also continually presented in the lit- e used in Ref[9] to compute the strangeness axial charge

erature[18-21. As. The model Lagrangian
We emphasize here that the correlatiornugfwith 5q also

brings advantages for lattice QCD calculation. In the present _ 1 1

lattice approach, the magnetic moment cannot be computed £ =¢{id = S(r) = y’V(1)]y+ 5(%(7502‘ Emi2¢i2
directly as the expectation value of the operafm% Jd3r

xf. This form assumes a center for the nucleon, but on the _ 1 - N -N NN

periodic lattice there is no center for the nucleon due to 2F,T¢[S(r)'75)‘ ¢ +iy°N Sy (7)
translational invariance, and the explicibecomes ambigu-

ous at the boundarf22]. In Ref.[23], it was illustrated ex- is derived from the nonlinear model in which meson fields
plicitly that in a periodic system continuum operators whichare introduced to restore chiral symmefB0]; S(r)=cr+m
involve powers of the position variable do not project ontorepresents the linear scalar confinement potegtiand the
good momentum, and so do not isolate the desired matriguark mass matrixn, V(r)=—a/r is the Coulomb-type vec-

045201-2



SPIN-ORBITAL STRUCTURE OF THE NUCLEON. PHYSICAL REVIEW C 69, 045201(2004)

TABLE I. The nucleon strangeness tensor chafg&alculated included in lowest order perturbation theory to generate
with the chiral quark potential model in R¢B]. Four sets of wide-  (strange sea quarks. The calculation results are given in
range parameters are used. Results for the strangeness axial chafggple |, which are roughly consistent with the range of the

As from Ref.[9] are listed for comparison. lattice QCD prediction in Ref[28]. For comparison, we
also listed values oAs from Ref.[9]. Table | indicates a

Parameter  m,gq ms @ ¢ , o as feature that, being purely sea quark effed4,is not nec-
set  (MeV) (Mev) (GeVs) essarily smaller thans.
1 10 150 026 011 -0052 -0.093 A_negative&s ora negati\_/e spin part Qi has importgnt
2 10 150 026 016 -0070 —0.102 |mpI|_cat|on for the present investigation pf;. If (_jue to its
3 300 500 026 011  -0133 —-0.102 relative heaviness, the strange quark contributesutp
' ' ' ' mainly through its polarization, then the total should also
4 10 150 0.50 0.18 -0.082 -0.084

be negative, contrary to the experimental result. On the other
hand, if the experimental result of a positiugis confirmed,

) ) ] ) then the strange quark orbital motion must be important in-

tor potential F,=93 MeV is the pion decay constanh (i gjge the nucleon. We therefore need an updated lattice QCD

runs from 1 to 3 are the pseudoscalar meson fields, and  compuytation of the quark tensor charge, especially the
are the Gell-Mann matrices. Here we adopt the SaM&rangeness sector.

model Lagrangian and the same variety of model param-

eters as in Refl9] and perform an exactly parallel calcu-  We thank K.F. Liu for illuminating remarks on the lattice
lation for 8s. Namely, at zeroth order the quark-mesonQCD calculations. This work was supported in part by the
coupling is turned off and the nucleon contains just threeNNSFC (Grant Nos. 90103018, 19975062, 10175033, and
valence quarks; then the quark-mes@aon coupling is  10135030.
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