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Abstract: The internal structure of composite particles is conveniently described in terms of form fac-
tors (FFs)—these are experimentally accessible in annihilation and scattering of elementary reactions,
and are theoretically calculable by all models that describe the properties of particles. FFs depend
only on one kinematical variable, g2. This is the four-momentum transferred by the virtual photon
that carries the interaction. Important developments in accelerator and detector techniques have
brought impressive advances, both by extending the kinematical region and by reaching a higher
precision. A critical review on the underlying methods and findings in polarized and unpolarized
experiments is presented. The unique role played by polarization in determining the ratio of electric
to magnetic form factors in the space-like region, and the extraction of individual form factors in the
whole kinematical region, are described. Recent results at electron accelerators and electron—positron
colliders confirm the existence of periodical structure in the annihilation cross section. We suggest
a global framework which describes the dynamical structure of charge distribution in baryons, in
order to build a coherent view of the creation and annihilation of baryonic matter.

Keywords: hadron structure; form factors; annihilation and scattering reactions

1. Introduction

Electromagnetic form factors (FFs) are fundamental quantities that describe the inter-
nal structure of composite particles. Assuming parity and time invariance, the internal
structure of any spin-S particle is characterized by 25 + 1 form factors (FFs). A proton (spin-
1/2 baryon) is, therefore, characterized by two FFs: the Pauli and Dirac FFs—F; and F,—or
alternatively, the Sachs FFs—electric, Gg, and magnetic, Gp;. Experimental information on
FFs is accessible from the measurement of cross section and polarization observables in
elementary reactions involving electrons and baryons.

The underlying assumption is that scattering and annihilation reactions—e*p — e*p
and eTe™ > pp, respectively—occur through the exchange of a virtual photon with four-
momentum ¢2. Theoretically, FFs can be considered as functions that parameterize the
hadron electromagnetic current, which depend on one variable only, g%; thereby, they
inherit specific analytical properties. Scattering (annihilation) reactions us allow to scan
the space (time-like) region of the transferred four-momentum. The different kinematical
regions bring different pieces of information. FFs in the space-like (SL) region, where the
transferred momentum square is negative, give a spatial picture of the particle at the scale
x defined by Q? = —g? > 0 (through the relation between conjugate variables VQix =1,
assuming /i = ¢ = 1). At small Q? (corresponding to large distances), the variation of the
electric FF in ep elastic scattering has been related to the proton root-mean-square radius.

In the time-like (TL) region, accessed by electron—positron annihilation into a nucleon—
antinucleon pair, FFs contain information on the processes of creation of baryonic matter
signing the evolution in time of the created charge: the leptons annihilate into a virtual
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photon and subsequently matter ad antimatter are formed. In the time-reverse process, the
baryon-antibaryon pair annihilates into a virtual photon, originating a lepton-antilepton pair.

As these processes are related by the symmetries of the strong and electromagnetic
interactions, efforts have been undertaken to provide a global and coherent description
of FFs in the whole kinematical region. Due to unitarity, FFs are real functions in the SL
region and complex functions in the TL region. However, at very large momenta, TL FFs
are expected to be equal to SL FFs (according to the Phragméen-Lindelof theorem), so that
they could become real (or differ by a phase of 7).

This paper will focus on proton FFs, where the most recent experimental informa-
tion is available—for neutrons and other spin-1/2 particles the similar formalisms and
considerations apply, however.

2. Experimental Determination of Hadron Form Factors

The differential cross section allows, in principle, the determination of the two
FFs—electric, Gr, and magnetic, Gy—that fully characterize the electromagnetic structure
of the proton. In the space-like region (4> < 0), polarization phenomena allow the precise
determination of the electric-to-magnetic FF ratio, even at large transferred momenta. The
polarization method suggested by A.L. Akhiezer and M.P. Rekalo [1,2] could be applied
only recently by the JLab—GEp collaboration [3], due to the availability of high-intensity and
high-duty-cycle polarized beams, large angle spectrometers and detectors, and, especially,
the development of hadron polarimetry in the GeV region.

In the time-like region, (4> > 0), the precise measurement of the angular distribution of
unpolarized particles allows us, in principle, to determine both of the FFs (in moduli) that
contribute with different angular weight. However, due to the luminosity of the electron-
positron and proton-antiproton colliders, the statistics collected has not been sufficient
until recently, and only a generalized FF corresponding to the hypothesis Gg = Gy could
be determined from the integrated cross section.

