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Abstract. We perform a global analysis of the experimental data of the electromagnetic nucleon form
factors, in space-like and time-like regions. We give the expressions of the observables in annihilation
processes, such as p + p → `+ + `−, ` = e or µ, in terms of form factors. We discuss some of the
phenomenological models proposed in the literature for the space-like region, and consider their analytical
continuation to the time-like region. After determining the parameters through a fit on the available
data, we give predictions for the observables which will be experimentally accessible with large statistics,
polarized annihilation reactions

PACS. 13.40.Gp Electromagnetic form factors – 13.88.+e Polarization in interactions and scattering –
13.40.-f Electromagnetic processes and properties – 13.60.Fz Elastic and Compton scattering

1 Introduction

Elastic hadron electromagnetic form factors (FFs) are
fundamental quantities for the understanding of nu-
cleon structure. They contain information on the nucleon
ground state, and constitute a further severe test for the
models of nucleon structure, which already reproduce the
static properties of the nucleon, such as masses and mag-
netic moments. Moreover, the dependence of FFs on the
momentum transfer squared, q2 = −Q2, should reflect the
transition from the non-perturbative regime, where effec-
tive degrees of freedom describe the nucleon structure, to
the asymptotic region, where QCD applies.

The magnetic proton FF, which is the dominant term
in the elastic ep cross-section, has been measured at Q2

values up to 31 GeV2 in the space-like (SL) region [1],
and from pp̄ or e+e− annihilation up to 18 GeV2 in the
time-like (TL) region [2]. Large progress has been recently
done in the determination of the electric and magnetic
proton form factors, based on the idea, firstly suggested in
ref. [3], to measure the polarization of the recoil proton in
→
e p elastic scattering, when the electron is longitudinally
polarized.

Experiments, based on this method, have been per-
formed at JLab up to Q2 = 5.6 GeV2 [4,5]. A similar
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method, applied to the reaction d(e, e′n)p in quasi-elastic
kinematics, has allowed the measurement of the neutron
electric FF up to Q2 = 1 GeV2 using a polarized deuteron
target [6] and up to Q2 = 1.47 GeV2, measuring the po-
larization of the outgoing neutron [7]. The polarization
method has been also successfully applied at low Q2, for a
precise determination of the neutron FFs, at Mainz, and
shows that GEn is definitely different from zero ([8] and
references therein).

These results have been obtained thanks to the avail-
ability of high intensity, highly polarized electron beams
and polarized targets, and to the optimization of hadron
polarimeters in the GeV range. An extension of the mea-

surement of the polarization transfer in
→
e + p → e +

→
p

up to 9 GeV2 is in preparation [9].
More data are expected in future, in the SL region,

after the upgrade of Jlab, and in the TL region, at Frascati
and at the future FAIR facility in Darmstadt [10].

In the TL region [2], due to the poor statistics, the
determination of FFs requires to integrate the differen-
tial cross-section over a wide angular range. One typically
assumes that the GE contribution plays a minor role in
the cross-section at large q2 and the experimental results
are usually given in terms of |GM |, under the hypothe-
sis that GE = 0 or |GE | = |GM |. The first hypothesis is
an arbitrary one. The second hypothesis is strictly valid
at threshold only, i.e., for τ = q2/(4m2) = 1, but there
is no theoretical argument which justifies its validity at
any other momentum transfer, where q2 6= 4m2 (m is the
nucleon mass).
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The measurement of the differential cross-section for
the process p + p → `+ + `− at a fixed value of the to-
tal energy s, and for two different angles θ, allowing the
separation of the two FFs, |GM |2 and |GE |2, is equivalent
to the well-known Rosenbluth separation for the elastic
ep scattering. However, in the TL region, this procedure
is simpler, as it requires to change only one kinematical
variable, cos θ, whereas, in the SL region it is necessary
to change simultaneously two kinematical variables: the
energy of the initial electron and the electron scattering
angle, fixing the momentum transfer squared, Q2. Due to
the limited statistics, the Rosenbluth separation of the
|GE |2 and |GM |2 contributions has not yet been realized
in the TL region. Early attempts showed that the large
error bars prevent from discriminating between the two
hypothesis on |GE | and |GM | quoted above [11,12].

The |GM | values depend, in principle, on the kinemat-
ics where the measurement was performed and the angular
range of integration. However, it turns out that these two
assumptions for GE lead to comparable values for |GM |.

In the SL region the situation is different. The counting
rate for the elastic scattering of electrons on protons is
sufficiently large to allow the measurements of the angular
distribution and/or of polarization observables. Data on
GM are available up to the highest measured value, Q2 '
31 GeV2 [1] and this FF is often approximated according
to a dipole behavior:

GM (Q2)/µp = Gd, with Gd =
[
1 +Q2/m2

d

]−2
, (1)

where m2
d = 0.71 GeV2, and µp is the magnetic moment

of the proton.
It should be noted that the independent determination

of both FFs, GM and GE , from the unpolarized e− + p
cross-section, has been done up to Q2 = 8.7 GeV2 [13],
and the further extraction of GM assumes GE = GM/µp.
The behavior of GEp, deduced from polarization exper-
iments, in which, more precisely, the ratio GEp/GMp is
directly related to the longitudinal and transversal com-
ponent of the scattered proton polarization, differs from
GM/µp, with a deviation up to 70% at Q2 = 5.6 GeV2 [5].
This is the maximum momentum at which new, precise
data are available.

