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Space- and time-like electromagnetic form factors of the nucleon
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Recent experimental data on space- and time-like form factors of the nucleon are analyzed in terms of a two-component model with a quark-
like intrinsic structure and a meson cloud. A good overall agreement is found for all electromagnetic form factors with the exception of the
neutron magnetic form factor in the time-like region.
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Se presenta el análisis de datos experimentales recientes de los factores de forma de espacio y tiempo del nucleón. Este ańalisis se realiza
en t́erminos de un modelo de dos componentes con una estructura intrı́nseca tipo quark y una nube masónica. Se obtuvo un buen acuerdo
general para todos los factores de forma electromagnéticos con excepción del factor de forma magnético del neutŕon en la regíon temporal.
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1. Introduction

The structure of the nucleon is of fundamental importance
in nuclear and particle physics. The electromagnetic form
factors are key ingredients to the understanding of the in-
ternal structure of composite particles like the nucleon since
they contain the information about the distributions of charge
and magnetization. The first evidence that the nucleon is not
a point particle but has an internal structure came from the
measurement of the anomalous magnetic moment of the pro-
ton in the 1930’s [1], which was determined to be 2.5 times
as large as one would expect for a spin1/2 Dirac parti-
cle (the actual value is 2.793). The finite size of the pro-
ton was measured in the 1950’s in electron scattering ex-
periments at SLAC to be∼ 0.8 fm [2] (compared to the
current value of 0.895 fm). The first evidence for point-
like constituents (quarks) inside the proton was found in
deep-inelastic-scattering experiments in the late 1960’s by
the MIT-SLAC collaboration [3], which eventually together
with many other developments would lead to the formulation
of QCD in the 1970’s as the theory of strongly interacting
particles.

The complex structure of the proton manifested itself
once again in recent polarization transfer experiments [4, 5]
which showed that the ratio of electric and magnetic form
factors of the proton exhibits a dramatically different be-
havior as a function of the momentum transfer as compared
to the generally accepted picture of form factor scaling ob-
tained from the Rosenbluth separation method [6,7]. The dis-
crepancy between the experimental results has been the sub-
ject of many theoretical investigations which have focussed
on radiative corrections due to two-photon exchange pro-
cesses [8,9].

The new experimental data for the proton form factor
ratio are in excellent agreement with a phenomenological
model of the nucleon put forward in 1973 [10] wherein the

external photon couples both to an intrinsic structure and to
a meson cloud through the intermediate vector mesons (ρ, ω,
andϕ). The linear drop in the proton form factor ratio was
also predicted in a chiral soliton model [11] before the po-
larization transfer data from Jefferson Lab became available
in 2000 [4, 5]. On the contrary, the new experimental data
for the neutron [12] are in agreement with the vector meson
dominance (VMD) model of [10] for small values ofQ2, but
not so for higher values ofQ2.

The aim of this contribution is to present an simultaneous
study of all electromagnetic form factors of the nucleon not
only in the space-like region where they can be measured in
electron scattering experiments, but also in the time-like re-
gion where they can be studied through the creation or annihi-
lation of a nucleon-antinucleon pair. The analysis is carried
out in a modified version of [10]: a two-component model
consisting of an intrinsic (three-quark) structure and a meson
cloud whose effects are taken into account via vector meson
dominance (VMD) couplings [13].

This manuscript is organized as follows: in Sec. 2 the ex-
perimental situation for the form factor ratio of the proton is
reviewed briefly. The main ingredients of the two-component
model of [13] and its application to the space-like form fac-
tors are discussed in Sec. 3 and extended to the time-like re-
gion in Sec. 4. The last section contains the summary and
conclusions.

