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Recent experiments on the electromagnetic form factors
of the proton[1,2] and the neutron[3] using the recoil po-
larization technique have shown a dramatically different pic-
ture of the nucleon as compared with a previously accepted
picture [4,5]. Leaving aside the question of whether or not
the experimental results are in disagreement with each other
[6], which is the subject of many theoretical investigations
related to the role of two-photon contributions[7], the new
experiments for the proton[1,2] are in excellent agreement
with a model of the nucleon put forward in 1973[8] wherein
the external photon couples both to an intrinsic structure and
to a meson cloud through the intermediate vector mesons
sr ,v ,wd. On the contrary, the new experiments for the neu-
tron [3] are in agreement with the 1973 model up toQ2

,1 sGeV/cd2, but not so for higher values ofQ2 [9]. It is of
great current interest to understand whether a modification of
the 1973 parametrization can bring the calculation in agree-
ment with both proton and neutron data.

We use the formalism of[8] and introduce Dirac,F1sQ2d,
and Pauli,F2sQ2d, form factors. The observed Sachs form
factorsGE and GM can be obtained fromF1 and F2 by the
relations

GMp
= sF1

S+ F1
Vd + sF2

S+ F2
Vd,

GEp
= sF1

S+ F1
Vd − t sF2

S+ F2
Vd,

GMn
= sF1

S− F1
Vd + sF2

S− F2
Vd,

GEn
= sF1

S− F1
Vd − t sF2

S− F2
Vd, s1d

where we have introduced the isoscalar,FS, and isovector,
FV, form factors and usedt=Q2/4MN

2.
In 1973, the Dirac form factor was attributed to both the

intrinsic structure and the meson cloud, while the Pauli form
factor was attributed entirely to the meson cloud. Since this
model was previous to the development of QCD, no explicit
reference was made to the nature of the intrinsic structure. In
this article, we identify the intrinsic structure with a three-
valence-quark structure and reanalyze the situation. In par-
ticular, we study the question of whether or not there is a
coupling to the intrinsic structure also in the Pauli form fac-
tor F2. Relativistic constituent quark models in the light-front
approach[10,11] point to the occurrence of such a coupling.

In the meantime, the development of perturbative QCD
(PQCD) [12] has put some constraints on the asymptotic
behavior of the form factors—namely, that the non-spin-flip
form factor F1→1/Q4 and the spin-flip form factorF2
→1/Q6. This behavior has been very recently confirmed in a
perturbative QCD reanalysis[13]. The 1973 parametrization,
even if it was introduced before the development of PQCD,
had this behavior. In modifying it, we insist on maintaining
the asymptotic behavior of PQCD and introduce inF2

V a term
of the typegsQ2d / s1+gQ2d. The parametrization we use is
therefore

F1
SsQ2d =

1

2
gsQ2dF1 − bv − bw + bv

mv
2

mv
2 + Q2 + bw

mw
2

mw
2 + Q2G ,

F1
VsQ2d =

1

2
gsQ2dF1 − br + br

mr
2

mr
2 + Q2G ,

F2
SsQ2d =

1

2
gsQ2dFsmp + mn − 1 −awd

mv
2

mv
2 + Q2

+ aw

mw
2

mw
2 + Q2G ,

F2
VsQ2d =

1

2
gsQ2dF smp − mn − 1 −ard

1 + gQ2 + ar

mr
2

mr
2 + Q2G ,

s2d

with mp=2.793 andmn=−1.913. This parametrization en-
sures that the three-quark contribution to the anomalous mo-
ment is purely isovector, as given by SU(6). For the intrinsic
form factor we usegsQ2d=s1+gQ2d−2. This form is consis-
tent with PQCD and in addition is the form used in our
approach to the intrinsic three-quark structure by means of
algebraic methods[14]. The values of the masses here are
the standard ones:mr=0.776 GeV, mv=0.783 GeV, mw

=1.019 GeV. The five coefficientsbr, bv, bw, ar, aw and the
value of g are fitted to the data. Before comparing to the
data, two modifications are needed in Eq.(2). The first modi-
fication is crucial for the smallQ2 behavior and arises from
the large width of ther meson. This is taken into account as
in [8] by the replacement[15]
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mr
2

mr
2 + Q2 → mr

2 + 8Grmp/p

mr
2 + Q2 + s4mp

2 + Q2dGrasQ2d/mp

, s3d

with

asQ2d =
2

p
F4mp

2 + Q

Q
G1/2

lnSÎ4mp
2 + Q2 + ÎQ2

2mp

D . s4d

Since our intent is to compare with[8], we use the same
value of the effective widthGr=0.112 GeV.