The recent experimental data have inspired many new
theoretical developments, and shown the necessity of a
global representation of FFs in the full region of momen-
tum transfer squared.

FFs are analytical functions of q2, being real functions
in the SL region (due to the hermiticity of the electro-
magnetic Hamiltonian) and complex functions in the TL
region. The discussion of the constraints and consequences
of a description in the full kinematical domain was firstly
done in ref. [14] and more recently in refs. [15–18].

The extension of the nucleon models developed for the
SL region to the TL region is straightforward for VMD-
inspired models, which may give a good description of all
FFs in the whole kinematical region, after a fitting pro-
cedure involving a certain number of parameters [19–21].

The purpose of this paper is to update and compare
some of the available models on the world data set in
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Fig. 1. The kinematics of the process p+ p→ e− + e+ in the
reaction CMS.

both TL and SL regions, and to predict time-like polariza-
tion observables, in the framework of these models. The
paper is organized as follows. In sect. 2 the expressions
for the relevant polarization observables, in the process
p̄+ p→ `+ + `−, ` = e or µ, are given as a function of the
electromagnetic FFs, in sect. 3 we update some of the fits
of nucleon FFs on the available data, and discuss their ex-
tension to the TL region. In sect. 4 we give the predictions
of the considered models in the TL region.

2 Observables in the TL region

We develop a simple and transparent formalism for the
study of polarization phenomena for p+ p → `+ + `−, in
the framework of the one-photon mechanism.

The calculations of the cross-section and of the polar-
ization observables for the process p̄+p→ `++`−, ` = e or
µ, in the annihilation channel are more conveniently per-
formed in the center-of-mass system (CMS), fig. 1. The
momenta of the particles are indicated in the figure and
|k1| = |k2| = |k| and |p1| = |p2| = |p|. Let us choose
the z-axis along the direction of the incoming antipro-
ton, the y-axis normal to the scattering plane, and the
x-axis to form a left-handed coordinate system. The com-
ponents of the unity vectors are therefore p̂ = (0, 0, 1) and

k̂ = (sin θ, 0, cos θ) with p̂ · k̂ = cos θ, where θ is the elec-
tron production angle in the CMS. The relevant kinemati-
cal variable is the antiproton energy, E, which is related to
the four-momentum transfer, q2 = s = (k1 + k2)

2 = 4E2,
as, in the CMS, k1 + k2 = 0. In the laboratory (Lab) sys-
tem, one finds q2 = 2m2 + 2mEL, where EL is the Lab
antiproton energy. The observables are calculated in the
approximation of zero electron mass.

The starting point of the analysis of the reaction
p + p → e+ + e− is the standard expression of the ma-
trix element in the framework of the one-photon exchange
mechanism (see fig. 2):

M =
e2

q2
u(−k2)γµu(k1)u(p2)

×
[
F1N (q2)γµ −

σµνqν
2m

F2N (q2)
]
u(−p1), (2)

where p1, p2, k1 and k2 are the four-momenta of initial
antiproton and proton and the final electron and positron,
respectively, q2 > 4m2, q = k1 + k2 = p1 + p2. F1N and
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Fig. 2. One-photon mechanism for p + p → e− + e+ (with
notation of four particle four-momenta).

F2N are the Dirac and Pauli nucleon electromagnetic FFs,
which are complex functions of the variable q2 in the TL
region of momentum transfer.

In the framework of the one-photon exchange, the ma-
trix element is written as the product of the leptonic and
hadronic currents:

M =
e2

q2
LµJµ =

e2

q2
(L0J0 − L · J) = −e

2

q2
L · J, (3)

where L0J0 = 0, due to the conservation of the leptonic
and hadronic currents1. The expression for the leptonic
current is

L =
√
q2φ†2(σ − k̂σ · k̂)φ1, (4)

where φ1(φ2) is the two-component spinor of the electron

(positron), k̂ is the unit vector along the final electron
three-momentum, and for the hadronic current:

J =
√
q2χ†2

[
GM (q2)(σ−p̂σ · p̂) + 1√

τ
GE(q

2)p̂σ · p̂
]
χ1,

(5)
where χ1 and χ2 are the two-component spinors of the
antiproton and the proton, p̂ is the unit vector along the
three-momentum of the antiproton in the CMS.

From this expression one can see the physical meaning
of the particular relation between the nucleon electromag-
netic FFs at threshold:

GE(q
2) = GM (q2), q2 = 4m2.

The structure p̂σ · p̂ describes the p+ p annihilation from
D-wave, i.e., with angular momentum ` = 2. At threshold,
where τ → 1, the finite radius of the strong interaction

allows only the S-state, and GM (q2)− 1√
τ
GE(q

2) = 0.

From eqs. (3), (4), and (5) one can find the formulas
for the unpolarized cross-section, the angular asymmetry
and all the polarization observables.

