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Abstract

We review the present situation with hadron form factors in space-like and time-like
regions. The possibility to transfer high momenta, and therefore to access small internal
nucleon distances, allows to test nucleon models in particular pQCD predictions such as
quark counting rules and helicity conservation. We will focus here to the proton case,
although general statements apply also to neutron and light hadrons.

1 Introduction

Form factors (FFs) are fundamental quantities which describe the internal structure of compos-
ite particles. In the Nobel Lecture of R. Hofstadter, who received the Nobel Prize in 1961 for the
first results obtained from electron proton (ep) elastic scattering measurements at SLAC, one
can read: ”Over a period of time lasting at least 2000 years, Man has puzzled over and sought an
understanding of the composition of matter”. Indeed, FFs are a unique parametrization of the
hadron charge and magnetic distribution. FFs are fundamental quantities, measurable through
cross section and polarization phenomena. After static properties, as masses and magnetic mo-
ments, FFs constitute a good test for nucleon models as they describe dynamic properties of
nuclear matter. The traditional way to measure electromagnetic hadron FFs is based on elastic
electron proton scattering e− + p → e− + p and on the annihilation reactions e+ + e− ↔ p + p̄.
These reactions are related by the symmetries which hold for the electromagnetic and strong
interactions. They are described by the same reaction amplitudes, expressed in terms of two
kinematical variables, for example, the total energy s and the momentum transfer squared,
q2 = −Q2. These variables act in different regions of the kinematical space: for annihilation re-
actions, in the time-like (TL) region, q2 is positive and, for scattering reactions, in the space-like
(SL) region, q2 < 0.

Assuming that the interaction occurs through the exchange of one virtual photon, of mass
q2, a simple formalism relates FFs to the cross section and to the polarization observables.
Assuming P and T invariance, a particle with spin S is characterized by 2S + 1 FFs. Proton
and neutron have two FFs, which are a priori different, a deuteron (spin one particle) has
three FFs, which enter in the cross section via two structure functions. In order to measure the
three deuteron FFs, it is necessary to access at least one polarization observable, usually t20,
the tensor polarization of the scattered deuteron in unpolarized ed scattering. The structure of
the hadronic current is similar for all hadrons, as it is driven by the reaction mechanism (one
photon exchange).

In recent years, very surprising results have been obtained in ep elastic scattering, due to
the possibility to apply the polarization method suggested in the sixties by A. I. Akhiezer and
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M. P. Rekalo [1]: the electric and magnetic distributions in the proton have not the same dipole
dependence, as a function of q2 [2], as it was previously assumed.

In the SL region, high precision measurements at the largest achievable values of momentum
transfer squared are an important part of the experimental program at Jefferson Laboratory
(USA). In the time-like region, a program is foreseen by the PANDA collaboration at FAIR
(Germany), using high intensity antiproton beams up to 15 GeV momentum. Similar studies
are also discussed as part of the experimental program at electron positron colliders, in Frascati
(Italy), Novosibirsk (Russia), Beijing (China).

In this contribution, after a summary of recent data, the perspectives opened by such mea-
surements at large momentum transfer will be discussed.

2 Results and perspectives for ep scattering

In the space-like region, FFs are measured through the scattering of polarized and unpolarized
electron beams on a proton or a light nuclear target, reaching in the recent years higher precision
and/or larger values of the momentum transfer.

2.1 Unpolarized measurements

In case of unpolarized scattering, FFs are extracted from Rosenbluth separation, through mea-
surements at different angles, for the same value of the momentum transfer squared (i.e., chang-
ing the initial energy and the spectrometer settings). The reduced differential cross section, after
omitting known kinematical factors, has a linear dependence as a function of ǫ where the slope
is related to the electric FF, G2

E and the intercept to the magnetic form factor, G2
M :

σBorn
red (θ,Q2) = ǫ(1 + τ)

[

1 + 2
E

M
sin2(θ/2)

]

4E2 sin4(θ/2)

α2 cos2(θ/2)

dσ

dΩ
= τG2

M (Q2) + ǫG2
E(Q2), (1)

ǫ = [1 + 2(1 + τ) tan2(θ/2)]−1,

with the notations: α = e2/(4π) = 1/137, τ = Q2/(4M2) > 0, Q2 is the momentum transfer
squared, M is the proton mass, E and θ are the incident electron energy and the scattering
angle of the outgoing electron, respectively.