Interesting results in a large ¢g*> range were obtained by applying the initial state
radiation (ISR) method, where a hard photon is emitted with a probability given by a
‘radiator function’ that depends on its energy and angle. The initial lepton, after emission,
is ‘quasi-real’. The total cross section can be factorized, disentangling the reaction of interest
ete™ — pp. The benefit of the ISR method is that, by tuning the hard photon kinematics,
one can scan a large q2 region with a fixed energy collider. The counterpart, i.e., the loss
of cross section by a factor of « (« = 1/137 is the fine electromagnetic constant) due to
the emission of an additional photon, is more than compensated by the high luminosity
reached in the colliders. At BaBar and BES, this method gave impressive results on the
effective FF as well as on the ratio of FFs. However, the individual determination of FFs
was only recently obtained at BESIII using the beam scan method.

3. Results
3.1. Recent Highlights on Space-Like Proton Form Factors

Assuming single-photon exchange in electron—proton elastic scattering, one can define
a reduced cross section, 0yeq:

4E?sin*(6,/2) do
= o \er ) 1 i
a2 cos?(6,/2) xe(1+7) a0
= eG:+1Gy, ¢y

E .
Ored(0e, Q%) = |1+2-:sin’(6/2)

which is linear in the variable € = [1 + 2(1 + ) tan?(6,/2)] "', where 6, is the electron
scattering angle in the laboratory frame. The variable T = Q?/(4M?) is proportional to
Q?, M is the proton mass, E is the electron initial energy, and do/dQ) is the differential
cross section. The Rosenbluth method [4] exploits the linearity of 0,4 (€, QZ) at fixed Q? to
determine the FFs squared, G and G2, as the slope and the intercept (multiplied by 1),
respectively, of this linear distribution.
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Due to the T coefficient and to the normalizations G (Q? = 0) = 1 (in units of electric
charge) and Gy (Q? = 0) = Hp (pp is the proton anomalous magnetic moment), increasing
Q? causes the magnetic contribution of the cross section to become larger and larger. For
Q? > 3 GeV?, the electric contribution is of the same order or smaller than the experimental
error on the cross section, making the potential extraction of Gg doubtful [5].

On the other hand, a measurement of the ratio of transverse (P;) to longitudinal (Py)
polarization of the recoil proton in the polarized elastic scattering (with linearly polarized
electrons) gives a direct measurement of the ratio of electric and magnetic FFs, R = Gr /Gy,
as found by A.I. Akhiezer and M.P. Rekalo [1,2]:

M Gg

Py
—_— = —ZCO’C(QE/Z)m@ ’

5 @

(E’ is the scattered electron energy). Polarization observables, being associated with an
interference of amplitudes, are more sensitive to a small contribution of Gg with respect
to the differential cross section. From an experimental point of view, one expects smaller
errors, as this ratio is free from the systematic errors that come from the beam polarization
and the analyzing powers of the polarimeter that cancel in the ratio. The experiments,
mostly from the JLab—GEp collaboration [3] and references therein, not only gave more
precise results, but also showed that the charge and magnetic distributions in the proton
are different from each other, contrary to former belief. It was previously assumed that
the proton electric and magnetic form factors have a dipole ~(Q?) 2 dependence, which
was consistent, on one side, with quark counting rules from QCD [6,7], and on the other
side, in a semiclassical approach, with an exponential density distribution. Moreover,
the sharp decrease in the FF ratio as a function of QZ, which can be attributed to Gg,
can be extrapolated to a vanishing, or even negative, electric FF; this is a difficult result
to understand.

Future experiments, planned at the 12 GeV JLab accelerator, will bring clarity on
this point. The available data, as well as the projection from the future JLab experiment
E12-07-109 [8], are shown in Figure 1.
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Figure 1. Projections of experimental uncertainties for future JLab experiment E12-07-109 [8] (filled

orange circles). Previous JLab GE / G]’\’/I are also shown for comparison [3] and references therein. The
dotted line is a polynomial fit.

Note that polarization experiments are made possible by the tremendous progress
in hadron polarimetry at the Saturne synchrotron [9,10]. Higher momenta are presently
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achievable only in Dubna, where the ALPOM collaboration currently pursues systematic
studies [11,12].