1 The conservation of the current implies that L · q = 0, i.e.,
L0q0 − L · q = 0, but q = k1 + k2 = 0 in the CMS. Therefore,
L0q0 = 0 for any energy q0, i.e., L0 = 0.

2.1 The cross-section

To calculate the cross-section when all particles are unpo-
larized, one has to sum over the polarization of the final
particles and to average over the polarization of the initial
particles:

(
dσ

dΩ

)

0

=
|M|2
64π2q2

k

p
, k =

√
q2

2
, p =

√
q2

4
−m2,

|M|2 =
1

4

e4

q4
LabJab, Lab = LaL

∗
b , Jab = JaJ

∗
b . (6)

Using expressions (4) and (5), the formula for the
cross-section in the CMS is
(
dσ

dΩ

)

0

= N
[
(1 + cos2 θ)|GM |2 +

1

τ
sin2 θ|GE |2

]
, (7)

where N =
α2

4
√
q2(q2 − 4m2)

, α = e2/(4π) ' 1/137, is

a kinematical factor. This formula was firstly obtained in
ref. [22].

The angular dependence of the cross-section, eq. (7),
results directly from the assumption of the one-photon ex-
change, where the photon has spin 1 and the electromag-
netic hadron interaction satisfies the P -invariance. There-
fore, the measurement of the differential cross-section at
three angles (or more) would also allow to test the pres-
ence of 2γ exchange [23].

The electric and the magnetic FFs are weighted by
different angular terms, in the cross-section, eq. (7). One
can define an angular asymmetry, R, with respect to the
differential cross-section measured at θ = π/2, σ0 [15]:

(
dσ

dΩ

)

0

= σ0

[
1 +R cos2 θ

]
, (8)

where R can be expressed as a function of FFs:

R =
τ |GM |2 − |GE |2
τ |GM |2 + |GE |2

. (9)

This observable should be very sensitive to the different
underlying assumptions on FFs; therefore, a precise mea-
surement of this quantity, which does not require polarized
particles, would be very interesting.

The q2-dependence of the total cross-section can be
presented as follows:

σ(q2) = N 8

3
π

[
2|GM |2 +

1

τ
|GE |2

]
. (10)

Polarization phenomena will be especially important
in p + p → `+ + `−. The dependence of the cross-section
on the polarizations P1 and P2 of the colliding antiproton
and proton can be written as follows:
(
dσ

dΩ

)

0

(P1,P2) =

(
dσ

dΩ

)

0

[1 +Ay(P1y + P2y)

+AxxP1xP2x +AyyP1yP2y

+AzzP1zP2z +Axz(P1xP2z + P1zP2x)], (11)



422 The European Physical Journal A

Table 1. Data considered in the present analysis, for proton FFs, in the SL region.

Reaction Q2 (GeV2) Observables Laboratory Year Reference

e+ p→ e+ p 4.08–9.59 GMp DESY 1966 Albrecht et al. [24]
” 0.16–0.85 GEp, GMp SLAC 1966 Janssens et al. [25]
” 0.69–25.03 GMp SLAC 1968 Coward et al. [26]
” 0.4–2 GEp, GMp Bonn 1971 Berger et al. [27]
” 0.670–3.01 GEp, GMp DESY 1973 Bartel et al. [28]
” 0.999–25.03 GMp SLAC 1973 Kirk et al. [29]
” 2.86–31.2 GMp SLAC 1993 Sill et al. [30]
” 1–3 GEp, GMp SLAC 1994 Walker et al. [31]
” 1.75–8.83 GMp SLAC 1994 Andivahis et al. [13]
” 0.65–5.20 GEp, GMp JLab, E94110 2004 Christy et al. [32]
” 0.65–5.20 GEp, GMp JLab, Hall A 2004 Qattan et al. [33]

→

e +p→ e+
→

p 0.49–3.47 GEp/GMp JLAB, Hall A 2000 Jones et al. [4]
→

e +p→ e+
→

p 3.5–5.5 GEp/GMp JLAB, Hall A 2002 Gayou et al. [5]

Table 2. Data considered in the present analysis, for neutron FFs, in the SL region.

Reaction Q2 (GeV2) Observables Laboratory Year Reference

ed→ epn 0.04–1.16 GEn SLAC 1965 Hughes et al. [34]
ed→ epn 0.19, 0.39, 0.56 GMn New York 1966 Stein et al. [35]
ed→ epn 0.39–0.565 GMn, GEn DESY 1969 Bartel et al. [36]
ed→ epn 0.28–1.8 GMn Harvard 1973 Hanson et al. [37]
ed→ epn 2.5–10 GMn SLAC 1982 Rock et al. [38]
→

3He (
→

e , e′) 0.16 GEn MIT 1991 Jones-Woodward et al. [39]
ed→ epn 0.435–1.36 GMn New York 1964 Akerlof et al. [40]
→

D (
→

e , e′
→

p ) 0.255 GEn MIT 1994 Eden et al. [41]
D(e, e′n),D(e, e′p) 0.125–0.605 GEn Bonn 1995 Bruins et al. [42]
D(e, e′n), D(e, e′p) 0.235–0.784 GEn MAMI 1998 H. Anklin et al. [43]

D(
→

e , e′
→

n)p 0.15 GEn MAMI 1999 Herberg et al. [44]