2. Electromagnetic form factors

Electromagnetic form factors provide important information
on the structure of the nucleon. Relativistic invariance de-
termines the form of the nucleon current for one-photon ex-
change to be

Jµ = F1(Q2) γµ +
1

2M
F2(Q2) iσµνqν , (1)
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whereM denotes the nucleon mass,q = (ω, ~q) is the four-
momentum of the virtual photon andQ2 = −q2. F1 denotes
the Dirac form factor, andF2 represents the helicity flip Pauli
form factor which is proportional to the anomalous magnetic
moment. The Sachs form factors,GE andGM , can be ob-
tained fromF1 andF2 by the relations

GE(Q2) = F1(Q2)− τF2(Q2) ,

GM (Q2) = F1(Q2) + F2(Q2) , (2)

with τ = Q2/4M2. GE andGM are the form factors de-
scribing the distribution of electric charge and magnetization
as a function of theQ2 satisfying

GEp/n
(0) = ep/n ,

GMp/n
(0) = µp/n , (3)

whereep/n andµp/n denote the electric charge and magnetic
moment of the proton/neutron.

2.1. Rosenbluth separation method

The differential cross section for elastic electron-nucleon
scattering is given by the Rosenbluth formula [14]

dσ

dΩ
=

(
dσ

dΩ

)

Mott

[
G2

E + τG2
M

1 + τ
+ 2τG2

M tan2 θ

2

]

=
(

dσ

dΩ

)

Mott

τ

ε(1 + τ)

[
G2

M +
ε

τ
G2

E

]
, (4)

whereε = 1/[1 + 2(1 + τ) tan2(θ/2)] is the linear polariza-
tion of the virtual photon andθ the scattering angle. For a
point-like proton (GE = GM = 1) this expression reduces
to the differential cross section for electron scattering off a
spin-1/2 Dirac particle. By measuring the differential cross
section at a fixed value ofQ2 as a function ofε (or equiv-
alently, as a function of the scattering angleθ), the electric
and magnetic form factors can be disentangled according to
the Rosenbluth separation method. However, for large val-
ues ofQ2 the measured cross section is dominated by the
magnetic form factor, which makes the determination of the
electric form factor difficult due to an increasing systematic
uncertainty withQ2. The electric and magnetic form factors
obtained with the Rosenbluth method can be described to a
reasonable approximation (up to the 10-20% level) by the so-
called dipole fit [15]

GEp(Q2) ≈ GMp(Q2)
µp

≈ GMn(Q2)
µn

≈ GD(Q2)

=
1

(1 + Q2/0.71)2
. (5)

The electric form factor of the neutron is relatively small and
was parametrized in 1971 by the the Galster formula

GEn(Q2) = −µn
aτ

1 + bτ
GD(Q2), (6)

with a=1 and b=5.6 [16]. In a more recent fit, the coefficients
a andb were determined to bea = 0.888±0.023 and b=3.21
± 0.33 [12].

2.2. Polarization transfer method

In recent years, experiments with polarized electron beams
have become feasible at MIT-Bates, MAMI and Jefferson
Lab. In polarization transfer experiments

~e + p → e + ~p, (7)

the polarization of the recoiling proton is measured from
which the ratio of the electric and magnetic form factors can
be determined directly as

GE

GM
= −Pt

Pl

E + E′

2Mp
tan

θ

2
, (8)

wherePt andPl denote the polarization of the proton perpen-
dicular and parallel to its momentum in the scattering plane.
E andE′ denote the initial and final electron energy. The
simultaneous measurement of the two polarization compo-
nents greatly reduces the systematic uncertainties. The re-
sults of the polarization transfer method showed a big sur-
prise. The ratio of electric and magnetic form factors of the
proton dropped almost linearly withQ2 [4,5]

Rp =
µpGEp(Q2)
GMp(Q2)

≈ 1− 0.13(Q2 − 0.29) , (9)

in clear disagreement with the Rosenbluth results of Eq. (5)
which correspond to a constant value ofRp

Rp ≈ 1. (10)

The vector meson dominance (VMD) model proposed in
1973 by Iachello, Jackson and Lande [10] is in excellent
agreement with the new polarization transfer data, although
for GEp this model is in poor ageement with the SLAC data
over the entireQ2 range [7]. Also Holzwarth predicted a
linear drop in the proton form factor ratio [11] before the po-
larization transfer data from Jefferson Lab became available
in 2000 [4,5]. Since then several theoretical calculations have
reproduced this behavior [17].

