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Spin-dependent forces and electromagnetic structure of the nucleon
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The spin-dependent forces, which can arise from either nonperturbative instanton effects or perturba-

tive color magnetic interactions, cause the difference between u-quark and d-quark spatial distributions

inside the nucleon. Considering this SU(6) symmetry-breaking effect, the elastic electromagnetic nucleon

form factors and static magnetic moments of octet baryons can be well reproduced in the center-of-mass

(c.m. ) bag model. The same spin force effects on the deep inelastic polarized structure functions are also

discussed.

PACS number(s): 24.85.+p, 13.40.Fn, 13.60.Hb

I. INTRODUCTION

It has been shown that color magnetic spin-spin in-
teractions play a very important role in explaining had-
ron mass spectroscopy [1,2], the magnetic moments of
baryons [3,4], and the nonzero neutron electric form fac-
tor [5]. The electric form factor of the neutron would be
zero if the nucleon wave function were exactly SU(6)
symmetric. It was shown [5] that the SU(6) violation,
arising from configuration mixing in the nucleon due to
the color hyperfine interactions, gives a rather good
agreement with experiment for the neutron charge radius
and form factor.

However, color magnetic spin force, which is based on
perturbative quantum chromodynamics (QCD) and de-
rived from one-gluon exchange Breit-Fermi interactions,
might not be a unique source of SU(6) symmetry breaking
and is questionable at low energies. Another possible
and, perhaps, more important spin-dependent force
comes from nonperturbative instanton-induced interac-
tions [6—8]. The spin force generated by instanton effects
has the same form tr,. cr 5(r; —r } as the color magnetic
interactions and has been used to successfully explain the
hadron spectroscopy [9—11]. In this approach, the scalar
diquark, for instance, the u-d quark pair in the neutron,
has lighter mass and hence smaller spatial size than the
vector diquark due to the instanton interactions. One
possible configuration of quark distributions due to this
effect is that the two d quarks in the neutron are distri-
buted in the outer region while the u quark is dis-
tributed in the inner region. This is very similar to the

repulsive vector diquark (d-d quark pair in the neutron)
configuration given by the color magnetic interaction [5].
In this paper we will show that the spin-dependent
effects, which are generated by instantons or color mag-
netic interactions or both, provide a good description of
magnetic moments and electromagnetic form factors of
the nucleon and other baryons.

In the deep inelastic region, if the nucleon wave func-
tion had exact SU(6} symmetry, g&(x, Q ) would be zero.
The European Muon Collaboration (EMC) data [12]
combined with the Bjorken sum rule [13],however, indi-
cate g &

&0. In this paper we will show that the c.m. bag
model with spin-dependent force effects, which give a
nonzero Gg(Q ), can lead naturally to a nonzero and
negative g &

(x, Q ). The calculated g~(x, Q ) and its first
moment are also compatible with the EMC result.

II. ELASTIC FORM FACTORS
AND MAGNETIC MOMENTS

The electromagnetic form factors are defined by
' 1/2

&p'l~„(o) p)=, , u, (p')
(2n. ) Ep Ep

T

l CTp
X F&(Q )y„+F2(Q )

" q" u, (p) .

In the c.m. bag model [14] the yNN vertex can be written

fd'y e"'&p'IJ„(y)lp & =(2~)'fi'(p+q —p')&p'l~„(o)lp &

3

=(2n)5 (p+q —p') g f gd r;e '
q~ (r&, r2, r3)[e yoy„],q (r„r2,r3),

1~2,3 i =1
(2)
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where

q~ „(r„r2,r3)=q (r, )q (rz)q (r3)a~ . (3)

a!v is the SU(6) spin-fiavor wave function of the nucleon
and q (r) is the Lorentz-boosted quark wave function
[15]:

q(r)= 1

)!/2

r
ijo co—U

q~(r)=S(A)q(A 'r),
0 0S(A) —eh —+p ash —,
2 2

(4)

where eh Q =E& /M and q (r ) is the quark wave function
in the nucleon rest frame:

where co=2.04, r=r/~r~, R is the bag radius which can
be taken as a parameter in the model, jo,j, are spherical
Bessel functions, U is a two-component Pauli spinor,
and U+&yp=(o) U &g2=(!). The normalization factor is
N(o!)=[4!rR [1—jo(ro)]]/o! . By including the sPin
force effect, the quarks have different spatial wave func-
tions in Eq. (3), the electric form factors of the nucleon in
the Breit frame can be written