3.2. The Time-Like Region

Assuming one-photon exchange and the Born approximation, the differential cross
section for the annihilation process e*e™ — pp in the center of mass system (CMS) is [13]

Ao, +p— 5 2
Hee a0 = LB (14 o) Gul + Lt @IG] 0
where § = /1 —1/7 is the velocity of the final hadron and 0 is the antiproton emission
angle. The function C(p) is the Coulomb correction for the pp final state interaction [14].
This factor becomes negligible a few MeV above threshold, but it is divergent for § — 0.
However it is compensated by the phase-space factor 8, and the cross section at threshold
is then finite and different from zero.

In the annihilation channel, CMS is preferable: the constraint on the vanishing total
momentum in the initial and final channels strongly simplifies the formalism. The angular
dependence of the cross section, Equation (3), is a direct consequence of the one-photon
exchange mechanism, with a single spin-one photon and assuming parity invariance. The

p 0 . . 1
specific cot? —-dependence of the scattering cross section (1) is directly related to the cos? 6
annihilation cross section [15] :

5 cot?6,/2

cos“ 0 = 1o +1. 4)
The differential cross section (3) contains the squared moduli of the two FFs, whereas
polarization observables allow us to access their relative phase. The knowledge of the
differential cross section at a fixed value of the total energy s = g2, and for two different
angles 6, allows the separation of |Gy|? and |Gg|?. This is equivalent to the Rosenbluth
separation for elastic ep-scattering. In the TL region, at a fixed energy of the collider
and with a 47t detector, this procedure is simpler, as the cos 8 dependence is measured at
once. However, in SL region it is necessary to change two of the kinematical variables-the
energy of the initial electron and the electron scattering angle—to acquire several € points
at a fixed momentum transfer. In the TL region, due to a limited number of statistics, the
determination of the separated electric and magnetic contributions could not be determined
for long time. Few data on the FF ratio were produced by the BaBar [16] and PS170
collaborations [17]. Only very recently could the BESIII collaboration extract |Gg| and |G|
separately and with a meaningful error in the near-threshold region [18].

From the integrated cross section:

4ma’B C(B) 2 1 2
ae+e—%ﬁp:3qz<GM| +E‘GE‘ )/ ©)

one can define a combination of the squared moduli of the FFs, called the effective
FF, F,(4%) :
2 _ 20lGu(9)P + Ge() ©
2t+1

It is equivalent to the assumption that |Gg| = |Gy|, which only holds at the reaction
threshold.

World data of the effective FF are shown in Figure 2. The recent data from BES, using
the ISR method [19] (blue squares) and the beam scan method [18] (green triangles) confirm
the regular structures previously found in [20] on the BaBar data [16,21] (black circles).
The data can be fitted by damped oscillations overimposed on a monotone decreasing
background [22]. The best fit is obtained with a background that is a factor of % steeper
than the dipole behavior predicted by QCD sum rules.
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The blue dash-dotted line corresponds to a constant cross section o = 0.87 nb, fitted
in the range 0.1 < /g% < 0.9 GeV. This is consistent with a point-like proton, suggesting
that the proton behaves as a particle without structure in the region just above threshold.
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Figure 2. Generalized FF as a function of the four-momentum qz. The data are from CMD-3 [23] (red
stars), BaBar [16,21] (black circles), BESIII [19] (blue squares), and [18] (green triangles). They are
shown together with the six-parameter fit from [22] compared to the fit from [20] (red dashed line).
The blue dash-dotted line corresponds to a constant cross section ¢ = 0.87 nb.

A recent experiment in the time-like region from the BESIII collaboration [18] at the
eTe™ collider BEPCII, determined for the first time in the TL region the moduli of the
electric and magnetic FFs. At the kinematical threshold they should coincide; the precise
determination of their value provides a strong constraint for models.

While the SL data (red squares in Figure 3) show a monotone decrease, the TL ones
(green triangles in Figure 3) [18], show the presence of oscillations, which do not contradict
the results from BaBar [21] (black circles in Figure 3), with a minimum at g2 = (5 — 6) GeV2.

In the SL region, the ratio of the moduli of the electric to magnetic FF is expected to
have the value 1/y, at 7> = 0 (from the FF normalizations) while in the TL region it is
constrained by unity at the reaction threshold g2 = 4M?.