To illustrate the difference between the two methods, I
show in Fig. 1 the proton form factor ratioRp obtained from
the Rosenbluth separation technique [6] and from the po-
larization transfer experiments [4, 5]. In view of the ob-
served discrepancy the old Rosenbluth data have been rean-
alyzed [18] and were found to be in agreement with form
factor scaling of Eq. (10). In addition, new Rosenbluth ex-
periments have been carried out recently at JLab [19, 20] to
try to settle the contradictory experimental results. Also in
this case, the new results agree within error bars with those
obtained earlier at SLAC [6]. Theoretically, radiative correc-
tions due to two-photon exchange processes are being inves-
tigated as a possible source of the observed differences [8,9].
The importance of two-photon exchange processes can be
tested experimentally by measuring the ratio of elastic elec-
tron and positron scattering off a proton [21].
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FIGURE 1. Comparison of the proton form factor ratioRp =
µpGEp/GMp obtained from the Rosenbluth separation method [6]
(filled circles) and from the polarization transfer method [4] (filled
inverted triangles) and [5] (filled triangles). The dotted and solid
lines are calculated with Eqs. (9) and (10), respectively.

3. Vector meson dominance

The first models to describe the electromagnetic form fac-
tors of the nucleon are based on vector meson dominance in
which it is assumed that the photon couples to the nucleon
through intermediary vector mesons with the same quantum
numbers as the photon [10, 22–24]. In order to take into ac-
count the coupling to the vector mesons the proton and neu-
tron electromagnetic form factors are expressed in terms of
the isoscalar,FS , and isovector,FV , form factors as

GMp =
(
FS

1 + FV
1

)
+

(
FS

2 + FV
2

)
,

GEp =
(
FS

1 + FV
1

)− τ
(
FS

2 + FV
2

)
,

GMn =
(
FS

1 − FV
1

)
+

(
FS

2 − FV
2

)
,

GEn =
(
FS

1 − FV
1

)− τ
(
FS

2 − FV
2

)
. (11)

In the VMD calculation of 1973 [10], the Dirac form factor
was attributed to both the intrinsic structure and the meson
cloud, and the Pauli form factor entirely to the meson cloud.
Since this model was formulated previous to the development
of QCD, no explicit reference was made to the nature of the
intrinsic structure. In this contribution, the intrinsic structure
is identified with a three valence quark structure. In particu-
lar, the question of whether or not there is a coupling to the
intrinsic structure also in the Pauli form factorF2 is stud-
ied. Relativistic constituent quark models in the light-front
approach [25,26] point to the occurrence of such a coupling.
Dimensional counting rules [27] and the development of per-
turbative QCD (p-QCD) [28] has put some constraints to the
asymptotic behavior of the form factors, namely that the non-
spin-flip form factorF1 → 1/Q4 and the spin-flip form fac-
tor F2 → 1/Q6. This behavior has been very recently con-
firmed in a perturbative QCD re-analysis [30, 31]. The 1973

parametrization, even if it was introduced before the devel-
opment of p-QCD, had this behavior. In modifying it, we
insist on maintaining the asymptotic behavior of p-QCD and
introduce inFV

2 a term of the typeg(Q2)/(1 + γQ2). These
considerations lead to the following form of the isoscalar and
isovector Dirac and Pauli form factors [13]

FS
1 (Q2) =

1
2
g(Q2)

×
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1−βω−βϕ+βω

m2
ω

m2
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m2
ϕ
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]
,
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1
2
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]
,

FS
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1
2
g(Q2)
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[
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ϕ
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]
,

