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Recent experiments on the electromagnetic proton and neutron form factors reveal very peculiar
features such as the decreasing of the ratio of electric to magnetic form factor of the proton as func-
tion of the transfer momentum squared, in electron proton elastic scattering. A model is suggested
to describe the known experimental behavior of nucleon form factors both in space and time-like
regions. It implies quarks to be colorless in the region of high intensity chomo-magnetic gluon field

inside the nucleon.

Measurements on the nucleon form factors (FFs) are
traditionally based on the measurement of the unpolar-
ized differential cross section in electron-proton elastic
scattering. Recently the polarization transfer method [1]
was applied by the GEP collaboration at Jlab. The ex-
periments [2] show a definite indication of the decreas-
ing the proton electric form factor when the momentum
transfer squared Q2 = —¢? increases.

Future plans of precise measurements motivate the ne-
cessity of new models of the nucleon at large momentum
transfer squared, which is able to explain the present data
and to give predictions in space-like as well as in time-like
region.

In the space-like region, in non relativistic approaches
(and also in relativistic approaches, but only in the Breit
frame) the electromagnetic nucleon FFs are defined as
the Fourier transform of the charge and magnetic distri-
butions inside the proton.

The purpose of this work is to give a qualitative un-
derstanding of the experimental finding of the fast de-
creasing of the charge distribution at small distances in-
side the proton. The same modelization should apply
also to the neutron, and describe all existing data in
space-like and time-like regions of the momentum trans-
fer squared. The annihilation region is best described in
center of mass (CMS) system of the proton-antiproton
system (in initial or final state). Charged lepton-nucleon
scattering (in space-like (SL) region) and the annihilation
of a nucleon-antinucleon pair in electron-positron, or the
production of lepton pairs in proton-antiproton annihi-
lation (in time-like (TL) region) provide the possibility
to investigate the charge distribution inside the proton.
Our considerations hold in both regions, in Breit frame
for space-like region and in CMS in time-like region, and
will be derived as function of ¢, which is invariant.

Let us consider the analogy with gravitation. Newton
showed that for a spherical symmetric distributed mass
density, a point located at a distance R < Ry from the
center (R is the radius of the object) is submitted to a
gravitational force due only to the matter located inside
the surface where the point is located. The gravitational
interaction with the layer of matter situated at » > R is
fully compensated and its effect vanishes. The Coulomb

force between the electron and the proton has a similar
behavior as the gravitational potential. The Newton-
like theorem mentioned above, works only for the scalar
part ¢ of the electromagnetic field, A = (gb,/T), not for
the vector potential ff, which is related to the magnetic
field. These arguments apply to the electric and magnetic

proton form factors, and suggest that their ratio should
be:
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For a value of r < 0.7 fm, one obtains @@ > 0.29 GeV.
Such behavior is not confirmed by the experimental data.
Let us consider the proton as a system consisting of
three valence quark and of a neutral see consisting of glu-
ons and quark-antiquark pairs. It is usually assumed that
the nucleon is an antisymmetric state of colored quarks
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The main idea of this work, is that the spatial center of
the nucleon (proton and neutron) is electrically neutral,
therefore this expectation must be drastically changed,
starting at some value of @ or for distances smaller than
some radius.

This representation fails inside the nucleon where the
region of a strong gluonic field may create a gluonic
condensate of clusters with randomly oriented chromo-
magnetic field [3]. The strength of the gluon field in
vacuum (G refers to the gluon field tensor G, ) is

< 0122(G%,)%|0 >= 0.012 GeV™. (3)
™

From this value, taking as/m ~ 0.1, one can find that the
strength of the chromo-electric field has the value:

G2 ~ 20.012 GeV*4, ice., E~0.245 GeV2.  (4)

Qg
At smaller distances the gluonic field as well as the num-
ber of gluons increase. Therefore, the strength of the
chromo-electric field increases as well. Our main as-
sumption consists in the statement that in the region
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Figure 1. Schematic modelisation of ratio of the electric to
magnetic proton (a) and neutron (b) FFs as a function of Q2.
The shadowed area shows the region where the present model
is not applicable.

of strong chromo-magnetic field the color quantum num-
ber of quarks does not play any role, due to stochastic
averaging. Let us formalize this property in the following
way:

< G|’UJZ’U,J|G >~ 5” (5)

For the neutron, the same property applies, where the
u quark is replaced by the d quark. When the color
quantum number of quarks of the same flavor vanishes,
then, due to Pauli principle, uu (or dd) quarks are pushed
outside the internal region of the proton (or the neu-
tron). The third quark is attracted by one of the identi-
cal quarks and forms a compact diquark. In the regions
of not so intense gluonic field the color state of quarks
is restored. Let us estimate the distance (or transferred
momentum) where it may happen. The creation of a
quark-diquark dipole system occurs when the attraction
force exceeds the stochastic force of the gluon field:

Q262
I— > eQq E. (6)
o

where @, is the charge of the isolated quark (u (d) in
case of proton(neutron) and ry is the distance between
the quark and the diquark system. Taking into account
the relation: rgpy = 1, one obtains

E
— =1.1 GeV. 7
o 7

The minimal distance where the quark-diquark picture
appears is 79 = 0.22 (0.31) fm in the proton (neutron),
which corresponds to p2 = 1.21(2.43) GeV2. A qualita-
tive and schematic picture of our model is illustrated in
Fig. [, where the ratio R, is shown as a function of
¢? in the space-like region. Quark counting rules apply
to the vector part of the potential, and correspond to
the interaction of virtual photon with three independent
quarks. The corresponding behavior of FFs is |4, [5]:

Gu(Q%) = 1pGe(Q?);
Gr(Q%) = Gp(Q?) = [1+Q%/(0.71 GeV?)] ™ (8)

Po =

where Q? is expressed in GeV? and FFs are normlized re-
spectively as Gg(0) = 1, Gp(0) = pp, (1 is the anoma-
lous proton magnetic moment). The present model leaves
unchanged the prediction for the magnetic FF. An addi-
tional suppression mechanism of the electric FF is pro-
vided by the ’central’ region of the hadron (we consider
now the scattering kinematics). An effect similar to the
screening of a charge in plasma may take place. The
scalar part of the electromagnetic field ¢ obey the equa-
tion:

A¢ = —4re Z Zin;, N; = Nijpexp {— Zkz;d)] (9)

where Z; (n;) are the charges (density) of current ¢g pairs

in the zero charge region, T is the effective temperature of

the hot plasma. Expanding the Boltzmann exponent and

using the neutrality condition: > Z;n;0 = 0 we obtain:
X

Ap—x*¢p=0,p=¢ 7. (10)

The distribution to momentum space, obtained through
the Fourier transform, shows that the central region pro-
vides an additional suppression for the electric FF:

Gr(Q%) = Gu(Q%) (1+Q/¢?) " (11)

where ¢; should be considered a fitting parameter, dif-
ferent in principle for proton and neutrons. This gives
the following dependence for the form factor ratio, in SL
region:

G 2
Rpn(@) = G2 &S~ @+ ) (02
Let us precise this statement, considering now the an-
nihilation channel, for example the process e™ 4+ e~ —
v*(q¢) = p+p. In the center of mass reference frame, the
three-dimensional transferred momentum vanishes.
Let us generalize the definition of FFs in the following
way:

F(¢) = / ot p(a), gt = qot — -7 (13)
D

where p(z) = p(7,t) is the space-time distribution of the
electric charge in a space-time volume D.

In the scattering channel, e + p — e + p and in the
Breit frame, we recover the usual definition of FF's:

F(q*) = 6(q0)F(Q*), Q*= (a5 — @) > 0. (14)

where the zero energy transfer is implied.
In the annihilation channel, we have:

2y _ eV Pt 37,(7 1) — eV Pt
Fiet) = [ eV [ e - [ a Q(t(>1,5)



where Q(t) describes the time evolution of the charge
distribution in the domain D.

We discuss now the mechanism of pp creation in ete™
annihilation through spin one intermediate state 3S; =<

0|J#*|pp >. We can describe this process in three steps.

