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Abstract

Quark contributions to the proton spin as deduced from polarized DIS of leptons off a nucleon target, and the octet
baryon magnetic moments, can be used to deduce the antiquark polarizations Az inside the proton. In this way the 1992
analysis by Karl is shown to imply Az >~ 0. Such a spin structure fits nicely into the chiral quark interpretation of the proton

spin and flavor puzzles.

PACS: 12.38.Lg; 12.39 Jh; 13.40.Em; 13.60. Hb; 14.20.Dh; 14.65.Bt

1. Introduction

In the last several years, starting with EMC [1] in
the late 1980’s, the polarized deep inelastic lepton-
nucleon scattering experiments have revealed a nu-
cleon spin structure that deviates significantly from the
simple quark model expectation, It is particularly puz-
zling in view of the fact that the same spin structure
in the nonrelativistic constituent quark model seems
to lead to a reasonably good description of baryon
magnetic moments | . In this paper we re-examine the
proton spin data in connection with the octet baryon
magnetic moments. We find that such an investigation
can lead to some useful insight into the proton spin
structure, above and beyond what the (spin-dependent
structure function) g, sum rule [3,4] and the bary-
onic weak axial vector couplings can tell us. Namely,
this combined analysis suggests that the antiquarks in-
side the proton are not significantly polarized. And,

I See, for example, textbook reviews in Ref. [2].

as we shall show, this lends further support to the chi-
ral quark model [5] approach to the various nucleon
structure puzzles [6,7].

In Section 2, we first discuss the simple model
where the magnetic moment of a baryon comes from
those of its constituent quarks. The flavor-SU(3) is
used to express the octet baryon moments in terms of
the intrinsic #, d, and s magnetic moments and the
quark and antiquark contributions to the proton spin.
In Section 3, the “proton spin crisis” is briefly recalled.
We then show, in Section 4, that an analysis made by
Karl [8] actually contains definite information about
the antiquark polarizations in the proton. In Section 5
the spin and magnetic moment structure is studied in
the chiral quark model. Finally we conclude and dis-
cuss the implication of our result.
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2. Spin structure and magnetic moments

Let us first discuss the relation between the quark
and antiquark polarization contributions to the proton
spin and the proton magnetic moment. One usually
denotes the g-flavor contribution to the proton spin as

Ag= (g1 —q,) + (g, — ) = Ay + Ay, (1)

where g1 is the number of g-flavor quarks with spin
parallel, and g| anti-parallel, to the proton spin. Thus
A, and Az are the quark and antiquark polarizations,
respectively.

For the g-flavor quark contribution to the proton
magnetic moment, we have however

Kp (@) = Bqpg + Agpg = (B — Bg) py = Aqpuy .,
(2)

where u, is the magnetic moment of the g-flavor
quark. The negative sign simply reflects the opposite
quark and antiquark moments, uz = —u,, as in gen-
eral u, = e,8,/2m,, and when we go from quark to
antiquark only the charge e, changes sign, but not the
mass m, or the gyromagnetic ratio g,. Thus the spin
factor that enters into the expression for the magnetic
moment is Ag, the difference of the quark and anti-
quark polarizations. If we assume that the proton mag-
netic moment is entirely built up from the light quarks
inside it, we have

F"p”g‘;#u*‘&iﬂd‘*‘&;#s- (3)

In such an expression there is a separation of the in-
trinsic quark magnetic moments and the spin wave-
functions. Flavor-SU(3) symmetry then implies, the
proton wavefunction being related the 31 wavefunc-
tion by the interchange of d « s and d — § quarks,
the relations

(), - (&) =50 (4), -
(Is)y -ad,

similarly it being related to the E° wavefunction by a
further interchange of u <« s quarks, thus

(a)_, - (3a),, -5,

(85), - (&), -,
g z+

() -(),.-5

We have
M+ = Bup, + Aspg + Adpg, 4)
pzo = Adpy + Aspy + Aups, (5)

the intrinsic moments ,u; being unchanged when we
go from Eq. (3) to Egs. (4) and (5). The n, 3,
and E~ moments can be obtained from their isospin

conjugate partners p, X%, and E° by the interchange
of their respective u — d quarks:

(), (), -5

etc.

My = Ad#u + Abl,ud + Aslufs ’ (6)
Ms- = Esp,,, + EI/-L,] + Efﬂx R (D
M=- = K}#u + A\a/‘d + Z’;/’"s - (8)

The relations for the I. = 0, Y = 0 moments are
more complicated in appearance but the underlying
arguments are the same.