FV
2 (Q2) =

1
2
g(Q2)

×
[

(µp − µn − 1− αρ)
1 + γQ2

+ αρ

m2
ρ

m2
ρ + Q2

]
, (12)

with µp = 2.793µN andµn = −1.913µN . This parametriza-
tion insures that the three-quark contribution to the anoma-
lous moment is purely isovector, as given bySU(6). For
the intrinsic form factor a dipole formg(Q2) = (1 + γQ2)−2

is used which is consistent with p-QCD and in addition
coincides with the form used in an algebraic treatment of
the intrinsic three quark structure [32]. The values of the
meson masses are the standard ones:mρ = 0.776 GeV,
mω = 0.783 GeV,mϕ = 1.019 GeV.

The large width of theρ meson is crucial for the smallQ2

behavior of the form factors and is taken is taken into account
in the same way as in [10] by the replacement [33]

m2
ρ

m2
ρ + Q2

→ m2
ρ + 8Γρmπ/π

m2
ρ + Q2 + (4m2

π + Q2) Γρα(Q2)/mπ
, (13)

with

α
(
Q2

)
=

2
π

√
4m2

π+Q2

Q2
ln

(√
4m2

π+Q2+
√

Q2

2mπ

)
. (14)

For the effective width the same value is taken as in [10,34]:
Γρ = 0.112 GeV. For small values ofQ2 the form factors are
dominated by the meson dynamics, whereas for large values
the modification from dimensional counting laws from per-
turbative QCD can be taken into account by scalingQ2 with
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the strong coupling constant [23]

Q2 → Q2 αs(0)
αs(Q2)

= Q2
ln

[(
Λ2 + Q2

)
/Λ2

QCD

]

ln
[
Λ2/Λ2

QCD

] . (15)

Since this modification is not very important for range ofQ2

values0 < Q2 < 10 GeV2 considered in the present contri-
bution, it will be neglected in the remainder.

The five remaining coefficients,βρ, βω, βϕ, αρ, αϕ

and the parameterγ are fitted 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 plays an important role in the final
outcome. In the present calculation the recoil polarization
JLab data for the form factor ratiosRp = µpGEp

/GMp
and

Rn = µnGEn
/GMn

are used in combination with Rosen-
bluth separation data, mostly from SLAC, forGMp

/µpGD

andGMn/µnGD, as well as some recent measurements of
GEn

. The data actually used in the fit are quoted in the fig-
ure captions to Figs. 2 to 6 and are indicated by filled sym-
bols. The values of the fitted parameters are:βρ = 0.512,
βω = 1.129, βϕ = −0.263, αρ = 2.675, αϕ = −0.200 and
γ = 0.515 (GeV/c)−2 [13]. These values differ somewhat
from those obtained in the 1973 fit, although they retain most
of their properties, namely a large coupling to theω meson in
F1 and a very large coupling to theρ meson inF2. The spa-
tial extent of the intrinsic structure is somewhat larger than
in [10], 〈r2〉1/2 ' 0.49 fm compared to' 0.34 fm.

Figs. 2 and 3 show a comparison between the calculation
with the parameters given above and the experimental data
for the proton magnetic form factorGMp/µpGD and the

FIGURE 2. Comparison between the experimental and theoretical
proton magnetic form factorGMp/µpGD in the space-like region.
The experimental data included in the fit are taken from [6] (filled
circles). Additional data, not included in the fit, are taken from [19]
(open inverted triangles) and from [20] (open triangles). The solid
line is from the present calculation and the dotted line from [10].

proton form factor ratioRp. The results of the 1973 calcu-
lation, with no direct coupling toFV

2 , are also shown. One
can see that the inclusion of the direct coupling pushes the
zero inRp to larger values ofQ2 (in [34] the zero is at'
8 (GeV/c)2). Note that any model parametrized in terms of
F1 andF2 will produce results forRp that are in qualitative
agreement with the data, such as a soliton model [11] or rel-
ativistic constituent quark models [25, 37]. Perturbation ex-
pansions of relativistic effects also produce results that go in
the right direction [38].