Measurements based on this method were done up to Q2=8.8 (GeV/c)2 [3]. The magnetic FF
was then extracted up to Q2 ≃ 31 (GeV/c)2 [4], under the definite assumption GE = 0. Based
on these data, FFs were parametrized as GE(Q2) = GM (Q2)/µp = GD(Q2) = (1 + Q2/m2

D)−2,
where Q2 is in (GeV/c)2 units, mD = 0.71 (GeV/c)2, and µ = 2.79 is the proton anomalous
magnetic moment in units of Bohr magneton.

Common assumption was that the magnetic as well as the electric FF (although affected by
larger errors) can be described by a similar dipole dependence on Q2. In non relativistic ap-
proximation (and also relativistic, but in the Breit frame only) FFs are Fourier transform of the
charge and magnetic distributions. Therefore, this statement is consistent with an exponential
distribution of the nucleon charge: ρ = ρ0e

−r/r0 with r2
0 = (0.24 fm)2 which corresponds to

a mean squared radius < r2 >∼ (0.81 fm)2. On the other side, perturbative QuantumChro-
moDynamics (pQCD) gives a similar prediction on the Q2 dependence of FFs. Assuming that
the momentum is fully transfered from the incident electron through a virtual photon and that
it is transmitted to each of the constituent quarks through gluon exchange, scaling laws were
established (Fig. 1) [5].The probability to find the hadron in its ground state after that all the
partons are involved in the elastic interaction, if helicity is conserved, is

Fn(Q2) = Cn/[(1 + Q2/mn)n−1],

where mn = nβ2, n is the number of constituent quarks, and β is the average quark momentum
squared. Fitting pion data, one finds β2 = 0.471 ± 0.010 (GeV/c)2, which gives for the pion:
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Figure 1: pQCD diagram for γ∗p interaction.

Fπ(Q2) = Cn/(1 + Q2/0.47). Rescaling by the number of quarks, one finds for the nucleon
FN (Q2) = Cn/[(1 + Q2/0.71)]2, which is fully consistent with the dipole parametrization, and
for the deuteron FD(Q2) = Cn/[(1+ Q2/1.41)5], which reproduce the existing elastic scattering
data. Note that pQCD can not predict the value of Cn, i.e., the absolute value, but only the
Q2 behavior at large momentum transfer. Another strong prediction by pQCD, which is better
tested through polarization measurements is that helicity should be conserved: the quark spin-
flip is suppressed by an additional factor Q2. The data on elastic and inelastic scattering, in
the GeV range, are quite controversial on this point.

Summarizing, the dipole approximation for nucleon FFs is consistent with the unpolarized
cross section measurement, and with a classical as well as a quantum view of the nucleon
structure. Moreover, recent and precise measurements on unpolarized ep scattering [6] and
re-analysis of previous data [7] confirm such behavior.

Note that the electric FF is affected by large error bars at large Q2. This is due to the
fact that magnetic part is amplified by the kinematical factor τ . Moreover, the normalization
of FFs is taken to fit the static values, i.e., the charge and the magnetic moment GE(Q2 =
0) = 1, GM (Q2 = 0) = µp. This is illustrated in Fig. 2, where the ratio of the electric part,
FE = ǫG2

E(Q2), to the reduced cross section is shown as a function of Q2. The different curves
correspond to different values of ǫ, assuming FFs scaling (thin lines).

2.2 Polarized measurements

High precision data on the ratio of the electric to magnetic proton FFs at large Q2 have been
recently obtained [2], through the polarization transfer method. In Ref. [1] it was firstly
shown that the polarized part of the cross section, taking a longitudinally polarized electron
beam and measuring the polarization of the outgoing proton in the scattering plane, contains
an interference term which is proportional to the product GEGM . It is therefore much more
sensitive to a small electric contribution, allowing also to determine its sign. This suggestion
was far ahead the experimental possibilities. Only in the years 2000 it has been possible to
achieve the necessary conditions of beam intensity, stability and polarization as well as the
polarimetry technique which allows to measure the polarization of recoil protons in the GeV
momentum range. More explicitly, the longitudinal and transverse polarizations of the recoil
proton are written as [1]:

DPt = −2λ cot
θ

2

√

τ

1 + τ
GEGM , DPℓ = λ

E + E′

M

√

τ

1 + τ
G2

M ,

D = 2τG2
M + cot2

θ

2

G2
E + τG2

M

1 + τ
, (2)

where λ is the beam polarization, E′ is the scattered electron energy and D is proportional to
the differential cross section with unpolarized particles.
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Figure 2: Contribution of the GE(Q2) dependent term to the reduced cross section (in percent)
for ǫ = 0.2 (solid line), ǫ = 0.5 (dashed line), ǫ = 0.8 (dash-dotted line), in the hypothesis of FF
scaling (thin lines) or following the trend suggested by polarization measurements (thick lines).