D(
→

e , e′
→

n)p 0.34 GEn MAMI 1999 Ostrick et al. [45]
→

D (
→

e , e′n)p 0.21 GEn NIKHEF 1999 Passchier et al. [46]
→

3He (
→

e , e′n)pp 0.67 GEn MAMI 2003 Bermuth et al. [47]
→

3He (
→

e , e′) 0.1–0.4 GEn, GMn JLab 2000 Golak et al. [48]
→

D (
→

e , e′n)p 0.495 GEn JLab 2001 Zhu et al. [49]
→

D (
→

e , e′n)p 0.5, 1 GEn JLab 2004 Warren et al. [6]

D(
→

e , e′
→

n)p 0.3–0.8 GEn MAMI 2004 Glazier et al. [8]

D(
→

e , e′
→

n)p 0.5–1.5 GEn JLab 1999 Madey et al. [7]

where the coefficients Ai and Aij (i, j = x, y, z), analyz-
ing powers and correlation coefficients, depend on the nu-
cleon FFs. Their explicit form is given in the following sec-
tions. The dependence (11) results from the P -invariance
of hadron electrodynamics.

2.2 Single-spin polarization observables

In case of polarized antiproton beam with polarization P1,
the contribution to the cross-section can be calculated as

(
dσ

dΩ

)

0

A1 = −Lab
1

4
TrJaσJ

∗
b . (12)

Here the terms related to |GE |2 and |GM |2 vanish. For the
interference terms, the only non-zero analyzing power is

related to Py:
(
dσ

dΩ

)

0

A1,y =
N√
τ
sin 2θIm(GMG

∗
E). (13)

When the target is polarized, one writes
(
dσ

dΩ

)

0

A2 = Lab
1

4
TrJaJ

∗
bσ.

Again the terms related to |GE |2 and |GM |2 vanish. More-
over, one can find A2 = A1 = A.

Equation (13) has been proved also in ref. [22]. One
can see that this analyzing power, being T -odd, does not
vanish in p+p→ `++`−, even in the one-photon approx-
imation, due to the fact FFs are complex in the time-like
region. This is a principal difference with elastic ep scat-
tering. Let us note also that the assumption GE = GM
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Fig. 3. Nucleon Form Factors in the Space-Like region: (a) proton electric FF, scaled by µpGMp, (b) proton magnetic FF scaled
by µpGD , (c) neutron electric FF, (d) neutron magnetic FF, scaled by µnGD. The predictions of the models are drawn from
ref. [50] (dotted line), from ref. [51] (solid line), the model from ref. [52] (dash-dotted line), from ref. [53] (dashed line).

implies Ay = 0, independently of any model taken for the
calculation of FFs.

2.3 Double-spin polarization observables

The contribution to the cross-section, when both colliding
particles are polarized is calculated through the following
expression:

(
dσ

dΩ

)

0

Aab = −
1

4
LmnTrJmσaJ

†
nσb,

where a and b = x, y, z refer to the a (b) component of the
projectile (target) polarization. Among the nine possible
terms, Axy = Ayx = Azy = Ayz = 0, and the non-zero
components are

(
dσ

dΩ

)

0

Axx = sin2 θ

(
|GM |2 +

1

τ
|GE |2

)
N ,

(
dσ

dΩ

)

0

Ayy = − sin2 θ

(
|GM |2 −

1

τ
|GE |2

)
N ,

(
dσ

dΩ

)

0

Azz =

[
(1 + cos2 θ)|GM |2 −

1

τ
sin2 θ|GE |2

]
N ,

(
dσ

dΩ

)

0

Axz =

(
dσ

dΩ

)

0

Azx =
1√
τ
sin 2θReGEG

∗
MN .

(14)

One can see that the double-spin observables depend on
the moduli squared of FFs, besides Axz (Azx). Therefore,
in order to determine the relative phase of FFs, in the TL
region, the interesting observables are Ay, and Axz, which
contain respectively the imaginary and the real part of the
product GEG

∗
M .

3 Results and discussion

3.1 The data

The nucleon FFs world data were collected and listed in
table 1 for proton FFs and table 2 for neutron FFs in the
SL region.

In fig. 3 the nucleon FFs world data in the SL region
are shown: the ratio µpGEp/GMp (fig. 3a) , the magnetic
proton FF normalized to the dipole FF and divided by
µp (fig. 3b), the electric neutron FF (fig. 3c), and the
magnetic neutron FF normalized to the dipole FF and
divided by µn (fig. 3d). For the electric proton FF, the
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Fig. 4. Form Factors in the Time-Like region and predictions of the models: pQCD-inspired (dashed line), from ref. [50] (dotted
line), from ref. [51] (solid line).

discrepancy among the data measured with the Rosen-
bluth methods (stars) and the polarization method (solid
squares) appears clearly in fig. 3a. This problem has been
widely discussed in the literature, (for a recent discus-
sion see, for instance, ref. [54]) and raises fundamental is-
sues. If the trend indicated by polarization measurements
is confirmed at higher Q2 [9], not only the electric and
magnetic charge distribution in the nucleus are different
and deviate, classically, from an exponential charge distri-
bution, but also the electric FF has a zero and becomes
eventually negative. This scenario will change our view on
the nucleon structure and will favor VMD-inspired models
like [19,21], which can reproduce such behavior.