1y =é(A~u+44§B+A~s) (fa + Ba)
+ & (4Bu — 28d + 445) . 2

—1 s~ ~ —
,u‘\_<_=§7§<Au——2Ad+As) (,u,,-—,u,d) . (10)
The proton equation (3) and neutron equation (6)
were first written down by Sehgal {91, and its general-
ization to other octet baryons have been discussed by a
number of authors? . Since we will be following most
closely Karl’s work [8], we shall refer to Egs. (3)-
(10) as the Karl-Sehgal (KS) equations. We should
however note that the equations actually written down
by Karl involve the polarization sum Ag = A, + Az
rather than the difference Ag = A, — A because he
has chosen to work with an “effective quark mag-
netic moment”u;, = Aguq/Aq. The resulting equation
up(g) = Aq,u(’/, instead of Eq. (2), thus does not

2 Sce. for example, Ref. {10] and other citations in Ref. [8].
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separate the spin-wavefunction and the quark intrin-
sic moments. Namely, the u/ moments, just as Ag
and Ag, depend on the spin wavefunction as well as
the intrinsic moments. Thus different approaches have
been adopted in Ref. [8] and the present paper. We
are of the opinion that, in the effort to express all the
baryon moments in terms of the proton spin factors,
our assumption of a complete separation of the spin
wavefunctions and the intrinsic quark moments is the

more reasonable approach.

2 Qlrmsnla nreanly smadal macuiléc and tha manciirad
Je DL uplc l.luaus FHUUTL 1LIULILY Aallu LIIv 1avasuivu
proton spin structure

In the nonrelativistic constituent quark model, there
is no quark sea. The proton spin follows simply from
the addition of its valence quark spins. One finds

A

Au=35, Ad=-— As=0, AZ-=1, (i1)

Wl

where A2, = Au+ Ad + As is the total quark contribu-
tion to the proton spin. There is no strange quark inside
proton, hence no strange quark polarization, As = 0.
Also, there is no antiquark, hence no antiquark polar-
ization, Az = 0. This means that in the simple quark
mouex \leVl) we ﬂdVC L\q L\q lllC pi’OtOﬁ anu neu-
tron magnetic moments, for example, are given by
Egs. (3) (6),and (11), as

L2/ AV, &008 (12,88

my
Kp = 3y — SHhd = ——8UN » (12)
u.d
2 m
pn ==Y+ 2uy = - Xouy, (13)
3 3 3mud

where we have assumed the equality of u and d con-
stituent quark masses, denoted by m, 4, as well as
their gyromagnetic ratios g, = g4 = g (for example,
g = 2 for Dirac particles). uy is the nucleon magne-
ton, and my the nucleon mass. From this we deduce
ihe famous SU(6) resuit { 11] for the moment raiio of
Mp/pn = —1.5, which is to be compared to the exper-

imental value of (10 /us = —1.48 Furthermore
nental vaiue ot {u,/ ’”""/expﬂ urthermore

with a measured value of u, = 2.79un, Eq. (12)
suggests that my 4 is about a third of the nucleon mass.
In this way the simple constituent quark model actu-
ally provides a reasonable fit to all the octet moments
(Table 1), especially if we allow for a heavier strange

constituent quark mass, m, 4/m, ~ 0.6.
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Table 1
Different fits to the baryon magnetic moments via KS equations

Magnetic Simple Karl’s Chiral

moments quark best-fit quark

model model
= (.1

s=—12

p 2.79 2.68 2.69 2.69
n —1.91 -1.92 —1.85 —1.88
st 2.48 2.55 2.59 2.56
= —1i.16 -1.13 —-1.22 —1.i6
=5 —-1.25 ~1.40 —-1.33 —1.37
=i ~0.68 —0.48 —0.61 —0.48
A —0.61 -0.59 —0.59 —0.60
AT —1.60 —-1.60 —1.53 —1.58
Y 1.76 2.42 274
ta ~1.00 —1.21 —1.37
s —0.61 —0.71 -0.82

The simple quark model and Karl's best-fit results are from Ref.
(8], with the quark model having a x%/DF = 7.35/5 compared
to the best-fit with 4.42/4. Here the u;, are among the parameters
being varied to produce the fits. Thus no specific assumption
about the gyromagnetic ratio such as g, = 2 has been made. The
last column is meant to illustrate the ability of the chiral quark

madal ¢4 ansavn t far 2/ Wa hava talanm Ao A th vl
mMGGe1 W allunn 107 wC nave Wkln &g = 44 wnul Vaiucs

as given in (22), and have, with the constraint of u, = —2uy
and ps /uy = 0.6, adjusted the remaining one independent value
of the u;, to get a good fit.

