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Why the Naive Quark Model Can Yield a Good Account of the Baryon Magnetic Moments
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The chiral quark model suggests that the baryon quark sea is negatively polarized. This modifies
the spin structure as given by the naive quark model and agrees with experimental data. However,
for the magnetic moments, there is significant cancellation between the contributions from this sea spin
polarization and the orbital angular momentum so that effectively the moments are given by the valence
constituent quarks alone, as in the naive quark model. [S0031-9007(98)05726-3]

PACS numbers: 12.39.Jh, 13.40.Em, 13.60.Hb, 14.20.–c
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Ever since the discovery [1] that the proton spin conte
is very different from that given by the naive quark mode
(NQM), one of the puzzles has been: why is the sam
naive quark spin structure capable of giving such a goo
account of the baryon magnetic moments? In this pap
we shall suggest, in the context of the chiral quark mod
(xQM), a qualitative explanation.

The basic idea ofxQM [2] is that the nonperturbative
QCD phenomenon of chiral symmetry breaking (xSB)
takes place at distance scale significantly smaller th
that of color confinement. Thus in the interior of a
hadron, but not so small a distance that perturbativ
QCD is applicable, the effective degrees of freedom a
the constituent quarks and thexSB Goldstone bosons
(GBs). Prior chiral quark model study has indicate
that the various nucleon flavor and spin puzzles can
understood by the presence of a quark sea which
perturbatively generated by valence quark’s emissions
internal GBs [3–6]. This model can naturally account fo
the ū-d̄ asymmetry as measured by the deviation from
the Gottfried sum rule [7] and by the Drell-Yan processe
[8], as well as a strange quark content consistent with t
various phenomenological determinations [9]. The axi
coupling of GBs and constituent quarks can modify th
spin content because the GB emission by a valence qu
flips the quark spin direction:

q6 °! q0
7 1 GB °! q0

7 1 sq̄0qd0 . (1)

The subscripts denote the helicity states. We shall c
the three quarks (inS-wave state) of the NQM as the
valence quarksand all the other quarks (and antiquarks
broadly as thequark sea. The processes in (1) lead
to a quark seasq0q̄0qd which is polarized (as given by
q0

7) in the opposite direction to the baryon spin. (A
the leading perturbative order, the antiquarkq̄0 and q
in the sea are not polarized because they are produc
through the spin-zero GB channels [10,11].) In thi
way, we find that the quark contribution to the baryo
spin is substantially reduced from that of the NQM, in
agreement with the phenomenological result obtained
several generations of deep inelastic polarized lepto
nucleon scattering experiments [1,12].
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This reduction of the quark polarization also implie
a significant decrease of the quark-spin contribution
baryon magnetic moments. It is then puzzling why th
original quark model (without a polarized quark sea) ca
yield such a good description of the magnetic momen
Our xQM explanation is that the quark sea must als
carry a significant amount of orbital angular momentum
In fact, angular momentum conservation implies that t
final state quarkq0 andsq̄0qd in the GB emission process
(1) must be in a relativeP-wave state. This orbital
angular momentum, which is parallel to the baryon spi
makes a positive contribution to the baryon magne
moment and thus compensates the quark-spin’s reduct

When we separate the spin and the orbital angu
momentum contributions, we are using the nonrelativis
approximation, which can provide us with an intuitiv
physical picture of the hadron structure. As we sha
comment on at the end of the paper, existent chiral qua
field theory calculations also support our explanation.

From the SU(6) wave function of NQM we can
calculate the number of valence quarks with polarizatio
sZ ­ 61 (denoted by particle names with subscript6).
In the case of the proton with valence quarkssuudd, we
have

uy1 ­
5
3

, uy2 ­
1
3

, dy1 ­
1
3

, dy2 ­
2
3

.

(2)
The quark contribution to the baryon spin being the su
of the quark and antiquark polarizationsDq ­ Dq 1

Dq̄ ­ sq1 2 q2d 1 sq̄1 2 q̄2d, and because there are
no antiquarks and strange valence quarks, we have

Duy ­
4
3

, Ddy ­ 2
1
3

, Dsy ­ 0 , (3)

which makes up the total proton spin,DSy ­ Duy 1

Ddy 1 Dsy ­ 1. When it comes to the quark spin
contribution to the baryon magnetic moment,msBd ­P

qsD̃qdBmq with D̃q ­ Dq 2 Dq̄ (as antiquarks have
opposite charges). In the NQM with̄q1 ­ q̄2 ­ 0 (thus
D̃qy ­ Dqy), we have, from Eq. (3):

mspdy ­
4
3

mu 2
1
3

md ­

µ
e

2M

∂
, (4)
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where we have usedmu ­ 22md ­ ey3M reflecting the
mass relation ofMu ­ Md ; M. The results for octet
baryons yield a good account of the measured mome
with md . 20.9 n.m. (nucleon magneton) correspondin
to a set of constituent quark mass values close to tho
used in fitting other hadron properties [13].