FIGURE 3. As Fig. 2, but for the proton form factor ratioRp =
µpGEp/GMp . The experimental data included in the fit are taken
from [4] (filled circles) and [5] (filled triangles) Additional data,
not included in the fit, are taken from [35] (open squares) and [36]
(open inverted triangles).

FIGURE 4. As Fig. 2, but for the neutron magnetic form factor
GMn/µnGD. The experimental data included in the fit are taken
from [39]: Rock & Lung (filled circles) and Xu (filled triangles)
and [40] (filled inverted triangles).

Rev. Mex. F́ıs. S52 (1) (2006) 17–25
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FIGURE 5. As Fig. 2, but for the neutron form factor ratioRn =
µnGEn/GMn . The experimental data included in the fit are taken
from [12] (filled triangles). Additional data, not included in the fit,
are taken from [46] (open circles) and [41] (open inverted trian-
gles).

FIGURE 6. As Fig. 2, but for the neutron electric form factor
GEn . The experimental data included in the fit are taken from [46]
(filled circles). Additional data, not included in the fit, are taken
from [12] (open triangles) [41] (open inverted triangles) and [47]
(open squares).

Figs. 2 and 3 show the same comparison, but for the neu-
tron. Contrary to the case of the 1973 parametrization, the
present parametrization is in excellent agreement with the
neutron data. This is emphasized in Fig. 6 where the electric
form factor of the neutron is shown and compared with ad-
ditional data not included in the fit. However, as one can see
from Figs. 2 and 3, the excellent agreement with the neutron
data is at the expense of a slight disagreement with proton
data. Finally, in Fig. 7 the results for the proton electric form
factor is shown in comparison with the experimental data ob-
tained from the Rosenbluth technique. To settle the question
of consistency between proton and neutron space-like data, it

is very important to extend the existing experimental infor-
mation to higher values ofQ2, more specifically:

• Measure the proton form factor ratioRp beyond 6
(GeV/c)2 among other things to see whether it indeed
goes through zero or not [42].

• Measure the neutron magnetic form factorGMn
be-

yond 2 (GeV/c)2. This experiment has been carried
out at JLab and is being analyzed at the moment [43].

• Measure the neutron electric form factorGEn beyond
1.4 (GeV/c)2. These experiments will be carried out at
JLab [44] and at MIT-Bates [45].

3.1. Charge and magnetization radii

The lowQ2 behavior of the electromagnetic form factors pro-
vides information about the charge and magnetization radii
which are related to the slope of the electric and magnetic
form factors in the origin by

〈
r2

〉
E

= −6
dGE(Q2)

dQ2

∣∣∣∣
Q2=0

,

〈
r2

〉
M

= −6
1
µ

dGM (Q2)
dQ2

∣∣∣∣
Q2=0

. (16)

In Table I the radii from the present calculation are compared
to the experimental values. The proton charge radius and the
magnetic radii of the proton and the neutron are equal within
the error bars. The calculated values show the same behav-
ior. However, the absolute values are underpredicted by a few
percent (note that the radii were not included in the fit).

FIGURE 7. As Fig. 2, but for the proton electric form factor
GEp/GD. The experimental data, not included in the fit, are
obtained from the Rosenbluth separation method [6] (open cir-
cles), [19] (open inverted triangles) and [20] (open triangles).
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TABLE I. Charge and magnetization radii of the nucleon.