However, in 1988, EMC reported [1] their mea-
surement of the proton structure function g; ( x), which
seemed to suggest a quark contribution to the proton
spin very different from this simple quark model ex-
pectation (11). Using SU(3) symmetry and baryonic
weak axial-vector couplings g4 = 1.254, F/D = 0.632
and the g, sum rule, one could deduce the various

auark contributions to the o
arx contripulions 1o e prof

..t

=0.75+0.12,
As=-0.22+0.12,

Ad =-051+£0.12,
A3 =0.02+£0.21. (14)

The discrepancy between the phenomenological
values (14) and the quark model expectations (11) ~

Cprlell_)’ Lic muu,auuu Ul lllC prosence lll UlU l)lolUll

a strongly polarized strange quark sea, and the pos-
sibility that proton gets almost none of its spin f.rom
quarks - caused it to be called the “proton spin crisis”.
It is certainly puzzling why the simple quark model
spin structure (11) can lead to a satisfactory descrip-

tion of the baryon magnetic moments, and yet fails
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to be in agreement with a more direct measurement
(14)?

4. A combined analysis of the proton spin and
baryon magnetic moment data

Instead of viewing this discrepancy as a definitive
failure of the constituent quark model, we consider
it as showing that for certain phenomena the effects
of the quark sea can be very important. The issue is
then what are the properties of the quark sea do the
observations imply, and what mechanism can produce
such a quark sea. We may start with the following
questions:

(1) Does a good fit to the baryon magnetic moments
necessarily mean that the quark contributions to the
proton spin must have the sQM values (11)? Or, does
the measured spin factors (14) yield a good (or even
better) fit to the magnetic moments?

(ii) As both spin factors Ag’ and magnetic moments
W are related to the quark polarizations inside the
proton, can an analysis using (Ag) g, and pp values
lead to further insights into the proton spin structure,
above and beyond what each set can reveal?

It turned out that the analysis performed in 1992
by Karl [8] had gone a long way in answering these
questions. What Karl did was to use the KS equa-
tions: (3)-(10), to search for the values of (Ag)’ so
that the best-fit (in the sense of lowest x2, etc.) to
all the measured baryon magnetic moments could be
obtained. He found the following set:

Au=086+0.12, Ad=-0.40+0.12,

As=-020+0.12, AS=027+0.21. (15)

The fit it produces is berter than the simple quark
model fit. See Table 1 for more detail. Thus the answer
to question (i) is that the required magnetic moment
best-fit values (15) are actually closer to the measured
spin values (14) than (Aq)om of (11).

In the meantime, the EMC result has been extended
by further analysis [1], by new measurements by
SMC, E142 and E143 [12], extending to neutron tar-
get, to larger kinematic regime, with better statistics.
With even higher order QCD corrections [13] in-
cluded, we now know that the Bjorken sum rule [3] is
verified [ 14] to an accuracy about 12%, and, although

the original EMC result (14) has been confirmed in
general terms, with improved accuracy the values of
the proton spin components have been slightly mod-
ified. In particular, the total quark contribution to the
proton spin is no longer being consistent with zero.
The more recent result [14] is

Au=0.83£0.06,
As=—-0.10+0.06,

Ad = -0.42 + 0.06,
AX =0.31+0.11, (16)

which is even more similar-in-value to the Eq’ of Eq.
(15) than the values known in 1992 when Karl per-
formed his best-fit analysis. This closeness-in-value
between (AG)expu of Eq. (16) and (Agq),, of Eq.
(15) immediately allows us to infer that antiquark po-
larization inside the proton Az = (g; —g,) is small.
In more quantitative terms, the antiquark to quark po-
larization fraction &; can be expressed as the differ-
ence and_sum ratio of the two kinds of spin factors,
Ag and Ag. From Egs. (1) and (2), we have

(17)

After substituting in the values (15) and (16), and
combing errors by quadrature, we have

67 =0.02+0.08, &;=0.02+0.16,
6;=033+045. (18)

They are all consistent with being zero, although the
error on the anti-strange quark polarization is quite
large. Still, this result is suggestive that the polariza-
tion of the antiquarks in the quark-sea is suppressed.

As explained at the end of Section 2, Egs. (3)-
(10) as written down by Karl [8] have A¢’ in place
of Ag’. Thus he was not able to make the connection
to the antiquark polarization result as discussed in this

paper.