Gg(Q2)
1 C I! dx 4' QRx . QRgx
3 I+r o &I+r &I+& [jo(eox)+j!(rex)] (6)

and

[jo(rox )+jt(cox)], (7)

where C =co /[1 —jo(co)] is a positive constant, R
denotes the radius of the u-quark spatial distribution in
the proton (R~), or the radius of d-quark distribution in

the neutron (Rd ) and r= Q /4M . The symmetry-
breaking parameter g denotes the ratio between the ra-
dius of d-quark distribution and u-quark distribution in

the proton: (=Rd/Rf =R„"/Rd, where isospin symme-

try is assutned, i.e., the u(d)-quark distribution in the
neutron is the satne as the d (u)-quark distribution in the
proton. In Eq. (7) the first term jo(QRx/&I+r) comes
from the struck d quark (in the neutron) and the second
term jo(QR(x/Yl+r) is struck u-quark contribution.
Several observations are as follows.

(!) The I+w and &I+r factor in (6) and (7) comes
from a Lorentz boost of the quark wave functions, hence
relativistic effects have been taken into account.

(ii) In the SU(6) symmetry limit of g= 1, Eq. (7) gives

Gg(Q )=0 while Eq. (6) reduces into the result of Ref.
[15]. The spin-dependent interactions break the SU(6)
symmetry and lead to R„"&Rd and (& 1, this gives a
nonzero Gg(Q ) as shown in Fig. 1.

(iii) It should be noted that for the neutron electric
form factor the coefficient (

—
—,') in Eq. (7) comes from

the matrix element of the struck quark charge operator
e and is negative. On the other hand, the u-quark con-
tribution in the second term of Eq. (7), is larger than the
d-quark contribution in the first term, so that the neutron
charge form factor and its slope at Q =0 are both posi-
tive.

(iv) The parameter g can be determined by fitting the
rms charge radius of the proton. From (6) and

(r ),„=0.682 fm, we obtain /=0. 83. Using this value

we predict the neutron charge radius (r„)= —0. 112 fm,
which agrees very well with data [16]: (r„),„~=—0. 117
frn . It is interesting to note that from (6) and (7) we have

(r )—2 3
2M2

2(1 —
g )

g2
(8)

With /=0. 83, rhs = —0. 188, while using the data one ob-
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FIG. l. Comparison of the Gg ( Q } calculated in the

symmetry-breaking c.m. bag model with the data. Solid curve is

phenomenological fit given by Gari and Krumpelmann [16].
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FIG. 2. Comparison of the calculated Gg (Q ) with the data. FIG. 4. Comparison of the calculated GQ(Q ) with the data.
The notation of lines is the same as in Fig. 3.
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FICx. 3. Comparison of the calculated G~(Q~) with the data.

Long dash curve: /=0. 95; short dash curve: /=0. 85; dot-
dashed curve: pion cloud correction; solid curve: /=0. 85 plus
pion cloud correction.

tains lhs= —0.190. The agreement is excellent.
(v) The result for Gg ( Q ) is shown in Fig. 2 and the

agreement with data is quite good. One can see that the
proton electric form factor is not as sensitive to the spin-
dependent effects as in the neutron case. This is because
the u-quark contributions, 4jo(QRx/&I+a) term in (6),
dominate the integral. The situation for the neutron is
quite different; for SU(6) symmetric wave function the u-

quark and d-quark contributions cancel each other in (7)
and lead to Gz(Q )=0, so a nonzero neutron charge
form factor is very sensitive to the symmetry-breaking
effects or the parameter g.

(vi) Similarly, one can obtain the magnetic form factors
of the nucleon, GQ(Q ) and GM(Q ). The numerical re-

sults are shown in Figs. 3 and 4. The theoretical predic-
tions agree well with the experimental data except for
Q2&0. 3 GeVz. However, in the low-Q region pion
cloud corrections should be added (e.g. , see Ref. [17]).

For the static magnetic moments we obtain

I n 2 8MR(1 g')

ILI 3
'

4MR (8+()+27I, /Io
(9)

where

1Io= x dxjo(nIx)j&(uIx),
0

1I, = x dx[jII(cox) —
—,'jI(cox)] .

(10)

Hence we have JLI„/pz = —0.65 which is compatible with
the data: (p„/pz), „z=—0.68. The small discrepancy
could be removed by including the pion cloud correc-
tions. In the SU(6) symmetry limit, g~ l, a~0, from (9),
the well-known SU(6) result p„/p~ = ——', is reproduced.

