
Physics of the nucleon 
form factors

• The long history of how the study of elastic nucleon form factors have 
contributed to discovery, both directly and indirectly. 

• Increasingly precise measurements at Jlab of form factors at high Q2 have 
dramatically influenced our view of the structure of the nucleon. 

• The “Super Bigbite Spectrometer” (SBS) program (ongoing!) that is greatly 
expanding the frontier of high-Q2 high-precision form factor measurements.
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Electromagnetic scattering and “the purity of the probe”

hadronic current
leptonic current

The (single photon) scattering amplitude for elastic scattering: 

Because the leptonic vertex is so well 
understood, elastic scattering provides a clean 
measure of the hadronic current in which F1N 
and F2N encode the structure of the hadron. 
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The elastic form factors are fundamental properties 
of the nucleon that encode a surprising variety of 

information about nucleon structure
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The Sachs form factors, linear combinations of F1 and F2:

The electric form factor encodes 
information about the 
distribution of charge 

The magnetic form factor encodes 
information about the distribution 

of magnetization 
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⌧ = Q2/4M2Here

Among other things, the slope of GEp as Q2 → 0 is proportional to the 
proton’s RMS charge radius.



Hofstadter directly measured of the size 
of the proton and neutron

1961

“for his pioneering studies of electron scattering in atomic nuclei and for his 
thereby achieved discoveries concerning the structure of the nucleons”



Historically, GEn was viewed as confirming the (lab frame) 
picture of the neutron as a proton surrounded by a π- cloud 

 From the text of the Long Range Plan: “These results clearly identify the neutron’s positively 
charged interior and negatively charged halo…”    [from the pion cloud].
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Figure 2.5: On the left is the distribution of the charge within the neutron, the combined result of experiments around the 
globe that use polarization techniques in electron scattering. On the right is that of the (much larger) proton distribution for 
reference. The widths of the colored bands represent the uncertainties. A decade ago, as described in the 1999 NRC report 
(The Core of Matter, the Fuel of Stars, National Academies Press [1999]), our knowledge of neutron structure was quite limited and 
unable to constrain calculations, but as promised, advances in polarization techniques led to substantial improvement.

But quarks can have a transverse spin preference, denoted as 
transversity. Because of effects of relativity, transversity’s rela-
tion to the nucleon’s transverse spin orientation differs from 
the corresponding relationship for spin components along its 
motion. Quark transversity measures a distinct property of 
nucleon structure—associated with the breaking of QCD’s 
fundamental chiral symmetry—from that probed by helicity 
preferences. "e first measurement of quark transversity has 
recently been made by the HERMES experiment, exploiting 
a spin sensitivity in the formation of hadrons from scattered 
quarks discovered in electron-positron collisions by nuclear 
scientists in the BELLE Collaboration at KEK in Japan.

Fueled by new experiments and dramatic recent advances 
in theory, the entire subject of transverse spin sensitivities in 
QCD interactions has undergone a worldwide renaissance. 
In contrast to decades-old expectations, sizable sensitiv-
ity to the transverse spin orientation of a proton has been 
observed in both deep-inelastic scattering experiments with 
hadron coincidences at HERMES and in hadron production 
in polarized proton-proton collisions at RHIC. "e latter 
echoed an earlier result from Fermilab at lower energies, 
where perturbative QCD was not thought to be applicable. 
At HERMES, but not yet definitively at RHIC, measure-
ments have disentangled the contributions due to quark 
transverse spin preferences and transverse motion preferences 
within a transversely polarized proton. "e motional prefer-
ences are intriguing because they require spin-orbit correla-

tions within the nucleon’s wave function, and may thereby 
illuminate the original spin puzzle. Attempts are ongoing to 
achieve a unified understanding of a variety of transverse spin 
measurements, and further experiments are planned at RHIC 
and JLAB, with the aim of probing the orbital motion of 
quarks and gluons separately.

"e GPDs obtained from deep exclusive high-energy 
reactions provide independent access to the contributions 
of quark orbital angular momentum to the proton spin. As 
described further below, these reaction studies are a promi-
nent part of the science program of the 12 GeV CEBAF 
Upgrade, providing the best promise for deducing the orbital 
contributions of valence quarks.