The second(not important for the present range ofQ2

measurements) is the logarithmic dependence of pertubative
QCD. This can be taken into account by the replacement

Q2 → Q2lnfsL2 + Q2d/LQCD
2 g

lnfL2/LQCD
2 g

, s5d

with L=2.27 GeV andLQCD=0.29 GeV [16]. Since this
change gives rise to small corrections belowQ2

=10sGeV/cd2, we neglect it in the present paper.
We have determined the five coefficientsbr ,bv ,bw and

ar ,aw and the parameterg by a fit to recent data on electro-
magnetic form factors. Because of the inconsistencies be-
tween different data sets, most notably between those ob-
tained from recoil polarization and Rosenbluth separation,
the choice of the data to which to fit plays an important role
in the final outcome. We have used recoil polarization JLab

data for the ratiosRp=mpGEp
/GMp

andRn=mnGEn
/GMn

and
Rosenbluth separation data, mostly from SLAC, forGMp

and
GMn

, as well as some recent measurements ofGEn
. The data

actually used in the fit are quoted in the captions to Figs. 1–3
and are indicated by solid squares in those figures. The val-
ues of the parameters that we extract arebr=0.512, bv

=1.129, bw=−0.263, ar=2.675, aw=−0.200, and g

FIG. 1. Comparison between experimental and theoretical
spacelike nucleon form factors. Top panel: the proton magnetic
form factor GMp

/mpGD. The experimental values are taken from
[4]. Bottom panel: the ratiompGEp

/GMp
. The experimental data

included in the fit are taken from[2] (solid squares). Additional
data, not included in the fit, are taken from[1] (open circles) and
[17] (open triangles). The solid lines are from the present analysis
and the dashed lines from[8].

FIG. 2. Comparison between experimental and theoretical
spacelike nucleon form factors. Top panel: the neutron magnetic
form factorGMn

/mnGD. The experimental data are taken from[21].
Bottom panel: the ratiomnGEn

/GMn
. The experimental data are

taken from[3]. The solid lines are from the present analysis and the
dashed lines from[8].

FIG. 3. Comparison between experimental and theoretical
spacelike nucleon form factors: the neutron electric form factorGEn

.
The experimental data included in the fit are taken from[22] (solid
squares). Additional data, not included in the fit, are taken from[3]
(open circles) and[23] (open triangles). The solid lines are from the
present analysis and the dashed lines from[8].
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=0.515sGeV/cd−2. These values differ somewhat from those
obtained in the 1973 fit, although they retain most of their
properties—namely, a large coupling to thev meson inF1
and a very large coupling to ther meson inF2. Also the
spatial extent of the intrinsic structure is somewhat larger
than in [9], kr2l1/2.0.49 fm instead of.0.34 fm.

Figure 1 shows a comparison between the calculation
with parameters given above and proton data forRp
=mpGEp

/GMp
(bottom panel) and for GMp

/mpGD, where

GD=s1+Q2/0.71d−2 (top panel). In this figure, the 1973 cal-
culation, with no direct coupling toF2

V, is also shown. One
can see that the inclusion of the direct coupling pushes the
zero in Rp to larger values ofQ2 [in [9] the zero is at
.8 sGeV/cd2]. We note that any model parametrized in
terms of F1 and F2 will produce results forRp that are in
qualitative agreement with the data, such as a soliton model
[18] or relativistic constituent quark models[10,19]. Pertur-
bation expansions of relativistic effects also produce results
that go in the right direction[20]. Figure 2 shows the same
comparison, but with neutron data: forRn=mnGEn