The JLab GEp collaboration measured the ratio PL/PT which is directly connected to the
FFs ratio:

Pt

Pℓ
= −2 cot

θ

2

M

E + E′

GE

GM
. (3)

In this ratio, the electron beam polarization as well as the analyzing powers of the polarimeter
cancel, reducing the systematic errors. The same information can be derived with a polarized
beam and polarized target, but the range in Q2 is restricted by the limited luminosity allowed
by a polarized target.

This method allows to achieve a very high precision. Moreover, the FFs data show an
unexpected trend, different from what previously known from the Rosenbluth data. In Fig.
3 (taken from Ref. [2]) the present status on the proton FFs is shown. The ratio µGE/GM

(F2/F1) from polarization experiments is shown on the top (bottom) of the figure compared
with Rosenbluth measurements (green symbols).

As mentioned above, PQCD predicts the asymptotic behavior F1 ∼ Q−4 and F2 ∼ Q−6 (as
it involves a spin flip), which is consistent with the Rosenbluth measurements. The polariza-
tion data suggest instead the following dependence: F2/F1 ∼ Q−1. Nucleon models, recently
updated, based on very different pictures of the proton structure, are also illustrated on the
figure and discussed in Ref. [2].

The data obtained from the polarization method are clearly not compatible with the dipole
approximation, and the difference of the ratio from unity is attributed to the electric contribu-
tion, as the magnetic FF is assumed to be well known from the cross section. In this case, the
electric contribution to the cross section, illustrated in Fig. 2 (thick lines), is lower than 1%
starting at Q2=3 (GeV/c)2 (for ǫ = 0.2).
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Figure 3: Data on proton form factor ratio as functions of Q2 (from Ref. [2]). The green
symbols are from Rosenbluth experiments.

2.3 Discussion

The polarization data on electromagnetic FFs open important issues on the nucleon structure
and arise questions on the validity of the nucleon models. Large number of experimental and
theoretical papers appeared in the recent years, on this subject.

Let us mention that not only the proton is under discussion, but also the light nuclei
description. The models describing the light nuclei structure usually assume a dipole behavior
for GEp and a vanishing or negligible neutron electric form factor GEn. Elastic electron-deuteron
scattering is sensitive to the isoscalar form factor, GEs = GEp + GEn. If GEp turns out to
be smaller than previously assumed, this has to be compensated either by GEn or by other
ingredients used in deuteron calculations (which are parametrized or adjusted on the data) [8].

The discrepancy between the data extracted from these two methods is likely to be attributed
to radiative corrections. The probability to irradiate one or more photons from a few GeV
electron (initial, and final) may reach 40%.

Moreover, the kinematical conditions of recent experiments are very different, compared to
lower intensity and/or momentum transfer. In order to compensate for the fall of the elastic
rate at large Q2, events are collected within wide solid angles, which implies large acceptance
detectors. Not both scattered particles are momentum analyzed, in the last GEp measurements
the electron was detected in a calorimeter. Radiative corrections are usually applied at the
lowest order in a Monte Carlo procedure, together with acceptance, efficiency and background
subtraction. It is difficult to disentangle and evaluate the single effects.

It has been recently shown that radiative corrections (RC) modify not only the yield, but
also the dependence of the observables on the relevant kinematical variables. In particular, for
ep scattering, RC are responsible of a change of the slope (and even of its sign) of the reduced
cross section [9]. Let us remind that is is precisely this slope which is related to the electric FF.
It has been shown that the effect of radiative corrections on the polarization ratio is small at
moderate Q2 [10, 11].