Ever since the publication by EMC of their experimen
tal result [1], it is known that the proton spin content i
quite different from that given by the NQM of Eq. (3),

Duexpt ­ 0.82 6 0.06, Ddexpt ­ 20.44 6 0.06 ,

Dsexpt ­ 20.11 6 0.06, DSexpt ­ 0.27 6 0.11 ,
(5)

showing clearly that a good portion of the proton sp
arises from something other than quark spins [14].

Besides the problem of understanding why the v
lence quarks can give by themselves a good account
the baryon magnetic moments, we have another rela
puzzle. Suppose we make thead hoc assumptions that the
magnetic structure is still given entirely by the quark spin
and that antiquarks are not polarized, as done in Ref. [1
msBd ­

P
qsDqdBmq. Even though the baryon spin con

tent is significantly different from that given by the valenc
quarks:Dqexpt fi Dqy, one finds thatDqexpt can also lead
to a good description ofmsBd. Namely, somehow, we
get

P
q Dqymq .

P
q Dqexptm

0
q. This, however, requires

a m
0
d . 1.4 n.m.—an approximately 50% shift of the ef

fective quark moments and masses. Thus we have
puzzle that in some way bothDqy andDqexpt can yield a
good account of the baryon magnetic moments. But, on
for (the phenomenologically incorrect)Dqy the fit leads to
a set of correct quark masses.

We now discuss thexQM resolution of these puzzles
As explained in the introduction, we need to calcula
the spin and magnetic moment contributions by the qua
sea as generated by the internal GB emission proces
of the type in (1). We shall be working, for simplicity,
in a xQM with a flavor-U(3) symmetry broken down
to SUs3d 3 Us1d: the quark and GB form degenerat
multiplets, but with distinctive couplings for the octet GB
and the singleth0 meson:g1yg8 ; z fi 1. (In fact from
our prior study [4] we expectz . 21 in this symmetric
limit.) The transition probability for the process ofq6 !

q0
7 1 GB is parametrized to be

Psu ! d 1 p1d ­ Psu ! s 1 K1d ­ a

Psu ! u 1 p0d 1 Psu ! u 1 hd 1 Psu ! u 1 h0d

­
1
3

s2 1 z 2da . (6)

For any initial stateq, the total transition probability for
sq ! alld is simply

Psqd ­
1
3

s8 1 z 2da . (7)

All calculations of the various angular momentum an
magnetic moment contents of the quark sea involve
“three-part convolution”: the contributions by a single re
2790
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action are to be multiplied by the transition probability o
the reaction Eq. (6) and by the number of initial valenc
quarks of Eq. (2). To calculate the spin polarization
the sea, the quantity for an individual process in this co
volution involves a count of61 (in units of 1

2 h̄) for the
two helicity states multiplied by61 for the creation or
destruction of a particular quark flavor, etc. Keeping
mind thatDq̄ ­ 0 because to this order̄q1 ­ q̄2 in the
sea, we obtain

Dusea ­ 2
37 1 8z 2

9
a, Ddsea ­ 2

2 2 2z 2

9
a ,

Dssea ­ 2a . (8)

Their sum is the total spin polarization of the quark sea

DSsea ­ 2
2
3

s8 1 z 2da ­ DsPsqdDSy . (9)

Namely, it is the product of the helicity change pe
reaction regardless of quark flavorDs ­ 22, the total
transition probability Eq. (7), and the number of initia
valence quarks weighted by the spin directions (hen
effectively the total valence quark polarizationDSy ­ 1).
By taking parameters such asa . 0.1 and z . 21 one
can then get a fair account [4] of the observed sp
structure (5). This includes the reduction of the nucle
axial vector couplinggA from 5y3 to around1.2. All
these changes from the NQM values are interpreted as
renormalization effects due to the quark sea.