We included data issued from both kinds of measure-
ments in the fit, although a consensus seems to appear
that FFs extracted from polarization measurements are
more reliable, as less affected by all kinds of radiative cor-
rections. Our purpose here is not to get the best χ2, but to
get a global description of the overall data. The precision
and the number of points is very different for the different
FFs, therefore one can obtain a good χ2 for a model that
reproduces well, for example, the electric and magnetic
FFs in the SL region and fails in giving the trend of GEn

in the TL region.

We included in the fit the data on proton magnetic FFs
which were published after 1973, and we did not include
the data on the neutron electric FFs from refs. [34,35,

37,40,42] as data of much better precision were, later,
available, in the same Q2 range (for a comprehensive and
synthetic review of recent neutron FFs data, see ref. [55]).

The data in the TL region are drawn in In fig. 4a, b for
the proton and in fig. 4c, d for the neutron, respectively
and summarized in table 3. As no separation has been
done for electric and magnetic FFs, the data are extracted
under the hypothesis that |GEN | = |GMN |. Concerning
the neutron, the first and still unique measurement was
done at Frascati, by the Collaboration FENICE [56].

3.2 The models

Among the existing models of nucleon FFs, we consider
some parametrizations, which have an analytical expres-
sion that can be continued in the TL region: predictions
of pQCD, in a form generally used as simple fit to exper-
imental data, a model based on vector meson dominance
(VMD) [50], and a third model based on an extension
of VMD, with additional terms in order to satisfy the
asymptotic predictions of QCD [51], in the form called
GKex(02L). We also considered the Hohler parametriza-
tion [52] and the Bosted empirical fit [53].

In order to help the reader, we report in the appendix
the explicit forms of the parametrizations previously pub-
lished, with the parameters corresponding to the present
fit, compared to the published ones.
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Table 3. Data considered in the present analysis for the TL region.

Reaction q2 (GeV2) Laboratory Year Reference

e+e− → pp 4.3 ADONE, Frascati 1973 Castellano et al. [57]
pp→ e+e− 3.52 CERN 1977 Bassompierre et al. [58]
pp→ e+e− 3.61 CERN 1983 Bassompierre et al. [59]
e+e− → pp 3.75–4.56 Orsay,DCI 1979 Delcourt et al. [60]
e+e− → pp 4.0–5.0 Orsay, DCI 1983 Bisello et al. [11]
pp→ e+e− 8.9–13.0 FERMILAB, E760 1993 Armstrong et al. [61]
pp→ e+e− 3.52–4.18 CERN, LEAR 1994 Bardin et al. [12]
e+e− → pp 3.69–5.95 ADONE, FENICE 1994 Antonelli et al. [62]
pp→ e+e− 8.84–18.40 FERMILAB, E835 1999 Ambrogiani et al. [63]
pp→ e+e− 11.63–18.22 FERMILAB, E835 2003 Andreotti et al. [2]

e+e− → nn 3.61–5.95 ADONE, FENICE 1998 Antonelli et al. [56]

The pQCD prediction, based on counting rules, fol-
lows the dipole behavior (1) in the SL region, and can be
extended in the TL region as [64]

|GM | =
A(N)

q4 ln2(q2/Λ2)
, (15)

where Λ = 0.3 GeV is the QCD scale parameter and
A is a free parameter. This simple parametrization is
taken to be the same for proton and neutron. The best
fit (fig. 4, dashed line) is obtained with a parameter
A(p) = 56.3 GeV4 for proton and A(n) = 77.15 GeV4

for neutron, which reflects the fact that in the TL region,
neutron FFs are larger than for proton. One should note
that errors are also larger in the TL region.

A possible explanation of the fact that FFs are sys-
tematically larger in the TL region than in the SL region
(which is true also in the proton case) is the presence of a
resonance in the NN system, just below the NN thresh-
old [65].

More pQCD-inspired parametrizations exist for the
form factor ratio F2/F1, which include logarithmic cor-
rections, and have been recently discussed in ref. [16].
However, some of these analytical forms have problems
related to the asymptotic behavior. This will be discussed
in a future paper.

The analytical continuation to the TL region of the
other models is based on the following relations:

Q2 = −q2 = q2e−iπ =⇒
{
ln(Q2) = ln(q2)− iπ,√

Q2 = e
−iπ

2

√
q2.

(16)

Most of the models predict a different behavior for the
electric and the magnetic FFs in the TL region, whereas,
as already mentioned, no individual determination of elec-
tric and magnetic FFs has been done yet. We chose to fit
the data assuming that they correspond to the magnetic
FFs for proton and neutron, fig. 4a and c, respectively.
Therefore, the curves for the electric FFs, in figs. 4b and d
have to be considered predictions from the models. In-
cluding or not the data on neutron FFs, in the TL region,
influences very little the fitting procedure.