The Spatial Structure of Protons and Neutrons
Following the pioneering measurements of the proton 

charge distribution by Hofstadter at Stanford in the 1950s, 
experiments have revealed the proton’s internal makeup with 
ever-increasing precision, largely through the use of electron 
scattering. "e spatial structure of the nucleon reflects in 
QCD the distributions of the elementary quarks and gluons, 
as well as their motion and spin polarization.

Charge and Magnetization Distributions of Protons and 
Neutrons. "e fundamental quantities that provide the 
simplest spatial map of the interior of neutrons and protons 
are the electromagnetic form factors, which lead to a picture 
of the average spatial distributions of charge and magnetism. 

26 QCD and the Structure of Hadrons

(Neutron charge density) x r2

From the 2007 
Long Range Plan

In a non-relativistic picture, 
essentially take the Fourier 

transform of GEn to obtain the 
charge distribution.



A relativistic “snapshot” of the neutron  
(light-front density distribution)

Transversely 
polarized neutron

Longitudinally 
polarized neutron

• Here we are seeing what we can think of as a charge density when viewed from a light front 
moving toward the neutron. 

• Notice that the transversely polarized neutron appears to have an electric dipole moment - 
this is due to the magnetic dipole moment when viewed from a boosted reference frame

Carlson and Vanderhaeghen, PRL v.100, pg.032004 (2008)



Flavor decomposition of the elastic 
nucleon electromagnetic form factors



Flavor decomposition of the elastic nucleon 
electromagnetic form factors

Many of the theoretical models that reproduce the above trends indicate the importance 
of diquark correlations.

Cates, de Jager, Riordan and 
Wojtsekhowski, PRL vol. 106, 
pg 252003 (2011)
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With the SBS GEn-I 
experiment, it became 

possible to extract the u- 
and d- contributions to both 

the Dirac and Pauli form 
factors.  It was discovered 

that the Q2 behavior of the 
u- and d-quark contributions 

are quite different from 
one another.



I have often shown this cartoon illustrating an explanation 
based on a verbal suggestion from Jerry Miller  based on quark 

counting rules

u-quark scattering amplitude is dominated by scattering from 
the lone “outside” quark. Two constituents implies 1/Q2
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d-quark scattering amplitude is necessarily probing 
inside the diquark.  Two gluons  need to be 

exchanged (or the diquark would fall apart), so 
scaling goes like 1/Q4
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Cates, de Jager, Riordan and Wojtsekhowski, 
PRL vol. 106, pg 252003 (2011)



But other than lattice QCD, and perhaps scaling at high Q2, it is 
not possible to perform a true ab initio calculation of F1u and F1d 
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1 gluon  =>  1/Q2
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2 gluons  =>  1/Q4

So … to what extent can we take 
at least this cartoon seriously?



Two examples of calculations using 
dressed quark cores in which the 
mass is dynamically generated and 

the nucleon amplitude is obtained by 
solving the Faddeev equation



“The NJL models … is now interpreted  as a QCD-motivated chiral effective quark theory 
characterized by a 4-fermion contact interaction between the quarks” (i.e. no gluons)

quark diagram diquark diagram

The electromagnetic current in the NJL model. The diquark diagram is actually four diagrams in that the 
photon can interact with either a scalar or axial-vector diquark, or cause a transition between the two.  
The photon interacts with a quark within the diquark, thereby resolving the structure of the diquark.

Both the quark and diquark 
propagators are “dressed” with 
mass dynamically generated by 

solving the Bethe-Salpeter 
equation (BSE), a similar 

approach to the DSE approach.

Role of diquark correlations and the pion cloud in nucleon elastic form factors  
(using the Nambu-Jona-Lasinio Model and solving the Faddeev equation)



“The empirical results illustrated in Fig. 28 are straightforward to understand within our framework. The dominant 
contributions to the quark-sector Dirac form factors come from the two Feynman diagrams which involve only a 
quark and a scalar diquark [emphasis added]….. The ….. current d quarks that contribute to F1pd must primarily 
come from the dressed-down quark, and these contributions are suppressed by order 1/Q2 relative to the current u 
quarks from the quark diagram that contributes to F1pu. Thus, the dominance of scalar diquark correlations in the 
nucleon clearly provides a very natural explanation of the data in Fig. 28.”