5. Spin and magnetic moment in the chiral quark
model

The measured values Ag’ in Eq. (16) are all smaller
than the sQM prediction (11). Thus the quark sea
must have the following specific features: for each
flavor, the quark sea must be strongly polarized in
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the direction opposite to the proton spin, and yet the
aniiquarks in this sea are not much polarized. We shall
show that the chiral quark model produces just such a
qunr\( sea.

Qi 3G

The basic idea of the chiral quark model is that the
energy scale associated with chiral symmetry break-
ing Aysg ~ 1 GeV is much larger than that associ-
ated with QCD confinement Aqcp = 0.1-0.3 GeV.
The distance scale in between these two nonperturba-
tive QCD thresholds just corresponds to the interior
of a hadron (but not so short a distance when per-
turbative QCD becomes operative). In this intermedi-
ate non-perturbative QCD regime, the relevant degrees
of freedom are the quasiparticles of quarks, gluons,
and the Goldstone bosons associated with the sponta-
neous breaking of the SU(3) x SU(3) chiral symme-
try. Here, the quarks propagate in a ground state filled
with the collective excitations of ¢g condensates and

in this way gain a large constituent quark mass. The

Cinaldetana hacnne are the noenal ncandne m,
LO1GSIONC 0OSOCNS are ine usua: Po\,'uuuocalnar mesons,

but propagating here in the interior of the hadron. (we
shall refer to them as the internal Goldstone bosons.)
The quark-gluon interactions of the underlying QCD
bring about chiral symmetry breaking and the Gold-
stone modes of excitations. However, when the de-
scription is reorganized in terms of the quasiparticle
effective fields of constituent quarks and Goldstone
bosons, we expect that the gluons will now have a neg-
ligibly small effective coupling. Thus, the only impor-
tant interaction is the coupling among the Goldstone
bosons and quarks.

A quark sea created through internal Goldstone bo-
son (GB) emissions by a valence quark,

/ - /

91— GB+q,— (a9, 4\, (19
has just the desired spin polarization features. The
coupling of the pseudoscalar Goldstone boson to the
quarks will flip the polarization of the quark: g7 —
g . We note that the final state g carries all the polar-
ization of the pi‘()uuecu quau(-bt:d, as the pali‘ \q q )0
- coming out of the Goldstone boson — must be in the
spin-zero combination

—_—
S
~Q\ 1

N’

[}

(019, - a,d; ) - (20)
91 )

T35

<
<| -
()]

The quark sea created bv such a mechanism will be
polarized, as given by q in a direction opposite to
the proton spin, and the produced antiquark ¢’ must

be unpolarized (i.e., equal probability for q_’T and q})
as shown in {20).

In a previous publication [7] we have shown that
the broken-U(3) version of the chiral quark model
with two parameters (the octet and singlet Goldstone
bosons couplings to the quarks) can provide a simple
and unified account of the proton’s spin and flavor
puzzles. The quark contributions to the proton spin
have been calculated to be

>
w

+ 8¢?

!'\

U=

(N EY

5

1y¢
91

>

d=~%—%(l—s‘2)a, As=—a. 2D
where a « |gs|* is the probability for a u-quark to
emit a 7+ [and its SU(3) generalizations], s = g,/gs
is the singlet and octet Goldstone boson coupling ra-
tio. We have shown that with a choice, for example, of
a=0.1and s = —1.2, this model yields a &-d asym-
metry compatible with the observed violation of the
Gottfried sum ruie { 157, and the observed asymmetry
in the proton-neutron Drell-Yan processes [16], etc.

Such nnrnmptprc then \np]d thrnnoh Pn ('71 \ the spin

1h ) v SpRr

values as
Au=0.79, Ad=-032, As=-0.10,
A3 =037, (22)

to be compared to the phenomenological values (16).