Two photon exchange (TPE) is in principle suppressed by a factor of α. First order cor-
rections [12, 13] take into account TPE, when one of the photons carries all the transferred
momentum, in order to cancel infrared divergences arising from soft photon emission. Long
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ago, it was suggested that another mechanism, where the transferred momentum is equally
shared between the two photons, could enhance TPE and compensate the suppression due to
the extra factor of α [14]. Let us stress that the inclusion of two photon effects has important
consequences. The formalism which relates the cross sections to the reaction amplitudes in
ep scattering becomes very complicated, and the extraction of the hadron properties from the
electromagnetic processes has to be revised.

Different calculations of TPE, for ep elastic scattering, give quantitatively different results
according to the models, partly solving the discrepancy [15]. Model independent properties of
TPE have been derived in Ref. [16]. The presence of TPE induces a more complicated spin
structure of the matrix amplitude. In the scattering channel, instead of two real FFs, functions
of one kinematical variable, q2, one has to determine three amplitudes, complex functions of two
kinematical variables, and the ǫ linearity of the Rosenbluth formula does not hold anymore. It
has been shown that the extraction of the real FFs, is still possible but more complicate: either
through a generalization of the polarization method, using electron and positron scattering
on the proton in the same kinematical conditions, or measuring three T-odd or five T-even
polarization observables. This is very challenging, as these observables are expected to be very
small, of the order of a few percent.

In this respect, TL measurements also bring interesting and complementary information, as
discussed below.

3 Results and perspectives for p̄ + p ↔ e
+ + e

− scattering

The annihilation processes
p̄ + p ↔ e+ + e− (4)

allow to access the time-like region, over the kinematical threshold, q2 > 4M2. The differential
cross section for p̄ + p → e+ + e−, was first obtained in Ref. [17]. All polarization observables
were derived in [18, 19] in frame of one photon exchange, and for TPE in Refs. [20, 21]:

dσ

d(cosθ)
=

πα2

8M2τ
√

τ(τ − 1)

[

τ |GM |2(1 + cos2 θ)+ |GE |2 sin2 θ
]

, τ =
q2

4M2
> 0. (5)

Eq. (5) can be simply rewritten as a linear function of cos2 θ:

dσ

d(cos θ)
= σ0

[

1 + A cos2 θ
]

, (6)

in terms of the angular asymmetry A:

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

=
τ −R2

τ + R2
, R =

|GE |
|GM | . (7)

where σ0 is the differential cross section at 90◦:

σ0 =
πα2

2q2

√

τ

τ − 1

(

|GM |2 +
1

τ
|GE |2

)

. (8)

The linear dependence in cos2 θ of Eq. (5) results directly from the assumption of one-photon
exchange, where the spin of the photon is equal to one and the electromagnetic hadron inter-
action satisfies C invariance. Any deviation from linearity can be attributed to contributions
beyond the Born approximation. In the annihilation channel, the contribution of the one–
photon–exchange diagram to the reaction amplitude leads to an even function of cos θ, whereas
the TPE contribution leads to four new terms reduced by an order of α with respect to the
dominant contribution. At the reaction threshold where q2 = 4M2, one has GM = GE and
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the differential cross section becomes independent on θ in the Born approximation. This is
not anymore true in the presence of TPE terms. TPE contributions are odd functions of cos θ.
Therefore, they do not contribute to the differential cross section for θ = 900.

The individual determination of the FFs in time-like region has not yet been done. From
the total cross section, it is possible to extract |GM | under a definite hypothesis on GE . The
experimental results are usually given in terms of a generalized FF, under the hypothesis that
GE = 0 or |GE | = |GM |. The first hypothesis is arbitrary whereas the second one is strictly
valid at threshold only, and there is no theoretical argument which justifies its validity at any
other momentum transfer, where q2 6= 4M2. However, similarly to the SL region, GE plays a
minor role in the cross section. Different hypothesis for |GE | do not affect strongly the extracted
values of GM , due to the kinematical factor τ , which weights the magnetic contribution to the
differential cross section and makes the contribution of the electric FF to the cross section
smaller and smaller as q2 increases.

The ratio R = GE/GM has been determined from a two parameter fit of the differential
cross section, by PS170 at LEAR [24], and more recently by the BABAR Collaboration using
initial state radiation (ISR), e+ + e− → p+ p+ γ [25]. Data are affected by large errors, mainly
due to statistics. The results from BABAR suggest a ratio larger than one, in a wide region
above threshold, whereas data from [24] suggest smaller values.