For the scalar diquark (ud) diagram, the 
only d quark is in the diquark itself. 

The role of diquark and the pion cloud in nucleon elastic form factors  
(using the Nambu-Jona-Lasinio Model)

Fig. 28



Another calculation …



Faddeev 
amplitude

dressed quark 
propagator

dressed diquark 
propagator

diquark correlation 
amplitude

Faddeev 
kernel

The calculation uses a dressed quark core in 
which the mass is dynamically generated. The 
procedure employed here is something of a 
hybrid of using either a Dyson-Schwinger 

equation (DSE) or Bethe-Salpeter equation 
(BSE) approach.

Note, the dressed diquark propagator could 
represent isoscalar-scalar diquarks and 

isovector-pseudovector diquarks.

Nucleon elastic form factors at accessible large spacelike momenta



Illustrated are different ways in which a photon 
can interact with the system.  Note, the photon 

vertex can interact with either a quark 
propagator, a diquark propagator or even with 

with the diquark amplitude itself.

Nucleon elastic form factors at accessible large space like momenta



Nucleon elastic form factors at accessible large space like momenta

A clear conclusion … is that pseudovector 
diquark correlations have little influence on the 
momentum dependence of REM(Q2) [GEp/GMp]. 

… the evolution of REM(Q2)with Q2 is primarily 
determined by the proton’s scalar diquark 

component.

GEp/GMp GEn/GMn

Unfortunately, the zero crossing of  
GEn/GMn  does not occur until around 
20 GeV2, abut 10 GeV2 higher than 
earlier predictions around the time 

that GEn-II was proposed.



Nucleon elastic form factors at accessible large space like momenta

“Any interaction with the d-quark attracts a 1/Q2 suppression because it is 
always locked into a correlation described by a meson-like form factor”

Quote from earlier paper referred to 
within PRD 102, 014043 (2020):

I also note that authors comment that some of the lack of agreement with the 
data is due to the lack including pions in this calculation.

Note, while the zero crossing 
of GEn/GMn  may not be 

accessible to GEn-II, the 
zero crossing of F1d is !!!



Lightfront holographic QCD



Analysis of nucleon electromagnetic form factors from light-front 
holographic QCD: The space like region

The LFHQCD prediction of a faster increase of the up-quark contribution to Q4F1u for Q2 > 1 GeV2 
compared to Q4F1d is consistent with the flavor decomposition performed in Ref. [101].

For a multiquark bound state, the LF invariant impact variable ζ applies to a system composed of an active 
quark plus a spectator “cluster.” For example, for a three-quark nucleon state, the three-body problem is 

reduced to an effective two-body problem where two of the constituents form a diquark cluster [34].



The importance of elastic form 
factors to determining GPD’s



Nucleon form factors, generalized parton distributions and quark 
orbital angular momentum

GPD’s are determined by 
assuming a particular form and 

constraining them at each value 
of t according to the equations 
above.  Shown are the resulting 

GPD’s for two values of t.



Nucleon form factors, generalized parton distributions and quark 
orbital angular momentum

Jq =
1
2

� 1

�1
x dx [Hq(x, �, 0) + Eq(x, �, 0)]

With the GPD’s determined (such as they are in this work) one can calculated 
the  angular momentum associated with the quarks using Ji’s sum rule:

The result is:

We should note that these values include both angular momentum due 
to spin as well as orbital angular momentum.
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Summary
• The SBS form factor measurements will tell us critical information 

about the structure of the nucleon. 

• There are specific predictions from various models that WILL be 
tested by our experiments. 

• Among other things, the SBS form factor measurements will confirm 
whether diquark correlations are indeed responsible for the different 
Q2 behavior between the u- and d-quark contributions to the form 
factors.