The sea quark spin contribution to the proton magne
moment is given by

mspdspin ­ Duseamu 1 Ddseamd 1 Dsseams

­ 2
7 1 2z 2

3
a

µ
e

2M

∂
; kspin

µ
e

2M

∂
. (10)

It is easy to check that for octet baryons in gener
because of the SU(3) symmetric nature of the calculatio
we have msBdspin ­ kspinmsBdy. This explains why
msBd ­ msBdy 1 msBdspin ­ s1 1 kspindmsBdy can be
fitted with Dqexpt by a simple rescaling of the effective
quark moments asDqexpt . Dqy 1 Dqsea.

This change of angular momentumDs 3
1
2 ­ 21 due

to quark spin flip in reaction (1) must be compensat
by a final-state orbital angular momentum. We sha
describe this orbital motion of thexQM quark sea as
being due to the rotational motion of the two bodie
in (1). In their center-of-mass frame (i.e., the re
frame of the initial valence quark), the orbital angula
momentum is simply given byl 5 r 3 p, wherer and
p are the relative displacement and momentum vecto
r 5 r1 2 r2, p 5 p1 ­ 2p2, with r1 ­

m2

m11m2
r, etc.

The hadronic matrix element of this operator can be eva
ated, even without the explicit knowledge of the baryo
wave function, because angular momentum conservat
requires that

klZ l ­ 1 , (11)
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so as to compensate the quark spin change. The total
orbital angular momentum of the sea can be calculat
in the same way as the total spin polarization of Eq. (9)

kLZ l ­ klZ lPsqdDSy ­
1
3

s8 1 z 2da . (12)

Thus, according toxQM, the proton spin is built up
from quark spinDS ­ DSy 1 DSsea and orbital angular
momentum:

1
2

DS 1 kLZ l ­
1
2

. (13)

Namely, the NQM spin sumDSy ­ 1 is redistributed
from the valence quarks to the spin and orbital angul
momenta of the quark sea:DSsea and kLZ l, which
is constrained by the angular momentum conservati
condition:

1
2

DSsea 1 kLZ l ­ 0 , (14)

as seen in Eqs. (9) and (12).
We now perform the three-part calculation of the orbita

angular momentum contribution to the magnetic momen
The orbital moment of each processmsq6 ! q0

7 1 GBd
is

msq1 ! q0
2dL ­

eq0

2M

≠
lqZ l 1

eq 2 eq0

2m̃
klGB,Zl , (15)

where slq, lGBd and sM, m̃d are the orbital angular mo-
menta and masses of quark and GB, respectively. T
one unit of angular momentum in (11) is shared by th
two bodies:≠

lqZ l ­
m̃

M 1 m̃
and

≠
lGB,Z l ­

M
M 1 m̃

. (16)

The result (15) is then multiplied by the probability for
such a process to take place, to yield the magnetic mom
due to all the transitions starting with a given valenc
quark:

fmsq6 !dLg ­ 6

∑
msq1 ! q0

2dL 1 msq1 ! q00
2dL

1
2 1 z 2

3
msq1 ! q2dL

∏
a

­ 6
9M2 1 sz 2 2 1dm̃2

3m̃sM 1 m̃d
a

µ
eq

2M

∂
. (17)

The last step is to multiply the valence-quark number
Eq. (2). Thus for a baryonsB ­ sq1q1q2d we have
msBdorbit ­

4
3 fmsq11 !dLg 2

1
3 fmsq21 !dLg . In par-

ticular,

mspdorbit ­
9M2 1 sz 2 2 1dm̃2

3sM 1 m̃dm̃
a

µ
e

2M

∂
; korbit

µ
e

2M

∂
. (18)

Adding up the componentsmsBd ­ msBdy 1 msBdspin 1

msBdorbit of Eqs. (4), (10), and (18), we havemspd ­
ed
:

ar
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s1 1 kspin 1 korbitd s e
2M d. The general result for octet

baryon is

msBd ­ s1 1 kspin 1 korbitdmsBdy . (19)

This means that quark sea contributions can be absorb
by an overall rescaling of quark magnetic moments
Because we are performing a flavor SU(3) symmetri
calculation, the magnetic momentDyF ratio is not
altered. Consequently, all baryon momentratios are
unchanged from their SU(6) limit values, e.g.,mpymn ­
23y2, etc. This necessarily requires that the quark se
modification be proportional to the original NQM values.