Radius Present Experiment Reference〈
r2

〉1/2

Ep
0.838 0.895± 0.018 fm [48]

0.890± 0.014 fm [49]

0.862± 0.012 fm [50]〈
r2

〉1/2

Mp
0.825 0.855± 0.035 fm [17]

〈
r2

〉
En

−0.100 −0.115± 0.003 fm2 [51]〈
r2

〉1/2

Mn
0.834 0.873± 0.011 fm [40]

3.2. Scaling laws

Dimensional counting rules [27] and results from perturba-
tive QCD [28] show that to leading order the ratio of Pauli
and Dirac form factors scales asF2/F1 ∝ 1/Q2. How-
ever, the values extracted from the recently obtained data
from polarization transfer experiments show that, at least up
toQ2 = 5.6 (GeV/c)2, this ratio seems to scale rather as1/Q.
In the VMD approach of [10] this1/Q behavior was shown
to be transient,i.e. it is only valid in an intermediateQ2 re-
gion, but does not hold in the largeQ2 limit [52], whereas in
a p-QCD model with nonzero quark orbital angular momenta
wave it was argued that the1/Q scaling may be valid to arbi-
trary large values ofQ2 [53]. In the latter, it was attributed to
the presence of the nonzero orbital angular momentum com-
ponents in the proton wave function arising from the hadron
helicity nonconservation. A similar result was obtained in
a relativistic constituent quark model in which the condition
of Poincaŕe invariance induces a violation of hadron helicity
conservation [54]. On the other hand, in Ref. 31 it was ar-
gued that the nonzero orbital angular momentum contributes
to bothF1 andF2 in such a way thatF2/F1 ∝ 1/Q for in-
termediate values ofQ2 and∝ 1/Q2 for large values of the
momentum transfer.

In a recent p-QCD analysis of the Pauli form factor the
asymptotic behavior of the ratioF2/F1 was predicted to
be [30]

F2

F1
∝ ln2(Q2/Λ2

QCD)
Q2

, (17)

indicating that the quantity

A =
Q2

ln2(Q2/Λ2
QCD)

F2

F1
∝ 1, (18)

does not depend onQ2 in the asymptotic region. The coeffi-
cientΛQCD is a soft scale related to the size of the nucleon
ΛQCD = 0.300 GeV/c [17,23]. A similar form was obtained
in a study of light-front wave functions [31]. Figs. 8 and 9
show this ratio for the proton and neutron, respectively. The
data seem to approach a constant value, even though the do-
main of validity of p-QCD is expected to set in at much higher
values of Q2. In order to understand the onset of the

FIGURE 8. Comparison between the experimental and theoretical
values of the ratioAp = (Q2F2,p/F1,p)/ ln2(Q2/Λ2

QCD) in the
space-like region withΛQCD = 0.300 GeV/c. The experimen-
tal data are taken from [4] (open circles), [5] (open triangles), [35]
(open squares) and [36] (open inverted triangles). The solid line is
from the present calculation and the dotted line from [10].

FIGURE 9. As Fig. 8, but for the neutron. The experimental data
are taken from [46] (open circles), [12] (open triangles) and [41]
(open inverted triangles).

perturbative region of QCD, it is crucial to extend the polar-
ization transfer measurements to larger values ofQ2 both for
the proton and the neutron.

4. Time-like form factors

Time-like form factors are important for a global understand-
ing of the structure of the nucleon [55–59]. In the space-
like region (Q2 > 0) the electromagnetic form factors can be
studied through electron scattering, whereas in the time-like
region (Q2 < 0) they can be measured through the creation

Rev. Mex. F́ıs. S52 (1) (2006) 17–25
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FIGURE 10. Comparison between experimental and theoretical
proton magnetic form factor|GMp | in the time-like region. The
experimental values are taken from [60] under the assumption
|GEp | = |GMp |. The solid lines are from the present analysis
and the dotted lines from [34].