/GMn
(bot-

tom panel) and for GMn
/mnGD (top panel). Contrary to the

case of the 1973 parametrization, the present parametrization
is in excellent agreement with the neutron data. This is em-
phasized in Fig. 3 where the electric form factor of the neu-
tron is shown and compared with additional data not in-
cluded in the fit. However, as one can see from Fig. 1, the
excellent agreement with the neutron data is at the expense
of a slight disagreement with proton data. To settle the ques-
tion of consistency between proton and neutron spacelike

data, one needs to(i) measure mpGEp
/GMp

beyond
6 sGeV/cd2 (this is the approved JLab experiment E01-109
[24]), (ii ) measureGMn

beyond 2sGeV/cd2 (this experiment
is in the course of analysis[25]), and (iii ) measureGEn

be-
yond 1.4sGeV/cd2 (this is the proposed experiment JLab
PR04-003[26]).

Recently it has been suggested that timelike form factors
be also used in a global understanding of the structure of the
nucleon[27,28]. The timelike structure of the nucleon form
factors within the framework of the 1973 parametrization has
been recently analyzed[29]. We use here the same method to
analyze the timelike structure of the form factors discussed
in this Brief Report. The method consists in analytically con-
tinuing the intrinsic structure to[28]

gsq2d =
1

s1 − geiuq2d2 , s6d

whereq2=−Q2 and u is a phase. The contribution of ther
meson is analytically continued forq2.4mp

2 as [15]

mr
2

mr
2 − q2 → mr

2 + 8Grmp/p

mr
2 − q2 + s4mp

2 − q2dGrfasq2d − ibsq2dg/mp

,

s7d

where

asq2d =
2

p
Fq2 − 4mp

2

q2 G1/2

lnSÎq2 − 4mp
2 + Îq2

2mp

D ,

FIG. 4. Comparison between experimental and theoretical time-
like nucleon form factors. Top panel: the proton magnetic form
factor uGMp

u. The experimental values are taken from[30] under the
assumptionuGEp

u= uGMp
u. Bottom panel: the proton electric form

factor uGEp
u. The solid lines are from the present analysis and the

dashed lines from[29].

FIG. 5. Comparison between experimental and theoretical time-
like nucleon form factors. Top panel: the neutron magnetic form
factor uGMn

u. The experimental values, not included in the fit, are
taken from[31] under the assumptionuGEn

u=0. Bottom panel: the
neutron electric form factoruGEn

u. The solid lines are from the
present analysis and the dashed lines from[29].
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bsq2d =Îq2 − 4mp
2

q2 . s8d

Our results for timelike form factors are shown in Figs. 4 and
5 together with those of[29]. The phaseu obtained from a
best fit to the proton data isu=0.397 rad.22.7°, again
somewhat different than the value.53° obtained in[29]. It
should be noted that the correction to the large-q2 data dis-
cussed in[29] has not been done in these figures. One can
see from these figures that while the proton form factoruGMp

u
obtained from analytic continuation of the present parametri-
zation is in marginal agreement with data, the neutron form
factor uGMn

u is in major disagreement. This result points once
more to the inconsistency between neutron spacelike and
timelike data already noted by Hammeret al. [32] and in
[29]. A remeasurement of neutron timelike data at
FRASCATI-DAFNE [33] would help resolve this inconsis-
tency. The result presented here is in contrast with that of the
1973 parametrization, which was in good agreement with
both proton and neutron timelike form factors. In Figs. 4 and
5, the electric form factorsuGEp

u anduGEn
u are also shown for

future use in the extraction ofuGMp
u anduGMn

u from the data.
This figure shows that the assumptionsuGEp

u= uGMp
u and

uGEn
u=0 used in the extraction of the magnetic form factors

from the experimental data are not always justified.
In conclusion, we have performed a reanalysis of the

combined spacelike and timelike data on the electromagnetic
form factors of the nucleon and found that one can obtain a
good fit to the spacelike neutron form factors measured re-
cently, but this is at the expense of a slight deterioration of
the fit for proton spacelike data and especially a failure to
describe neutron timelike data. The picture emerging from
the fit reported here is that of an intrinsic structure slightly
larger in spatial extent than that of[9], kr2l1/2.0.49 fm in-
stead of 0.34 fm, and a contribution of the meson cloud(qq̄
pairs) slightly smaller in strength than that of[9], ar

=2.675 instead of 3.706.
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