3.1 Perspectives at Panda-FAIR

At the future complex accelerator FAIR, in Darmstadt, the PANDA collaboration [22] plans to
access TL FFs through the annihilation reaction p̄ + p → e+ + e−, using an antiproton beam
of momentum up to 15 GeV and luminosity L = 2 · 1032cm−2s−1. The PANDA detector is a
4π fixed target detector, designed to achieve momentum resolution at percent level for charged
particles, high rate capability up to 10 MHz and good vertex resolution ( 100 µm).

Realistic simulations, including acceptance and efficiency, were done in a range of q2 up to
25 (GeV/c)2 [23]. The counting rates were evaluated on the basis of a realistic parametrization
of FFs, assuming four months of data taking at the nominal luminosity. For each q2 value, the
ratio R = GE/GM was determined from a two parameter fit to the reconstructed spectra for
the differential cross section issued from the simulation procedure. The results are shown in
Fig. 4, where the expected uncertainty on R is plotted as a function of q2 as a yellow band
for the case R = 1, to be compared with the existing values from Refs. [24] (squares) and [25]
(triangles). In the low q2 region, the expected precision at PANDA is at least one order of
magnitude better than for the existing data and a meaningful value for R can be extracted up
to at least q2 ∼ 14 (GeV/c)2.

Nucleon models are presently little constrained and predictions display a large dispersion,
as shown in Fig. 4. As an example, three models originally built in the SL region have been
analytically extended to the TL region [19], readjusting the parameters in order to fit the world
data in all the kinematical region (i.e., in SL region, the electric and magnetic proton and
neutron FFs, and in TL region, the magnetic FF of the proton and the few existing data for
neutron). A QCD inspired parametrization, based on scaling laws, predicts R = 1, as it depends
only on the number of constituent quarks (dashed line). The solid line is based on a vector
meson dominance (VDM) approach, and grows up to q2 ∼ 15 (GeV/c)2. The blue-dotted line is
a prediction based on an extended VDM model which includes the proper asymptotic behavior
predicted by QCD. Although these models reproduce reasonably well the FFs world data, they
give different predictions for the form factor ratio and for all polarization observables.

With a precise knowledge of the luminosity, the absolute cross section can be measured up
to q2 ∼ 28 (GeV/c)2 allowing to extract a generalized FF, |FP |. Comparing with the world
data, one expects an improvement of at least a factor of ten (see Fig. 5).

7



]2 [(GeV/c)2q
4 6 8 10 12 14

R

0

0.5

1

1.5

2

2.5

3

Figure 4: Expected precision on the determination of the ratio R, (yellow dashed band) as a
function of q2, compared with the existing data and to theoretical predictions.

3.2 Perspectives at BESIII-BEPCII

Corresponding information can be accessed by the time reversed reaction e+ + e− → p̄ + p. At
the BEPCII collider, the BESIII collaboration plans precise FFs measurements. Two aspects
are peculiar at BES: the possibility to scan the threshold region, and, even more interesting, the
unique opportunity to measure neutron FFs: one can access in principle the neutron-antineutron
final state and investigate the near threshold region where the possible contribution of a NN̄
bound state is expected.

The neutron FFs were measured at ADONE, Frascati, by the FENICE Collaboration. FFs,
extracted under the hypothesis GE = GM , are twice larger than the proton FFs in the SL
region, at corresponding values of the momentum transfer. The corresponding luminosity 500
nb−1, could be reached in 15’ at BES [26].

Proton FFs have been measured at BEPC by the BESII experiment, at ten center of mass
energies between 2 and 3.19 GeV. The integrated luminosity was measured by Bhabha large
angle scattering, and varied from point to point from 45 to 2349 nb−1. The maximum number
of counts was lower than 30.

Recently BABAR successfully applied the ISR method, allowing the simultaneous measure-
ment of hadron FFs in a large q2 range, when the collider is settled to study a specific resonance.
Therefore it is not necessary to do an energy scan, although at the expenses of a reduction in
the luminosity. The emission of a hard photon in the initial state, e+ + e− → N + N̄ + γ
allows the measurement of the non radiative processes, e+ + e− → N + N̄ over a range of NN̄
energy from the threshold, 2mN to the full e+e−center of mass energy,

√
s. The differential

cross section for the radiative process, integrated over the nucleon momenta, can be factorized
in a function which depends on the photon kinematical variables multiplied by the annihilation
cross section for e+ + e− → N + N̄ :

d2σe+e−→p̄pγ(w)

dwd cos θγ
=

2w

s
W (s, x, θγ)σpp̄(w) (9)
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where the total cross section for the annihilation process is function of the pp̄ system invariant
mass w:

σpp̄(w) =
4πα2βC

3w2

[

|GM (w)|2 +
2M2

w2
|GE(w)|2

]

. (10)

β =
√

1 − 4M2/w2 is the proton velocity, C = y/(1−e−y), and y = παM/(βw) is the Coulomb
correction factor.

