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Abstract. Experiments to determine the electric and magnetic form factors of nucleons have
been performed for over half a century. This article gives an overview of the current state of
our knowledge and discusses new features discovered in recent high precision experiments.

1. Introduction
The electric and magnetic form factors encode the distribution of charge and magnetization
inside the nucleon. Precise determinations of the form factors therefore provide benchmarks
for theoretical descriptions, may they be based on effective degrees of freedom or QCD. In the
one-photon-exchange approximation, the cross section is given by(

dσ

dΩ

)
=

(
dσ

dΩ

)
Mott

εG2
E + τG2

M

ε (1 + τ)
, (1)

in terms of the form-factor independent Mott cross section and the two Sachs form factors GE

and GM .

2. Proton form factors
2.1. Rosenbluth separation
The classical approach to disentangle the form factors from cross section measurements is the
Rosenbluth separation [1]. The linear structure of Eq. 1 is exploited to disentangle the form
factors at a given Q2 from several measurements at the chosen Q2 but with different ε.

The black symbols in Fig. 1 show the progress achieved in the last half century of
measurements. After an initial gold rush phase in the 1970s, the focus was on the higher
Q2 range in the 90s. In recent years, with advances in accelerator, detector and experiment
design, several experiments achieved a considerable reduction of the uncertainty.

In Fig. 2, both form factors are shown on a logarithmic scale, to demonstrate some of the
basic traits: GE and GM follow a very similar curve, with a constant factor of µp between them,
the so-called Scaling relation. In early measurements [2], a dipole was proposed as a simple
phenomenological function description:

GE

(
Q2
)

= 1/µpGM

(
Q2
)

= Gdipole =

(
1 +

Q2

0.71(GeV/c)2

)−1

. (2)

While this simple approximation is still valid as a coarse description, precise measurements
show deviations both at low and high Q2.

Rutherford Centennial Conference on Nuclear Physics IOP Publishing
Journal of Physics: Conference Series 381 (2012) 012006 doi:10.1088/1742-6596/381/1/012006

Published under licence by IOP Publishing Ltd 1



0.01

0.1

1

10

100

1000

1970 1980 1990 2000 2010

Q
2
/(

G
eV
/c

)2

Year

Figure 1. Timeline of proton form factor measurements. The radii of the circles are proportional
to the relative uncertainty. Black: unpolarized [3–20], grey: polarized measurements [21–34].

0.001

0.01

0.1

1

0 1 2 3 4 5 6 7 8 9 10

G
E
,
G

M

Q2/(GeV/c)2

GE GM

Figure 2. The form factors GE and GM extracted from unpolarized measurements.

The figure also exhibits a basic stumble block for the precise determination of GE for higher
Q2 values. Since GM is weighted with τ ∼ Q2 in the cross section, the effect of GE is small in
comparison at higher Q2, and the uncertainty of its determination grows.

2.2. Polarization methods
To reach smaller uncertainties, an alternative approach was developed, based on polarization
observables. Two methods are regularly used:

• Polarized electrons are scattered off polarized protons. The double spin asymmetries are
then measured.

• With recoil polarimetry, the spin transfer to the recoiling proton is measured when scattering
polarized electrons off unpolarized protons.
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Figure 3. Results for the form factor ratio from unpolarized (grey) and polarized (black)
measurements.

Both methods access only the ratio of the form factor, however they do not need an absolute
measurement of the cross section. The grey symbols in Fig. 1 illustrate the fast advancements
in the use of these comparably new techniques.

2.3. High-Q2 puzzle
Figure 3 shows the results for the ratio from unpolarized and polarized measurements. While the
Rosenbluth data are compatible with the scaling relation prediction, polarized experiments yield
data with a linear, downward trend. This discrepancy, which came as a surprise, is understood as
a sign of higher-order effects, mainly the two-photon exchange. However, this explanation is not
perfect. Theoretical calculations tend to under-predict the effect and only explain about half of
the discrepancy. Direct experimental searches for those effects are also puzzling: High precision
unpolarized data (e.g., [15]) show that the reduced cross section still is a linear function of ε.
The polarization experiment [28] shows an effect only in one polarization variable and yields a
zero effect in the form factor ratio, a contradiction to most model calculations.

The underlying theoretical problem is the correct treatment of the intermediate states of the
proton between the two-photon exchanges. Vice versa, a precise experimental determination of
the effect is a strong test and may hint on how to include these states correctly. The two-photon
exchange can be directly measured with the difference between electron-proton and positron-
proton scattering, which is the goal of current experiments at DESY, JLab and VEPP-3.