1) Above the physical threshold, ¢> > 4M?, the
vacuum state transfers all the energy released by the
electron-positron annihilation to a S-wave state with to-
tal spin 1 and four momentum ¢ = (1/¢2,0,0,0). This
state of matter consists in at least six massless valence
current quarks, a set of gluons and a sea of current qq
current quarks, with total energy qo > 2Mp, and total
orbital momentum unity. Such state, which is created
in a small spatial volume of the order h/ \/(172 , starts to
expand and cool down. The current quarks (antiquarks)
absorb gluons and transform into constituent quarks (an-
tiquarks).

2) The next step is the evolution of real (colorless)
proton and antiproton creation, with the known size
h/(2M,) ~ 0.1 fm. The residual energy turns into
kinetic energy of motion, with relative velocity 28 =

24/1—4M2/q5. In the first stages, the strong chromo-

electric (chromo-magnetic) field leads to an effective loss
of color freedom of quarks and antiquarks. As a result
of Fermi statistics, the identical (colorless) quarks (uu in
the proton and dd in the neutron) are repulsed. The re-
maining quark (antiquark) of different flavor is attracted
to one of the quarks at the surface, creating a compact
diquark (du state).

3) In the last stage, the long range color forces create
a stable colorless state of proton and antiproton. Part of
the initial energy is dissipated into the transmission of
current valence quarks and antiquarks to the constituent
ones, which give origin to on-shell proton and antiproton.
At this stage of evolution, the two sets of quarks and an-
tiquarks are separated by a distance R. The repulsion of
proton and antiproton which tend to move in opposite
directions with kinetic energy T' = \/q2 — 2M,,c? is bal-
anced by the confinement potential go—2Mc? = (k/2)R?.
For extreme small values of the velocity an/8 ~ 1 the
final state interaction leads to the formation of a NN
bound state, with size of the order of 100 fm. At larger
distances, the inertial force exceeds the confinement force
proton and antiproton start moving, each one with veloc-
ity 5. The spin unity of the intermediate virtual photon
manifests itself in dynamical polarizations of proton and
antiproton.

The complex nature of FFs in TL region arises nat-
urally from final state interaction, being larger in the
threshold region and vanishing at large ¢?. This is
in agreement with the Phragmeén-Lindelof theorem [6],
which applies to analytical functions of complex vari-
ables, and insures the equality of form factors for large
values of |¢?|. As form factors are real in the scattering
channel, it has for consequence that the imaginary part

must vanish in the annihilation channel at large |¢?|.
The present model is in agreement with the finding of
Ref. [7] of a point-like nature of FFs at threshold. based
on arguments on the absence of resummation of Coulomb
corrections near threshold, the extraction of FFs from
the experimental cross sections is consistent with |G%| =
|G3;| = 1. Therefore, the present model suggests the
following parametrization in TL region (¢ > 4Mp2):

Gum(q®) = pp[l + (¢* — 4M7) /5] > (16)
Ge(q®) =Gu(®)1+ (" —4M})/qi) 2. (17)

As for the magnetic FFs, it is defined by the distribution
of the angular momentum (spin), similarly for proton and
neutron. It is expected that proton and neutron magnetic
FFs are similar and that are slowly varying functions of
Q?, as determined by quark counting rules.

The world data on proton FFs together with the pre-
dictions of the model are shown in Fig.
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Figure 2. World data on proton FFs as function of ¢°>. Space-
like region: G (Q?) data (blue circles), dipole function
(blue line) from Eq. (8); electric FF, Gr(Q?), from unpo-
larized measurements (red triangles) and from polarization
measurements (green stars). The green line is the model pre-
diction from Eq. (). Time-like region: world data for
|G| = |Gum| (various symbols for ¢* > 4M7 and model pre-
diction (black line) from Eq. (I6).

In the Space-like region, the magnetic FF, G/ (Q?)
(blue circles) is well reproduced by the dipole function (8])
(blue line) normalized to Gar(0)) = pp. The electric FF,
Gr(Q?) from unpolarized measurements (red triangles)
also follows a dipole function normalized to Gg(0) = 1.
GE(Q?) (green stars) from polarized measurements is
well reproduced by the prediction of the present model
(green line), Eq. (), setting ¢?=3.6 GeV?.
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Figure 3. Proton electromagnetic FF ratio in TL region, as
functions of |¢?|. The line is the prediction of the present
model. Data are from Ref. [d] (red squares), from Ref. [§]
(black triangles), from Ref. |[10] (green circle), and from Ref.
|11} (blue star).