For the principal enigma of why can the valence quark
alone yield a good account of the magnetic moments, th
xQM offers a simple explanation: the contributions from
the orbital and spin angular momenta of the quark se
have opposite signs, Eqs. (10) and (18):

kspin ­ 2
7 1 2z 2

3
a ,

korbit ­
9M2 1 sz 2 2 1dm̃2

3sM 1 m̃dm̃
a . (20)

This, of course, is intimately connected to the fact that th
orbital and spin alignments of the sea must be opposi
to each other because of angular momentum conservatio
Eq. (14). In particular, forz in the range ofs21, 0d, we
can have

kspin 1 korbit . 0 for M . 1.5m̃ . (21)

The orbital contribution being dominated by the light
GB processes, this cancellation should be indicative o
the actual situation. This diminution means that eve
though Dqy is significantly different fromDqexpt, for a
magnetic moment calculation we can still useDqy if at
the same time the orbital angular momentum contributio
is ignored. This explains why the NQM can give a
satisfactory account of the baryon magnetic momen
even if its spin content prediction has been found to b
incomplete.

We conclude with the following remarks:
(1) Previous discussions of the orbital angular momen

tum contribution to the baryon magnetic moment [16
have been concerned with the configuration mixing, be
tween theS wave and possible higher orbital states, of th
three valence quarks rather than the contribution by the o
bital angular momentum of the quark sea. Our viewpoin
is that valence quark configuration mixing might not be
a major factor because the simple quark model is know
to yield an adequate account of the baryon magnetic m
ments. In a subsequent remark, we shall comment on t
issue of improving upon the NQM description.

(2) Much of the current discussions on the proton spi
problem [17] has to do with a possible gluonic contribu
tion, which is studied in terms of the Lagrangian (henc
perturbative) degrees of freedom—in contrast to the non
perturbative QCD quantities of constituent quarks and in
ternal GBs of the present work. We view these two
2791
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descriptions as complimentary approaches: the validity
one does not preclude the correctness of the other [5]. A
analogy with the baryon mass problem is instructive. Eve
if one finds, via the energy-momentum trace anomaly, th
most of the baryon mass is gluonic in origin [18], it is stil
very useful to have the nonrelativistic QM picture of the
baryon mass being mostly the sum of its constituent qua
masses. The additional mass of a constituent quark resu
from QCD interactions, hence gluonic in origin. (InxQM
this gluonic interaction corresponds to the quark gaining
large mass when propagating in the chiral condensate
the QCD vacuum.) In the same manner, gluons can co
tribute to the baryon spin through the axial anomaly. Th
analogy suggests the possibility of viewing the renorma
ization effects due to thexQM quark sea as ultimately
corresponding to the gluonic contribution.

(3) The field theoretical calculation of the chiral renor
malization effects will be, to the leading order, that of th
one-loop diagrams with intermediates states of quarks a
GBs. The relativistic computation automatically include
both the sea quark-spin and orbital angular momentu
contributions. In fact, suchxQM calculations have been
carried out [19,20] and both groups found the resulta
anomalous magnetic moments of the constituent quarks
be small. This lends support to our contention that the
must be significant cancellation among the spin and o
bital angular momentum contributions.

(4) Our presentxQM discussion suggests that to im-
prove upon the NQM calculation of the baryon magnet
moments we can start with the valence quarks, and au
ment them with the small anomalous quark moments d
to the chiral loop effects, and also include the “exchang
current effects” due to the GB-exchanges among the v
lence quarks [21]. Indeed, the study in Ref. [20] has co
cluded that such a calculation does indeed yield a ve
satisfactory description of the magnetic moments.

The conclusion we wish to draw is that the spin an
magnetic moment data are consistent with thexQM pre-
dictions: (A) a significantly polarized quark sea in the di
rection opposite to the baryon spin,Dqsea , 0, and yet
(B) the antiquarks in the sea are not significantly pola
ized, sq̄1 2 q̄2d ­ 0, and (C) there should also be a siz
able amount of orbital angular momentum which becau
of conservation law just cancels the quark polarization
the sea:kLZl ­ 2

1
2 DSsea. This diminishes the quark sea

contribution and allows for a successful description of th
baryon magnetic moments by the NQM.

One of us (L. F. L.) wishes to acknowledge the suppo
by the U.S. Department of Energy (Grant No. DOE-ER
40682-127).
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