The function W (s, x, θγ) represents the probability of photon emission. It depends on the
total energy s, on the dimensionless variable x = ω/

√
s, where ω is the photon energy and of

the photon emission angle θγ . It was used by the BABAR collaboration at large photon angles,
θγ ≫ m/

√
s in the following form:

W ISR(s, x, θγ) =
α

πx

(

2 − 2x + x2

sin2 θγ
− x2

2

)

. (11)

Note that at zero photon emission angle, Eq. (11) does not apply. It has been derived from
Ref. [27] by neglecting terms proportional to m2

e/s which become important at small angles. A
precise calculation in frame of the quasi-real electron method can be found in Ref. [29], which
holds at small angles. The probability of photon emission calculated in [28], generalizing the
result from [27], gives reliable results in all the angular range, and it is consistent with Ref. [29]
at small angles.

Based on the ISR method, at 3.77 GeV center of mass energy, and luminosity ∼ 2 · 1032

cm−2 s−1 BESIII constitutes a unique opportunity to measure neutron FFs, achieving reasonable
statistics in a range of moderate q2 values, over the threshold.

4 Discussion on asymptotic

The most general form of the hadronic current is expressed in a simple form as function of the
Dirac F1 and Pauli F2 FFs, which are linear combinations of GE and GM : GE = F1 + τF2,
GM = F1+F2. It is the most suited representation for the discussion of the asymptotic behavior
of FFs.

Assuming that FFs are analytical functions, one can apply the Phragmèn-Lindelöf theorem
in the following form [30]: ” If f(z) → a as z → ∞ along a straight line, and f(z) → b as
z → ∞ along another straight line, and f(z) is regular and bounded in the angle between, then
a = b and f(z) → a uniformly in the angle.”

Choosing the straight lines along the q2 and the −q2 axis, the application of this theorem
to FFs reads:

lim
q2

→−∞

F (SL)(q2) = lim
q2

→∞

F (TL)(q2). (12)

This means that, asymptotically, FFs have the following constraints: 1) the imaginary part
of FFs, in TL region, vanishes: ImFi(q

2) → 0, as q2 → ∞; 2) the real part of FFs, in TL
region, coincides with the corresponding value in SL region, because FFs are real functions in
SL region, due to the hermiticity of the corresponding electromagnetic Hamiltonian.

In order to test these requirements (based on analyticity only), the knowledge of the differ-
ential cross section for e+ + e− ↔ p + p̄ is not sufficient, and polarization phenomena have to
be studied. In this respect, T-odd polarization observables, which are determined by ImF1F

∗

2 ,
are especially interesting. The simplest of these observables is the Py component of the proton
polarization in e+ +e− → p+ p̄ that in general does not vanish, even in collisions of unpolarized
leptons, or the asymmetry of leptons produced in p+ p̄ → e++e−, in the collision of unpolarized
antiprotons with a proton target polarized normally to the reaction plane (or in the collision of
antiprotons polarized normally to the reaction plane on an unpolarized proton target). These
observables are especially sensitive to the different parametrizations of FFs, and suggest that
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Figure 5: World data on proton form factors, in time and space-like regions, as functions
of |q2|, rescaled by dipole. From top to bottom, magnetic FF in time-like region including
PANDA simulated results (black solid squares), magnetic FF in space-like region (blue circles),
electric FF in space-like region, from unpolarized (red triangles) and polarized (green stars)
experiments.

the corresponding asymptotics are very far [31, 32]. Unfortunately, this theorem does not allow
to indicate the physical value of q2, starting from which it is working at some level of preci-
sion. For this aim one needs some additional dynamical information. The assumption of the
analyticity of FFs allows to connect the nucleon FFs in SL and in TL regions and to extend a
parametrization of FFs available in one kinematical region to the other kinematical region:

t → −t, ln(−t) → ln(t) − iπ, t > 0. (13)

Not all nucleon models contain the intrinsic property to give real FFs in SL region, and
generate an imaginary part, applying this transformation.