2.4. Low Q2

The low-Q2 region was the focus of two recent experiments, one based on the Rosenbluth
technique, and one employing polarization observables: The measurement at the Mainz
Microtron MAMI [6] encompasses 1422 unpolarized cross section measurements in the Q2-range
up to 1 (GeV/c)2 (see Fig. 4). In contrast to the usual approach, the form factors and radii were
extracted using direct fits of several flexible form factor parametrizations to the cross section
data, without the need of an explicit Rosenbluth separation at selected Q2 values. In these fits,
the global normalizations were left floating, using the static limits of the form factors as anchor
points. An excellent relative normalization was achieved using one spectrometer to monitor the
luminosity.

The extracted magnetic form factor is about 3% larger than previous unpolarized
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Figure 4. The 1422 cross section measurements of the Mainz experiment [6], divided by the
dipole prediction, as a function of the scattering angle. The data points are shifted according
to the incident beam energy.
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Figure 5. The form factor ratio from polarization experiments and the recent Mainz unpolarized
measurement [6]. From the latter, two typical models are shown.

measurements. This, however, brings the form factor ratio into better agreement with the
recent polarization experiment [34], where form factor ratios at eight Q2-values between 0.3
and 0.6 (GeV/c)2 were extracted. The better understanding of the background situation in
this experiment led to a reanalysis of an older experiment [33]. Both experiments show ratios
slightly smaller than previous, less precise experiments. In Fig. 5, the results of [6] and [33, 34]
are compared to previous polarization results.
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Figure 6. Determinations of the electric proton radius. Circles: electron scattering experiments.
Crosses: fits/reanalyses to scattering data, triangles: Hydrogen energy level measurements,
rectangles: CODATA fits.

2.5. Proton size puzzle
The proton electric and magnetic radii can be extracted from the slope of the form factors at
Q2 = 0. They are also important for corrections to the calculations of atomic energy levels, a
focus of QED validity studies. Figure 6 shows the results of the different measurements over
the last decades. While there appears to be a number of electron-scattering results, most of the
reanalyses are either solely based on or dominated by the Simon et al. [18] data set. However,
both electric Hydrogen results and the independent electron-proton scattering result of Bernauer
et al. [6] yield compatible values. In contrast to this, Pohl et al. [49], reported a much smaller
value, with unpreceded levels of accuracy. They measured level transitions in muonic Hydrogen,
where the proton size effect is orders of magnitude larger than in ordinary electric Hydrogen.
This ∼ 7σ difference prompted a large amount of theoretical work, including recalculations of
the theoretical corrections, modifications of the form factors at low Q2 and even physics beyond
the standard model. However, no clear explanation has emerged so far.

3. Neutron form factors
The lack of a free neutron target makes determining the neutron form factors much harder, as
one has to use deuterium or helium as the target material. For GE , the measurement is further
complicated by the smallness of the form factor itself and by the large (∼ 50%) theoretical
corrections.

Figure 7 shows the world data set for the neutron magnetic form factors. The data are again
roughly approximated by the dipole up to 4 (GeV/c)2, at higher Q2, the data points indicate a
strong downward trend. Upcoming data from JLab will cover this region with similar density
as the lower Q2 region.

Due to these experimental challenges, the world data set for the neutron electric form factor
is still somewhat limited in size, precision, and Q2-range, as visible in Fig. 8. Since the electric
form factor is so small, almost all measurements employ polarization observables.
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Figure 7. World data set for the neutron magnetic form factor, divided by the dipole prediction.
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Figure 8. World data set for the neutron electric form factor.

4. Conclusion
In a classical framework, the Fourier transform of the electric and magnetic form factor gives
the distribution of charge and magnetization. This has to be modified for a relativistic system,
as the transform is only possible in the Breit frame, where the energy transfer to the nucleon
vanishes. Figure 9 shows a comparison of the charge distribution according to a dipole form
factor and a model [73] composed of the results of [6] for the low-Q2 and [74] for the high-Q2

range. Compared to the dipole, charge seems to be pushed out to higher radii, something which
would be expected from a pion cloud around the bare proton.

In recent years, a different way of calculating densities has been developed [75]. In the infinite
momentum, or light-front frame, one can construct two-dimensional distributions, showing also
the difference between a nucleon in a state with defined helicity to one with a polarization
perpendicular to the momentum axis.

The precise measurement of the form factors has led to a better understanding of the inner
workings of the nucleons. On all scales, the form factor show interesting features which will
drive experimentalists and theorists to push both the high-momentum and precision frontier in
the upcoming years.
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Figure 9. Charge distribution of the proton, calculated from the dipole approximation (grey),
and a combined model of low-Q2 and high-Q2 fits adapted from [73] (black).
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