In the time-like region, the individual determination of
G g and G has not been done, due to the lower luminos-
ity achieved up to now. The experimental results, cor-
responding to the annihilation cross section, are given in
terms of |G|, assuming |Gg| = |G| or |Gg| = 0. The
data for |Gg(¢?)| = |Ga(¢®)| are shown for ¢ > 4M7 in
Fig. Bl (black circles) for various experiments, see Ref. [§]
and are well reproduced by the present model, following
Eq. (I6) with ¢g3=1.2 GeV? (black line).

The few existing data on the proton FF ratio in TL
region are reported in Fig. B} from [9] (red squares),
from Ref. [8] (black triangles), from Ref. [10] (green
circle), and from Ref. [11] (blue star). The prediction
of the present model is drawn as a solid line. The line
is normalized at the kinematical threshold, ¢% = 4M57
where |Gg(¢?)| = |G (¢?)| (assumed = 1). Due to the
dispersion of the data, we do not try any fit, but we apply
Eqs.([I6 I with ¢?=1.2 GeV2. Concerning the neutron,
experimental data are more scarce, imprecise and extend
to a smaller Q2 range, due to the smallness of the electric
FF. The neutron and proton electric FFs in SL region are
shown in Fig[l A sample of the existing neutron data is
shown (black triangles) (see Ref. |12] and Refs therein).
For comparison, the proton FF from polarization data
[2] is shown (green, stars) and from Rosenbluth method
[13] (red,triangles). The prediction is the solid, green
line for the proton FF and the black, dashed line for the
neutron following Eq. () with ¢7=2.42. The vertical
line indicates the region where the present model does
not, apply to the neutron.
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Figure 4. World data on neutron electric FF (black, triangle
down), in SL region, as functions of |¢?|. For references on
neutron experimental data see Ref. [12]. For comparison,
the proton FF from polarization data [2] is shown (green,
stars) and from Rosenbluth method [13] (red,triangles). The
prediction is shown as a solid, green line for the proton FF
and as a black, dashed line for the neutron. The normalization
is arbitrary. The vertical line indicates the region where the
present model does not apply (for the neutron).

In TL region few data exist, based on only one exper-
iment [11], and they are shown in Fig. The predic-
tion (Eq.(I8) with ¢f,, = 1.2) is shown as a solid, black
line. The line is normalized at the kinematical threshold,
¢ = 4AM2, |Gpn(q®| = |Gun(q?| (assumed = 1). The
solid line indicates the limit where the present model ap-
plies. The dashed line indicates the kinematical thresh-
old. We do not try any fitting, as on one side the data
are not very precise, and on the other side they have not
been extracted with the point-like prescription at thresh-
old, so that they partly include the Coulomb corrections.
The comparison to TL data will be better done in future
with the integrated cross section itself, instead that with
the generalized FF.

In conclusion, we have developed an intuitive and qual-
itative model, which satisfies the known features of the
data and the physical requirements. We have general-
ized the definition of FFs in all the kinematical range:
the physical meaning of FFs in SL region is related to
the charge and magnetic distributions in the (Breit sys-
tem), whereas in TL region it is related to the time evolu-
tion of the these distributions, as expressed in Eq. (3.
The complex nature of FFs in TL region arises naturally
from final state interaction, being larger in the threshold
region and vanishing at large ¢2. This is in agreement
with the Phragmeén-Lindelof theorem [6], which applies
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Figure 5. Data on neutron |Gg| = |Gam| FF in TL region,
from Ref. [11]. Our prediction for the electric FF is shown
as a solid, black line. The solid line indicates the limit where
the present model applies. The dashed line indicates the kine-
matical threshold.

to analytical functions of complex variables, and insures
the equality of form factors for large values of |¢?|. As
form factors are real in the scattering channel, it has for
consequence that the imaginary part must vanish in the
annihilation channel at large |¢?|.

We give also useful and simple parametrizations which
reproduce satisfactorily the large ¢? behavior of all nu-

cleon FF's data, in space-like and time-like regions.
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