Dispersion relation approaches, which are based essentially on the analytical properties
of nucleon electromagnetic FFs, can be considered a powerful tool for the description of the
q2 behavior of FFs in the entire kinematical region. The vector meson dominance (VDM)
models, can be also extrapolated from the SL region to the TL region (see [19] and Refs.
therein). The quark-gluon string model [34] allowed firstly to find the q2 dependence of the
electromagnetic FFs in TL region, in a definite analytical form, which can be continued in the
SL region. Experimentally it is found that the values of GM in the TL region, obtained under
the assumption |GE | = |GM |, are larger than the corresponding SL values. A difference up to a
factor of two in the absolute values in SL and TL regions can be seen also for other hadron FFs,
including pions and neutrons, up to the largest value at which TL FFs have been measured.
This has been considered as a proof of the non applicability of the Phràgmen-Lindelöf theorem,
or as an evidence that the asymptotic regime is not reached [18].
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A sample of the world data is reported in Fig. 5, as a function of |q2|, in order to overlap
the SL and TL regions. From top to bottom, one can see the magnetic proton FF in TL region,
under the assumption |GE | = |GM |, the magnetic proton FF in SL region which is obtained
for q2 ≥ 8.8 (GeV/c)2 under the assumption |GE | = 0 (blue circles) and the electric FF in SL
region. Two series of data clearly show the discrepancy between unpolarized (red triangles) and
polarized (green stars) measurements.

The expected precision of the future measurements with PANDA (black solid squares) is
shown in comparison with the existing data. For PANDA each point corresponds to an inte-
grated luminosity of 2 fb−1, which can be obtained in four months of data taking. These results
have been obtained in frame of Monte Carlo simulations, which takes into account the geometry
of the detector, efficiency and acceptance and it is based on a realistic parametrization of FFs
[22]. One can see that PANDA will cover a large kinematical range and bring useful information
with respect to the determination of the asymptotic region.

Note that, in principle, asymptotic properties should be discussed for F1 and F2, and it is
not equivalent to consider, in this respect, the Sachs representation of FFs.

5 Informative Background

In p̄p annihilation, the selection of leptonic channels in the final state is an experimental chal-
lenge due to annihilation reactions into hadrons. Three or more hadrons in the final state can
be very efficiently identified by kinematical fits. The cross section for channels involving three
pions is known to be at most an order of magnitude larger than two pion production. The cross
sections for the neutral (charged) channels production are about five (six) orders of magnitude
larger than the reaction of interest. In the case of the π0 + π0 production, e−e+ pairs are
produced after conversion of the photons from the main π0 decay. In addition, one (or both)
π0 may undergo Dalitz decay, π0 → e− + e+ + γ, with probability 10−2 (10−4). In case of
charged hadron pair production, both hadrons can be misidentified as leptons. In case of kaon
production, the probability of misidentification is lower and kinematical constraints are more
efficient, due to their larger mass.

On the other hand, two body hadronic reactions, which will be detected with very high
statistics, contain very interesting information with respect to pQCD predictions. Following
dimensional counting rules, the differential cross section of the p̄ + p → π− + π+ process can be
parametrized as [5, 33]:

dσ

dt
= Cs−8f(θ) (14)

where θ is the π− cms angle, t is the Mandelstam variable and the function f(θ) depends on
the reaction mechanism. In the framework of the quark interchange dominance model [35], one
has

f(θ) =
1

2
(1 − z2)[2(1 − z)−2 + (1 + z)−2]2, z = cos θ. (15)

C = 440 mb (GeV/c)14 is a constant, which value is obtained from a fit to the data.
The ratio of the yields of pion and kaon pair production in the p̄p annihilation process

contains interesting information on the reaction mechanism, and on the quantum numbers
involved. Near the threshold region, it may allow to evidence the excitations of the physical
vacuum [36]. Let us recall the arguments.

In the threshold region, all states except S-states are suppressed. The main decay channel
of the triplet state is to a pion charged pair, due to the absence of constituent strange quarks in
the proton Fock state. On the other hand, the π+π and K+K decay channels are expected to
occur with equal probability from the singlet state 1S0, due to the equality of the qq̄ particle-
hole excitations in the physical vacuum, with q = u, d, s. Let us focus on the threshold region,
neglecting the contributions from L = 1 states. Meson production in p̄ annihilation occur
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Figure 6: (a) Feynman diagram for the reaction p̄+p → π+ +π− through quark rearrangement;
(b) scheme for production of a pair of quarks through vacuum excitation.

through rearrangement of the constituent quarks (see Fig. 6a). Selection rules require that
J = 1, therefore, by this mechanism the π+π− final channel occurs from 3S1 state. As the
strange quark content of the proton is very small, and strange quarks come only from the
sea, kaon production is forbidden through such mechanism: in triplet S state only pions are
produced.

