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Fig. 1. Current measurements of the pion’s electromagnetic form factor Fπ (Q 2), 
multiplied by the photon virtuality. The upper dashed curve constitutes a monopole 
parameterization based on fitting the low energy data to a monopole shape, as pre-
dicted by vector meson dominance (VMD) models. Two versions of the prediction 
of Lepage and Brodsky are shown: the lowest curve corresponds to the true asymp-
totic prediction given in Eq. (1), while the central curve is the result of incorporating 
a non-asymptotic form of the pion’s light cone distribution amplitude utilizing the 
results of Ref. [5].

prediction [5]. However, the theory still appears to underestimate 
the form factor [5]. It is therefore of interest to examine other pos-
sible reasons for this difference.

Currently, the high virtuality data for the pion form factor is ob-
tained from pion electroproduction. This approach has previously 
been criticized for a number of reasons.

Firstly, others have argued that the object truly measured 
in pion electroproduction is the transition amplitude between a 
mesonic state with an effective space-like mass t < 0 and the phys-
ical pion [6]. It has been argued that this transition amplitude may 
be larger than the physical pion form factor [6].

Secondly, there have been questions raised about the particu-
lar theoretical model known as the Vanderhaeghen, Guidal and 
Laget Regge Model (VGL Model) [7,8] utilized in the analysis [9]. 
In particular, the method by which gauge invariance is imposed on 
the amplitude appears unnatural. The method amounts to requir-
ing that the pion’s electromagnetic form factor Fπ (Q 2) and the 
proton’s Dirac form factor F p

1 (Q 2) are equal. Recently, the extrac-
tion method used in the most recent measurement was applied 
to a toy model of electroproduction to further investigate the effi-
cacy of the approach. It was found that the VGL Model led to the 
overextraction of the toy form factor, suggesting that the measured 
form factor data may be overestimated [9]. This study utilized a 
rather simple model of electroproduction and thus questions may 
be raised about the size of any observed effects. However, the 
trend towards less accurate measurements of the pion form fac-
tor at higher Q 2 is important to understand, especially with the 
planned new set of measurements at Jefferson Laboratory of the 
pion’s electromagnetic form factor at higher photon virtuality than 
ever before [10].

In this paper, we propose a modified version of the VGL Model, 
which we term the Gauge Improved VGL Model. By modifying 
the way gauge invariance is imposed on the amplitude, we no 
longer need to require that the pion and proton form factors are 
equal. To do this, we begin by introducing the conventions fol-
lowed throughout this paper. We then explain our modified VGL 
Model, before reanalyzing the experimental data.

2. Kinematics and preliminaries

We focus on describing the reduced 2 → 2 scattering amplitude 
p(p1) + γ ∗(q) → n(p2) + π(pπ ). We introduce conventional Man-
delstam variables for this process, and we define Q 2 = −q2 so that 

Fig. 2. Born Term Model for pion electro-production. The pion form factor is mea-
sured in pion electroproduction via the t-channel diagram. There is no u channel 
diagram because in our effective field theory, the neutron is neutral at tree level.

the photon’s spacelike momenta is positive. These three momenta 
(Q 2, the proton-photon invariant mass W = √

s and t) allow one 
to fully describe the cross section. The unpolarized differential 
cross section may be separated according to the polarization states 
of the virtual photon into transverse (T ), longitudinal (L) polariza-
tions, as well as two interference terms (LT and T T ) [11]:
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where ε is a measure of the virtual photon polarization [11,12]. 
The t-channel pion exchange diagram dominates the longitudinal 
differential cross section dσL/dt [13]. It is this structure function 
which we aim to describe effectively. Details on the relationship 
between the invariant matrix element iMµ we derive for this pro-
cess and the cross section can be found in Ref. [14].

3. The Born Term Model and the VGL Model

Either the pseudo-vector or pseudo-scalar realizations of pion-
nucleon effective field theory may be used since for this process 
both may be shown to give the same matrix element. More discus-
sion of these Lagrangians and their corresponding Feynman rules 
may be found in Ref. [15]. The Born Term Model is defined by the 
tree level diagrams, which are shown in Fig. 2.

The VGL Model is a Regge Model. One may understand the 
Reggeization of the amplitude as the multiplication of the Born 
Term Model by the ratio of the reggeized propagator to the Born 
Term Model propagator. The structure of the pion is further incor-
porated by multiplying this amplitude by an overall factor of the 
pion form factor Fπ (Q 2). That is

iMµ
VGL = Fπ (Q 2)Dπ−1

F (pt)Dπ
R (pt)

[
iMµ

BTM

]
. (7)

Introducing these terms as overall multiplicative factors is mo-
tivated by gauge invariance arguments [7,9]. This ‘factorization’ of 
the pion form factor is rather unnatural. One may view this as a 
model assumption that the pion and proton form factors are equal:

Fπ (Q 2) ≈
VGL

F p
1 (Q 2) . (8)

Of course, at the pion pole this introduces no error, however the 
data is some distance from the pole. The purpose of this paper 
is to discuss a method by which we may implement structure at 
the pion electromagnetic vertex in a way consistent with gauge 
invariance, without being required to modify the proton’s electro-
magnetic vertex.

4. The Gauge Improved VGL Model

4.1. Pion electroproduction vertex

In pion electroproduction the most general form of the pion-
photon vertex will take the form