Note that the QCD quark counting rules [6,7] also predict such values at large
transferred momenta. The decrease in the ratio in both regions is an indication that the
perturbative domain has not yet been reached, and it corroborates the predictions from [24].
Following a similar approach to that for the effective FF, the ratio in the TL region is fitted
with a function Fg which reproduces a monopole decrease and a damped oscillation:

1 e
Fr(w(s)) = T wi/n [1+re7 2 sin(r3w)], w = \/qu_ 2my,
ro = (3+£2)GeV?, r; =05+0.1,
rp = (1.54+12)GeV !, r3 = (9.3+0.5) GeV !, @)

where the normalization at the production threshold, Fr (4m%) =1, is imposed. The curve
representing the fit function, Equation (7), is shown in Figure 3 (black line). The monopole
and the oscillatory components are also shown. The TL data on the ratio R are also shown
(black circles and green triangles).
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Figure 3. Ratio R = |Gg|/|Gy| as a function of |¢?|. Symbols as in Figure 2. The fit from Equation (7)
(solid black line) is decomposed into the monopole component (green dashed line) and the oscillatory
component (black dotted line—shifted up by 0.5). The SL ratio from the JLab—-GEp Collaboration [3]
is also shown (red squares), fitted by a constrained monopole fit (red long-dashed line).

The red long-dashed line in Figure 3 is a one-parameter monopole function, con-
strained to 1/ at 4> = 0.

1 1

:772
e <1+'ZZ)

Combining the fits of the ratio and of the generalized FF, one can reproduce the mod-
uli of the individual FFs. This is shown in Figure 4 where the extrapolation of the
fitting function allows us to determine the expectation at the reaction threshold value:
|Ge(thr)| = |Gm(thr)| = |Fy(thr)| ~ 0.48. This number can be compared to the QCD
prediction of Fy, o~ 0.34 and to the prediction from the VMD model from [25] that gives
Fin =~ 0.29, both fitted on the data. The errors on the parameters from the fits are generally
of the order of few percent. We can therefore estimate a 5% error to be attributed to the
threshold values given above. Note that the VMD model contains five parameters that
have physical meaning (masses, couplings, etc.). A new fit, which includes the new data, is
highly desirable.

For ;a=>54+0.1GeV? 8)

Figure 4. |Gg| (red circles) and |Gy,| (blue squares) from BESIIIL The dashed red (dash-dotted blue)
line is the calculation of |Gg| and |G| from the fits of the effective FF F, and the ratio R.



Symmetry 2021, 13, 1480

7 of 8

References

4. Discussion

In [24], it was suggested that the picture of the nucleon as formed by three constituent
quarks does not hold in the center of the nucleon, where a very strong chromomagnetic
field produces a screening effect, as in a plasma (short distances corresponding to large
transferred momenta). An inner volume inside the nucleon that is electrically neutral
induces a faster decrease of the electric FF compared to the magnetic FF in the SL, as well
as in the TL region. The magnetic FF follows a g>-dipole behavior and the electric FF an
additional g2 decrease, so that the ratio has a monopole 4> dependence.

The regular oscillations have been attributed, in [20], to an interference between two
configurations in the formation baryonic matter: one process that occurs at the hadronic
scale (about 1 fm) and one at the quark level (0.2 fm). This corroborates the interpretation
of TL form factors as describing the time evolution of the electric and magnetic charge from
the annihilation point, where a quantum vacuum is created by the energy of the vanishing
incident leptons.

In such a frame, one can generalize the definition of FFs, by interpreting the SL and
TL FFs, respectively, as projections onto the space (in the Breit frame) and time (in CMS)
components of a generalized FF, depending on a space-time variable.

The data on the FF ratio, which is is well-determined up to |g?| ~ 9 GeV?, point to a
very different behavior (in absolute value as well as in shape) in the SL and TL regions. The
oscillating behavior seen in the ratio is more evident in the electric than in the magnetic FF.

A measurement of the relative phase, accessible through a single spin polarization
observable, would allow us to precisely determine the role and the weight of the two FFs.

Most of the theoretical models have been developed for the SL region, and, when
possible, have been analytically continued into the TL region. Some of them are based on
parameterizations, with their parameters fixed by the data. As an example, VDM models
predict a steeper behavior for |Gy| compared to |Gg|, [25]. A number of resonances, in
correspondence with light vector mesons, would occur in the unphysical region, i.e., the
TL region lying below the production threshold. Note that this region will be accessible
through the reaction pp — e*e™ ¥ [26,27] at the PANDA@FAIR facility [28] in near future.

The new data that we have discussed call for a revision of the models, aimed at a global
understanding of the whole kinematical region, and toward a microscopic description of
both annihilation and scattering processes.
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