The parametrization from ref. [50] is shown as a dot-
ted line in figs. 3 and 4. This model is based on a view

of the nucleon as composed by an inner core with a small
radius (described by a dipole term) surrounded by a me-
son cloud. While it reproduces very well the proton data
in the SL region (and particularly the polarization mea-
surements), it fails in reproducing the large-Q2 behavior
of the magnetic neutron FF in the SL region. The present
fit constrained on the TL data and on the recent SL data
does not improve the situation. In framework of this model
a good global fit in the SL region has been obtained with
a modification including a phase in the common dipole
term. However, the TL region is less well reproduced [21].
Therefore, the curves drawn in all the figures correspond
to the original parameters, which give, in our opinion, a
better representation of the whole set of data.

The result from an update fit based on the
parametrization GKex(02L) [51] is shown in figs. 3 and
4 (solid line). It is possible to find a good overall
parametrization, with parameters not far from those found
in the original paper for the SL region only. The agreement
is very good, for both proton and neutron FFs.

The Hohler parametrization [52], contains also pole
terms with adjustable parameters. The ρ exchange contri-
bution, however, is fully determined, with constants fixed
on πN data. The model contains 17 parameters, already,
so we did not try to readjust or refit the ρ contribution.
As noted in the original paper, such model is not suited to
the extrapolation to the TL region, because poles appear
in the physical region. Constraining the parameters, in or-
der to avoid these instabilities, worsens the description in
the SL region. Therefore, we give only a fit on all FFs,
in the SL region, fig. 3 (dash-dotted line), correspond-
ing to χ2/ndf ' 1.7. The formulas as well as the original
and updated parameters are also given in the appendix.
Parametrization [19] can be considered a successful gen-
eralization, in the TL region, based on unitarity and an-
alyticity. It requires the modelization of ten resonances,
five isoscalar and five isovector.

The Bosted parametrization [53] is an empirical fit to
nucleon FFs, in the SL region, based on simple formu-
las which are useful for fast estimations. It does not seem
possible to find a unique function, which describes sat-
isfactorily both the magnetic nucleon FFs and the elec-
tric proton FF, so the parameters are specific to each
FFs. In the extension to the TL region, as for the Hohler
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Fig. 5. Angular asymmetry and polarization observables, according to eqs. (13) and (14), for a fixed value of θ = 45◦. Notations
as in fig. 4.

parametrization, one cannot avoid poles and instabilities,
and attempts to obtain a description in SL and TL regions
remained unsuccessful. Therefore, we give the fit for the
SL region, only, as dashed line in fig. 3, and report in the
appendix the useful formulas and the updated parameters.
As one can see from table 7 below, they do not differ es-
sentially from the published ones and the fit corresponds
to χ2/ndf ' 2.

4 Predictions in the TL region

We give the predictions for the cross-section asymmetry
and the polarization observables, for those models, de-
scribed above, which give a good overall description of
the available FFs data in SL and TL regions. The calcu-
lation is based on eqs. (8), (13) and (14), for a fixed value
of the angle θ = π/4.

As shown in fig. 5, all these observables are, generally,
quite large. The model [50] predicts the largest (absolute)
value at q2 ' 15 GeV 2 for all observables, except Axz,
which has two pronounced extrema.

All observables manifest a different behavior, accord-
ing to the different models. The sign, also, can be opposite
for VMD-inspired models and pQCD. The model [51] is

somehow intermediate between the two representations,
as it contains the asymptotic predictions of QCD (at the
expenses of a large number of parameters).

The fact that single-spin observables in annihilation
reactions are discriminative towards models, especially at
threshold, was already pointed out in ref. [66], for the pro-
cess e+ + e− → p + p on the basis of two versions of a
unitary VMD model. The present results, (fig. 5), for the
inverse reaction p + p → e+ + e− confirm this trend and
show that experimental data will be extremely useful, par-
ticularly in the kinematical region around q2 ' 15 GeV2.

5 Summary

The measurement of polarization observables and the pos-
sibility to access individual nucleon FFs in TL and SL re-
gions with high precision at large Q2, foreseen in the next
future, has motivated the present work.

A general analysis on nucleon electromagnetic FFs, ex-
tracted from elastic scattering and annihilation reactions,
has been performed in the kinematical region where data
are available.

Expressions of the experimental observables in the re-
action p + p → e+ + e− have been derived in terms of
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the electromagnetic FFs, as a function of the momentum
transfer squared.

Some of the models on nucleon FFs have been re-
viewed, extended in the TL region and used to give predic-
tions on experimental observables which should be useful
to plan future experiments.

Many questions are still open. Recent data in the SL
region show that the ratio GEp/GMp deviates from the
expected dipole behavior. In the TL region, the values of
|GM |, obtained under the assumption that GE = GM ,
are larger than the corresponding SL values. This has
been considered as a proof of the non-applicability of
the Phràgmen-Lindelöf theorem, (up to s = 18 GeV2, at
least) or as an evidence that the asymptotic regime is not
reached [14]. The presence of a large relative phase of mag-
netic and electric proton FFs in the TL region, if exper-
imentally proved at relatively large momentum transfer,
can be considered a strong indication that these FFs have
a different behavior. In particular, it will allow a test of
the Phràgmen-Lindelöf theorem [14].

Large progress in view of a global interpretation of
the nucleon FFs is expected from future experiments with
antiproton beams: it will be possible, at the future FAIR
facility at GSI, to separate the electric and magnetic FFs
in a wide region of s and to extend the measurement of
FFs up to the largest available energy, corresponding to
s ' 30 GeV2.