However a kaon pair can be produced through a disconnected diagram Fig. 6b where any pair
of particles can be created from excited vacuum. In this case, the singlet state corresponding
to J = 0, 1S0 ,can produce a pair of current quarks, which, after interacting, convert into
constituent quarks and become observable as mesons. Let us underline that the probability to
enhance uū pair of current quarks is the same as for a ss̄ pair of current quarks due to the
structure of excited vacuum (EV). The matrix element of the process p̄p → q̄q in singlet state,
is proportional to ū(p−)v(p+) (where u, v are the spinors of the quark and antiquark, with four
momentum p+, p−respectively):

|M(p̄p → EV → q̄q)|2 ∼ Tr(p̂+ − mq)(p̂− + mq) = 8β2
q m2

p, q = u, d, s, (16)

where βq =
√

1 − m2
q/E

2
q , mu = md = 280 MeV, ms = 400 MeV, and Eu = Es = M .

After correcting the yield of pion and kaon pair production by the ratio of phase volumes:
φπ/φK = βπ/βK , one obtains

YKK

Yππ
=

1/2

3 + 1/2

βK

βπ

(

βs

βu

)2

= 0.108. (17)

An error of 5% related to the constituent quark masses can be attributed to this value. The
corresponding experimental value is R = f(K+K−)/f(π+π−) = 0.108 ± 0.007 [37]. This
estimation is based on the statement that pion and kaon pairs are produced ’democratically’
from the vacuum excitation, whereas kaon production is forbidden in singlet S state.

6 Conclusions

We have discussed future perspectives for testing QCD which are opened by the advent of high
intensity accelerators and colliders with electromagnetic (electrons, positrons) and hadronic
(antiprotons) probe, in relation with nucleon structure.

In the SL region, at JLab precise experiments are ongoing/planned in order to extend FFs
measurements, for proton and neutron, exploiting the qualities of the electron beam, its intensity
and polarization.

The individual determination of proton FFs in a wide kinematical region will be first possible
at PANDA . Let us stress that the main advantage of this measurement in the TL region is that
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the dynamical information is fully contained in the angular distribution of one of the outgoing
particles. This requires a single setting of the machine and of the detector (in traditional
Rosenbluth measurements, at each Q2 value, one has to change the energy of the beam and the
angle of the outgoing particle).

The information on the reaction mechanism is also contained in the angular distribution.
Due to the odd properties of the TPE contribution, TPE effects cancel (are singled out) in the
sum (difference) of the cross section at complementary angles, allowing to extract the moduli
of the true FFs [21, 20]. TPE effects also cancel if one does not measure the charge of the
outgoing lepton. Note that evidence of TPE, based on these signatures has not been found in
the experimental data in the limit of their precision: on electron elastic scattering on particles
with spin zero [38], one half [9, 39], and one [40]. An analysis of the BABAR data [25] does
not show evidence of two photon contribution, in the limit of the uncertainty of the data [41].
Comparison of electron and positron elastic scattering on proton gives controversial results
[42, 43, 44]. New experiments at VEPP3 and DESY are on going or planned. The present
simulations show that the future PANDA experiment will be sensitive to a TPE contribution
≥ 5% of the main (one photon) contribution [23].

Large attention should be devoted to the problem of radiative corrections. Any reaction
involving leptons is specifically affected by photon emission. This has to be carefully taken
into account. High order radiative corrections play a role at large momentum transfer and may
induce a specific behavior of the observables, which has to be disentangled prior to extracting
information on the hadron structure [11, 45].

Polarization allows to access a larger precision and new observables. In TL region, single
spin observables (in case of polarized beam or target) give information on the relative phase of
FFs. The full determination of FFs requires at least the measurement of two spin observables.
In case of absence of polarized beams, information on the phase of hadron FFs can be obtained
for ΛΛ̄ final state, which is self-polarizing through the weak decay Λ → pπ−.
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