FIGURE 11. As Fig. 10, but for the neutron magnetic form fac-
tor |GMn |. The experimental values are taken from [61] under the
assumption|GEn | = 0.

or annihilation of a nucleon-antinucleon pair. The time-like
structure of the nucleon form factors has recently been an-
alyzed [34] in the VMD model of [10]. Here the same ap-
proach is used to analyze the time-like structure of the form
factors. The method consists in analytically continuing the
intrinsic structure to [13]

g(q2) =
1

(1− γeiθq2)2
, (19)

whereq2 = −Q2 andθ is a phase. The contribution of theρ
meson is analytically continued forq2 > 4m2

π as [33]

m2
ρ

m2
ρ − q2

→ m2
ρ + 8Γρmπ/π

m2
ρ − q2 + (4m2

π − q2)Γρ[α(q2)− iβ(q2)]/mπ
, (20)

where

α(q2) =
2
π

√
q2 − 4m2

π

q2
ln

(√
q2 − 4m2

π +
√

q2

2mπ

)
,

β(q2) =

√
q2 − 4m2

π

q2
. (21)

The results for the time-like form factors are shown in
Figs. 10 and 11. The phaseθ is obtained from a best fit to the
proton data:θ = 0.397 rad' 22.7◦, compared to the value
' 53◦ obtained in [34]. It should be noted that the correction
to the largeq2 data discussed in [34] has not been done in
these figures. One can see from these figures that while the
proton form factor,|GMp |, obtained from analytic continua-
tion of the present parametrization is in marginal agreement
with data, the neutron form factor,|GMn |, is in major dis-
agreement. This result points once more to the inconsistency
between neutron space-like and time-like data already noted
in Refs. 34 and 55. A remeasurement of the neutron time-
like data could help to resolve this inconsistency. The result
presented here is in contrast with the analysis of [34] that
was in good agreement with both proton and neutron time-
like form factors. In Figs. 12 and 13, the electric form factors
|GEp | and|GEn | are shown for future use in the extraction of
|GMp | and|GMn | from the data. These figures show that the
assumptions|GEp | = |GMp | and|GEn | = 0 used in the ex-
traction of the magnetic form factors from the experimental
data, are not always justified.

FIGURE 12. As Fig. 10, but for the proton electric form fac-
tor |GEp |.
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FIGURE 13. As Fig. 10, but for the neutron electric form fac-
tor |GEn |.

5. Summary and conclusions

In this contribution, a simultaneous study of the space- and
time-like data on the electromagnetic form factors of the
nucleon was presented. The analysis was carried out in a
two-component model, which consists of an intrinsic (three-
quark) structure and a meson cloud whose effects were taken
into account via VMD couplings to theρ, ω andϕ mesons.
The difference with an earlier calculation lies in the treatment
of the isovector Pauli form factorFV

2 . The inclusion of an in-
trinsic component inFV

2 shows a considerable improvement
for the space-like neutron form factors. Since the form fac-

tors are related by isospin symmetry, the excellent descrip-
tion description of the neutron form factors is at the expense
of a slight disagreement for the proton space-like data. The
picture emerging from the present study is that of an intrin-
sic structure slightly larger in spatial extent than that of [34],
〈r2〉1/2 ' 0.49 fm instead of0.34 fm, and a contribution of
the meson cloud (qq̄ pairs) slightly smaller in strength than
that of [34],αρ = 2.675 instead of3.706.

The present calculation is not able to describe the neu-
tron time-like data in a satisfactory way. In effect, a simul-
taneous description of both the space- and time-like data for
the neutron has encountered serious difficulty in the litera-
ture [13, 34, 55]. It is of the utmost importance to extend
the experimental information on the neutron form factors to
be able to resolve the observed discrepancies and to obtain a
consistent description of all electromagnetic form factors of
the nucleon in both the space- and time-like regions.

Recently it was shown [58, 59] that the angular depen-
dence of the single-spin and double-spin polarization observ-
ables provides a sensitive test of model of nucleon form fac-
tors in the time-like region. These polarization observables
allow to distinguish between different models of nucleon
electromagnetic form factors, even though they fit equally
well the nucleon form factors in the space-like region. More
work in this direction is in progress.
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