The angular distribution of the produced leptons will
allow the separation of the electric and magnetic FFs.
The measurement of the asymmetry R (from the angu-
lar dependence of the differential cross-section for p+p↔
`+ + `−) is sensitive to the relative value of |GM | and
|GE |. In particular, the θ-dependence of the single-spin
and double-spin polarization observables is very sensitive
to existing models of the nucleon FFs, which reproduce
equally well the data in the SL region.

Similar information can be obtained from the final po-

larization in `+ + `− →→
p +p [66], but in this case one

has to deal with the problem of hadron polarimetry, in
conditions of very small cross-sections.

Another suggestion is to access FFS through the mea-
surement of the angular distribution in e+ + e− → p +
p+ γ [67], which has not been experimentally done yet.

The study of the processes p+p→ π0+`++`− and p+
p→ π++π−+`++`−, [68,69] will allow to measure proton
FFs in the unphysical region (for s ≤ 4m2, where the
vector meson contribution plays an important role) and
to determine the relative phase of pion and nucleon FFs.

The authors thank Prof. M.P. Rekalo for enlightning discus-
sions and for fundamental contributions and ideas on the de-
termination of electromagnetic form factors.

Appendix A.

The Sachs FFs are expressed in terms of the Pauli and
Dirac FFs as

GN
E = FN

1 (Q2) + τFN
2 (Q2), GN

M = FN
1 (Q2) + FN

2 (Q2).

Table 4. Parameters for the model from refs. [50,18].

Parameters [50,18] This work

γ 0.250 0.259
βρ 0.672 0.757
βω 1.102 1.212
βφ 0.112 −0.114
αφ −0.052 −0.028
θ 53◦ 47◦

Table 5. Parameters of the model from [51]. Fixed con-
stants are κv = 3.706, κs = −0.12, mρ = 0.776 GeV,
mω = 0.784 GeV, mφ = 1.019 GeV, mρ′ = 1.45 GeV,
mω′ = 1.419 GeV.

Parameters GKex(02L) This work

gρ′/fρ′ 0.0608 −0.0152
κρ′ 5.3038 −30.315

gω/fω 0.6896 0.5994
κω −2.8585 5.4557

gφ/fφ −0.1852 −0.287304
κφ 13.0037 18.0208
µφ 0.6848 0.802158

g(ω′)/fρ′ 0.2346 0.125397
k(ω′) 18.2284 15.4868
Λ1 0.9441 0.776982
ΛD 1.2350 1.06593
Λ2 2.8268 3.64885

ΛQCD 0.150 0.377101
N 1.0 0.84501

One can introduce the isoscalar and isovector FFs F s
i and

F v
i , i = 1, 2 as: 2F p

i = F s
i + F v

i , 2F
n
i = F s

i − F v
i .

Then, the isoscalar and isovector currents can be writ-
ten in terms of meson propagators, effective FFs, and/or
terms which ensure specific properties, according to the
different models.

Appendix A.1. Model from Iachello, Jackson and
Lande [50] and Iachello and Wan [18]

FFs are parametrized following the work [50] , with a mod-
ification that consists in adding a phase in the dipole term,
g(Q2), for the extension in the TL region:

F s
1 (Q

2) =
g(Q2)

2

[
(1− βω − βφ) + βω

µ2
ω

µ2
ω +Q2

+βφ
µ2
φ

µ2
φ +Q2

]
,

F v
1 (Q

2) =
g(Q2)

2

[
(1− βρ)

+βρ
µ2
ρ + 8Γρµπ/π

(µ2
ρ +Q2) + (4µ2

π +Q2)Γρα(Q2)/µπ

]
,
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Table 6. Parameters for the model from ref. [52], corresponding to the fit in the SL region, only. The starting set of parameters
is denoted in the original paper as fit 9.1.

FFs par [52] This work FFs par [52] This work

Fis b
(s)
1 0.61 0.49 Fiv b

(v)
1 1.49 1.35

b
(s)
2 0.94 0.84 b

(v)
2 4.33 3.22

b
(s)
3 3.20 0.47 b

(v)
3 8.47 21.28

F1s a
(1,s)
1 0.75 0.74 F1v a

(1,v)
1 0.06 0.23

a
(1,s)
2 −0.61 −0.57 a

(1,v)
2 −0.32 −0.55

a
(1,s)
3 −0.23 −0.13 a

(1,v)
3 0.10 0.04

F2s a
(2,s)
1 −0.15 0.74 F2v a

(2,v)
1 −2.06 −1.93

a
(2,s)
2 0.18 −0.57 a

(2,v)
2 0.23 0.22

a
(2,s)
3 −0.03 −0.13 a

(2,v)
3 0.23 0.13

F s
2 (Q

2) =
g(Q2)

2

[
(µp + µn − 1− αφ)

µ2
ω

µ2
ω +Q2

+αφ
µ2
φ

µ2
φ +Q2

]
,

F v
2 (Q

2) =
g(Q2)

2

[
(µp − µn − 1)

× µ2
ρ + 8Γρµπ/π

(µ2
ρ +Q2) + (4µ2

π +Q2)Γρα(Q2)/µπ

]
,

with g(Q2) =
1

(1 + γeiθQ2)2
and α(Q2) =

2

π
×

√
Q2 + 4µ2

π

Q2
ln

[√
(Q2 + 4µ2

π) +
√
Q2

2µπ

]
, with the stan-

dard values of the massesm = 0.939 GeV, µρ = 0.77 GeV,
µω = 0.78 GeV, µφ = 1.02 GeV, µπ = 0.139 GeV and the
ρ width Γρ = 0.112 GeV.