Before discussing all the magnetic moments, let us
first show that the well-known SU(6) result for the
proton-neutron ratio is maintained in the chiral quark
model. Substituting (21) into Egs. (3) and {(6) we
have

Hp M,
P I

i.e., the SU(6) result is preserved in the flavor-SU(3)
Ilmlt of m, y = my

That our result (22) is reasonably close to
the (Aq).,.y Of (16), which are in turn close-in-value
to (Aq)y, 'of (15), leads us to expect that this model
should be able to give a satisfactory description of the
baryon magnetic moments as well. In the last column
of Table 1 the numerical values for the illustrative pa-

ramatare AfF 2 N TN and ~ 1

= nen meacantad

2
IAlIIVIVIDO UL U = v.lv alil § = 1.4 dlC ylcaclllcu OUC

should keep in mind that our’s is an SU(3) symmet-
ric calculation, as it is based on KS equations and the
SU(3) x U(1) symmetric chiral quark model. The
only SU(3) breaking effect that has been taken into



370 T.P. Cheng, L.-F. Li / Physics Letters B 366 (1996) 365-370

account is the different constituent masses m,, 4 # m;
in the mmrl( intrinsic moments. Thus we do not rpallv

expect a better than 20%-30% agreements from the
model predictions.

6. Discussion

The KS equations, whether used in the simple con-
stituent quark model, the chiral quark model, or the
best-fit prcgram uy Karl, give a reasonauny gOOu ac-
count of u%. We interpret this fact to mean that the ba-
sic idea of the baryon magnetic moment being built up
from the constituent quark moments is a robust frame-
work. We have thus neglected possible contribution to
the baryon magnetic moment by the orbital motion of
the quarks. The success of the fits may be viewed as
an a posteriori justification of this assumption. In this
framework, we have shown that the antiquarks inside

tha nroton ara not cionificantly nalarizad And cuch a
ul Prowoil are Do Signincanuy poiarizea. Ang, sucit a

spin structure fits nicely into the chiral quark model ap-
proach where the antiquarks are produced through the
emissions of the spin-zero internal Goldstone bosons.

Many authors [17] have suggested that the de-
viation of the “observed” quark spin contribution
(Aq)expy from the simple quark model prediction
(Ag)om s due 10 a possible gluonic polarization
AG. These authors argued that one must first subtract
out this gluonic term in order to reveal the “true” quark
contributions, (Aq)epy = (84)y, — (a;/2m)AG,
and they suggest that only then do we expect agree-
ment with the quark model expectation, (Aqg) . =
(Aq)gm - According to this approach, one would
then predict, because of the stmple quark model prop-
erty of Ag = Ag, that the best-fit (Aq)’ should be

claca in value to the v/ of ¢ Ko 1 has chawn
\ron\' lll Yailus tU LII\- \u({}SQM UL \ l l } A\LLll uua OIIUWL\

that (11) actually is not as a good fit as the values of
in (15). We interpret it to mean that this particular
scenario with a significant AG is not favored by the
magnetic moment data.

On the other hand, the broken-U(3) version of the
chiral quark model [7] can account for all these spin
and magnetic moment data, as well as the flavor struc-
ture, in a simple and natural way. This list of positive
attributes of the chiral quark model has been enhanced

by the independent suggestion that Goldstone boson
exchanges can provide a better description of the fine-
structure features of the hadron spectroscopy [ 18]. To
us, all these results suggest that the original nonrela-

tivistic quark model is basicly correct in its descrip-

tion of the low energy hadran nhvcice Tt anly naade ¢
---------- uauiun Py SICS, 1l viy neeas I.U

be augmented by a hght quark sea which is generated
perturbatively by the valence quarks through internal
Goldstone boson emissions. This approach to the fun-
damental problem of proton structure warrants further
investigation.
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Erratum

The antiquark polarization inside the proton is small
[Phys. Lett. B 366 (1996) 365] *

T.P. Cheng, Ling-Fong Li

We have overstated our result that the quark contributions to the proton spin and the octet baryon magnetic
moments can be used to show that “the antiquark polarizations Az inside the proton is small”. The baryon
magnetic moments are sums of the bilinear products of quark spin and quark magnetic moments ug =

(Au) My + (Ad) Ma + (As) s where Aq Ag— Az (as compared to the quark contribution to baryon
B

spin Ag = Ag+ Agz). Therefore, in order to fix the scale, one needs an input of at least one Aq or one i,

value. An interpretation of Karls analysis [8] should then be that, after taking A7 = 0 (i.e. Aq = Ag), one
can show that the Ag’s, as deduced from the polarized DIS scatterings and baryon axial couplings, lead to a
good description of the baryon magnetic moments (better than that given by the simple quark model without
a quark sea). Consequently, our result should be properly stated as saying that the magnetic moment data are
consistent with Az = 0.

Of course in the chiral quark model we naturally have Az = 0, and our (successful) broken-U(3) chiral
quark model calculation of the baryon magnetic moments are not at all affected by this scaling-back of the
more general claim.

* SSDI of original article: 0370-2693(95)01373-3.
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