(vii) To verify whether the same spin-dependent force
effect also provides a good description of electromagnetic
structure of the hyperons, we examine the X+ hyperon
which has the same SU(6) wave function as the proton
but with an s quark replacing the d quark. We assume
the u-quark spatial distributions in X+ are the same as
that in the proton, while the s-quark distribution in X+ is
closer to the center than the d quark in the proton be-
cause, in addition to the spin force effect, there is a quark
mass effect (m, )md ). Using g, to denote the ratio be-
tween the radius of the s-quark distribution and that of
the u-quark distribution in X+, we should have g, ~ g~ 1.
From the data Iu, + =2.42 nm we obtain g', =0.70. Using

the symmetry-breaking parameters /=0. 85 and g, =0.70
(R = 1.0 fm), we calculate the magnetic moments of octet
baryons. The comparisons of our results with data and
other models [17—21] are listed in Table I. The agree-
ment is quite good. It should be noted that for the A
hyperon, there are no pion cloud corrections hence less
ambiguities. Our result pA= —0.616 nm agrees very well
with the data ( —0.613+0.004).
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TABLE I. Comparison of the calculated magnetic moments of baryons with data and other models.

Baryon Data

2.793
—1.913

—0.613+0.004
2.42+0.05

—1 ~ 157+0.025
—1.25+0.014
—0.679+0.031

This paper

2.736
—1.971
—0.616

2.423
0.728

—1.070
—1.309
—0.650

NQM'

2.70
—1.80
—0.59

2.59
0.81

—1.01
—1.36
—0.46

SKMb

2.03
—1.58
—0.71

1.99
0.60

—0.79
—1.55
—0.64

BSM'

1.87
—1.31
—0.41

2.07
0.51

—1.05
—1.15
—0.14

CQM

2.696
—1.991
—0.614

2.475

—1.088
—1.365
—0.552

'References [18 and 19].
bReference [20].
'Reference [21].
Reference [17].

III. DKKP INELASTIC STRUCTURE FUNCTIONS

A detailed discussion of the deep inelastic structure
functions of the nucleon in the c.m. bag model with spin
force effects will be given elsewhere. Here we only list
part of the result and give a brief discussion on spin-
dependent structure function g, . In the MIT bag model
[22], where as a result of SU(6) symmetry, gl(x)=0.
However, including the symmetry-breaking effects, g", (x)
would be nonzero. The result from the c.m. bag model is
shown in Fig. 5. The corresponding g, (x) is shown in

Fig. 6. Several comments are in order.
(i) The structure function g", (x) is nonzero and nega-

tive. This is because the structure function comes from
the hadronic tensor and is proportional to the matrix ele-
ment of axial vector current: (N~e~y„ys~E). Using the
bag-model quark wave function, this matrix element can
be reduced into a product of the matrix element
U eqo. , U and the integral involving the quark spatial
wave function, where eq, O„and U are the squared
charge operator, spin projection operator, and the Pauli
spinor of the struck quark. We note that, contrary to the
elastic electric form factor in Eq. (7) (where only the
struck quark charge operator is involved and the

coefficient is negative) the coefficient before the spatial in-
tegral now becomes positive. Due to the spin force
effects the u-quark spatial integral has more weight than
d quark, so that g", becomes negative.

(ii) Similar to the neutron electric form factor, g, is
very sensitive to the symmetry-breaking effects (or g).
Measurements of g", with high accuracy would thus be
quite helpful in understanding nucleon structure.

(iii) The symmetry-breaking effects reduce g ~I (x ) and
its erst moment as shown in Fig. 6. The numerical result
shows that fodxglI'(x)=0. 109 for (=0.85, which is

compatible with the EMC data (0. 126+0.010+0.015).
(iv) Since f cdx g", (x) = —0.03, hence f odx [g~I(x)

—g", (x)]=0.14, which is less than that expected from
the Bjorken sum rule (g„/6, even we use c.m. bag-model
value g„=0.109). However, the small-x behavior of g~I

and g", is not clear and depends on different assumptions
[23,24]. As we discussed in the unpolarized case [14], in
the small-x region (x &0.3) the Regge corrections and
sea quark contributions should not be ignored. In the
Bjorken sum rule, the polarized sea quark contributions
in g~& and g &

eaneel, but the Regge contributions do not.
Hence a suitable Regge term could increase the g~~ and
reduce g &, and the Bjorken sum rule might be restored.
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FIG. 5. Calculated g", (x} from symmetry-breaking c.m. bag
model.

FIG. 6. Comparison of the calculated g~i{x) with the EMC
data at (g ) =10.7(GeV/e) .
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IV. SUMMARY

We have shown that the c.m. bag model with the spin-
dependent forces, which are generated by nonperturba-
tive instanton interactions or perturbative color magnetic
interactions or both, provides a satisfactory description
of the static magnetic moments and elastic form factors
of the nucleon and other baryons (with small pion cloud
corrections at very low-Q region), and can also qualita-
tively describe the deep inelastic nucleon structure func-

tions except for small-x region, where the Regge and sea
quark contributions should be included.
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