The values of the six parameters are given in table 4.

Appendix A.2. Model from Lomon [51]

F v
1 (Q

2) =
N

2

[
1.0317 + 0.0875(1 +Q2/0.3176)−2

(1 +Q2/0.5496)

+
gρ′

fρ′

m2
ρ′

m2
ρ′ +Q2

]
F ρ

1 (Q
2)

+

(
1− 1.1192

N

2
− gρ′

fρ′

)
FD

1 (Q2),

F v
2 (Q

2) =
N

2

[
5.7824 + 0.3907(1 +Q2/0.1422)−1

(1 +Q2/0.5362)

+κρ′
gρ′

fρ′

m2
ρ′

m2
ρ′ +Q2

]
F ρ

2 (Q
2)

+

(
κν − 6.1731

N

2
− κρ′

gρ′

fρ′

)
FD

2 (Q2),

F s
1 (Q

2) =

(
gω
fω

m2
ω

m2
ω +Q2

+
gω′

fω′

m2
ω′

m2
ω′ +Q2

)
Fω

1 (Q2)

+
gφ
fφ

m2
φ

m2
φ +Q2

Fφ
1 (Q

2)

+

(
1− gω

fω
− gω′

fω′

)
FD

1 (Q2),

F s
2 (Q

2) =

(
κω

gω
fω

m2
ω

m2
ω +Q2

+ κω′
gω′

fω′

m2
ω′

m2
ω′ +Q2

)
Fω

2 (Q2)

+κφ
gφ
fφ

m2
φ

m2
φ +Q2

Fφ
2 (Q

2)

+

(
κs − κω

gω
fω
− κω′

gω′

fω′
− κφ

gφ
fφ

)
FD

2 (Q2),

with

Fα,D
1 (Q2) =

Λ2
1,D

Λ2
1,D + Q̃2

Λ2
2

Λ2
2 + Q̃2

,

α = ρ, ω and

Λ1,D ≡ Λ1 for Fα
i , Λ1,D ≡ ΛD for FD

i ;

Fα,D
2 (Q2) =

Λ2
1,D

Λ2
1,D + Q̃2

(
Λ2

2

Λ2
2 + Q̃2

)2

,

Fφ
1 (Q

2) = Fα
1

(
Q2

Λ2
1 +Q2

)1.5

,

Fφ
2 (Q

2) = Fα
2

(
Λ2

1

µ2
φ

Q2 + µ2
φ

Λ2
1 +Q2

)1.5

,

Q̃2 = Q2
ln[(Λ2

D +Q2)/Λ2
QCD]

ln(Λ2
D/Λ

2
QCD)

.

The set of parameters is reported in table 5.
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Table 7. Parameters for the model from ref. [53], correspond-
ing to the fit in the SL region, only.

FF a
(j)
i [53] This work

GEp a1
1 0.62 −1.55
a1
2 0.68 10.40
a1
3 2.80 −11.53
a1
4 0.83 7.87

GMp/µp a2
1 0.35 0.28
a2
2 2.44 2.61
a2
3 1.04 0.41
a2
4 0.34 1.03
a2
5 0.34 0.34

GMn/µn a3
1 −1.74 0.14
a3
2 9.29 3.39
a3
3 −7.63 −2.07
a3
4 4.63 3.09

GEn α 1.25 0.43
β 18.3 −0.22

Appendix A.3. Model from Hohler [52]

This model is also based on a VMD parametrization:

F ρ
1 (Q

2) = 0.5

[
0.955 +

0.09

(1 +Q2/0.355)
2

]
1

1 +Q2/0.536
,

F ρ
2 (Q

2) = 0.5

[
5.335 +

0.962

(1 +Q2/0.268)
2

]
1

1 +Q2/1.603
,

F
(s)
i (Q2) =

∑

j

a
(i,s)
j

b
(s)
j +Q2

,

F
(v)
i (Q2) = F ρ

i (Q
2) +

∑

j

a
(i,v)
j

b
(v)
j +Q2

.

The parameters are given in table 6.

Appendix A.4. Model from Bosted [53]

The analytical expressions are inverse of polynomials as
functions of Q, whereas GEn is described by a different
function, as suggested by Galster [70]:

F j =
1

1 +
∑

i a
j
iQ

i
, (A.1)

Gn
E =

αµnτGD(Q
2)

1 + βτ
, (A.2)

with aji , α and β free parameters. In the present notation
j = 1, 2, 3 corresponds to GEp and GMn and GMp, re-
spectively. The inverse polynomials are of fourth order for
GEp and GMn and of fifth order for GMp.

The parameters are given in table 7.
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