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Abstract. The nucleon form factors are still the subject of active investigation even after an experimental
effort spanning 50 years. This is because they are of critical importance to our understanding of the
electromagnetic properties of nuclei and provide a unique testing ground for QCD motivated models of
nucleon structure. Progress in polarized beams, polarized targets and recoil polarimetry have allowed an
important and precise set of data to be collected over the last decade. I will review the experimental status
of elastic electron scattering from the nucleon along with an outlook for future progress.

PACS. 14.20.Dh Protons and neutrons — 13.40.Gp Electromagnetic form factors — 24.70.+s Polarization

phenomena in reactions

1 Introduction

The experimental and theoretical study of the nucleon
elastic form factors that began more than 50 years ago
has returned to an examination of its roots —the Rosen-
bluth formula and the validity of one-photon approxima-
tion on which it depends. Deviations from this approxi-
mation are being examined to understand how they might
alter our analysis of past, current and future electron scat-
tering data. The Rosenbluth formula, which describes the
elastic electro-nucleon cross-section in terms of the Pauli
and Dirac form factors and is valid only in the one-photon
approximation, had been considered unassailable until the
appearance of high-Q? polarization transfer data on the
proton from Jefferson Lab.

In the single-photon exchange, the Rosenbluth formula
for the elastic cross-section is written (with F; and F5 the
Dirac and Pauli form factors, respectively, and which are
functions of momentum transfer, Q> = 4FyE'sin?(9/2)
alone) as

j—gzoMotti—; {(B) +7 [2(R+ ) tan® (0)+(Fy)?] }.
(1)

where 7 = %, f is the electron scattering angle, Eq, B’
are the incident and final electron energies, respectively,
and oy 1 the Mott cross-section. Because of their di-
rect relation (in the Breit frame) to the Fourier transforms
of the charge and magnetization distributions in the nu-
cleon, the Sachs form factors are commonly used. They
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are linear combinations of F} and Fs: Gg = F; — 7F5 and
Gy = Fi + F». Early measurements of the form factors
established a scaling law relating three of the four nucleon
elastic form factors and the dipole law describing their
GR(Q) L, GR(@)
Hp Hn

Gp = (1+ 6,22/0.71)72 . This behavior is known as form
factor scaling. The neutron electric form factor has been
usefully parametrized by G = —unGp 154 [1].

common @Q?-dependence, G5 (Q?) =~

2 Proton form factors

The proton form factors have been, until recently, only
separated through the Rosenbluth technique, which can
be understood by re-writing eq. (1) using the Sachs form
factors,

do G% + 1G5,

do _ 2 o2
qn - ons s + 217Gy, tan”(60/2)|,  (2)

and rearranging, with e ! = 1+ 2(1 + 7)tan?(#/2) and
ons = oMot B’ [ Eq, to give

_doe(l+7)

n=7 = 7G4 (Q) +eGH@). ()

ONS

By making measurements at a fixed Q% and variable
€(0, Ep), the reduced cross-section og can be fit with a
straight line with slope G% and intercept 7G%,. Figure 1
gives an example of the reduced cross-section plotted in
this way. The Rosenbluth formula holds only for single-
photon exchange and it has been assumed (until recently)
that any two-photon contribution is small.
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Fig. 1. Reduced cross-section plotted against e for a range of
fixed momentum transfers. The data is fit with a straight line
with a slope G% and an intercept 7G%;. The linear dependence
of the reduced cross-section on € assumes that any two-photon
exchange effects are small. The data is from ref. [2].

The Rosenbluth method is problematic —it requires
the measurement of absolute cross-sections and at large
Q? the cross-section is insensitive to G and the error
propagation is not favorable. Figure 2 presents the Rosen-
bluth data set. See ref. [3] for a compilation of the data,
references, and useful fits. G%}; has been successfully mea-
sured out to 30 (GeV/c)?, while G%, begins to endure large
errors at much smaller Q2.

2.1 Neutron form factors

The neutron form factor data set (setting aside recent
progress) has been inadequate in both quality and extent
due to the lack of a free neutron target and the dominance
of G'}; over G%,. The traditional techniques (restricted to
the use of unpolarized beams and targets) used to extract
information about G}, and G have been: elastic scatter-
ing from the deuteron (D): D(e, e')D; inclusive quasielas-
tic scattering: D(e,e')X; scattering from deuteron with
the coincident detection of the scattered electron and re-
coiling neutron: D(e,e'n)p; a ratio method which mini-
mizes uncertainties in the deuteron wave function and the

role of FSI: ggizl,zg The G?%, data is shown in fig. 3. New
data at large momentum transfers is available from an
experiment [4-6] at Jefferson Lab, which used the ratio

method to measure G}, with small errors out to nearly
5 (GeV/c)? in the CLAS.
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Fig. 2. G%/Gp and G%,/uy/Gp versus Q* from the Rosen-
bluth method. The scaling law and the dipole law hold to
a good approximation (= 10%) for both form factors out to

Q* =8 (GeV/c)2.
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Fig. 3. G’} from unpolarized scattering [7-12] and polarized
scattering [13-15] along with some theoretical predictions.
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Fig. 4. G% from elastic e-D [16]. The band represents the
theoretical error associated with the extraction. The dashed
line is the familiar Galster parametrization [1].

Until the early 1990s the extraction of G% was done
most successfully through either small-angle elastic e-D
scattering [1,16] or by quasielastic e-D scattering [7].
In the Impulse Approximation (IA) the elastic electron-
deuteron cross-section is the sum of proton and neutron
responses with deuteron wave function weighting.

Experiments have been able to achieve small statis-
tical errors but remain very sensitive to deuteron wave
function model leaving a significant residual dependence
on the NN potential. The most precise data on G% from
elastic e-D scattering are shown in fig. 4 from an experi-
ment at Saclay, published in 1990 [16]. The band, a mea-
sure of the theoretical uncertainty, arises from the use of
different NN potentials in the extraction.

3 Spin-dependent measurements

The nucleon electromagnetic form factors can be mea-
sured through spin-dependent elastic scattering from the
nucleon, accomplished either through a measurement of
the scattering asymmetry of polarized electrons from a
polarized nucleon target [17,18] or equivalently by measur-
ing the polarization transferred to the nucleon [19,20]. In
the scattering of polarized electrons from a polarized tar-
get, an asymmetry appears in the elastic scattering cross-
section when the beam helicity is reversed. In contrast, in
scattering a polarized electron from an unpolarized target,
the transferred polarization to the nucleon produces an az-
imuthal asymmetry in the secondary scattering of the nu-
cleon (in a polarimeter) due to its dependence on the po-
larization. In both cases, the asymmetry is sensitive to the
product GgG . In the last decade experiments exploiting
these spin degrees of freedom have become possible.
Extraction of the neutron form factors (necessarily
from a nuclear target) using polarization observables is
complicated by the need to account for Fermi motion,
MEC, and FSI, complications that are absent when scat-
tering from a proton target. Fortunately, it has been
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found for the deuteron that in kinematics that emphasize
quasifree neutron knockout both the transfer polarization
P, [21] and the beam-target asymmetry AP [22] are es-
pecially sensitive to G’ and relatively insensitive to the
N N potential describing the ground state of the deuteron
and other reaction details. Calculations [23] of the beam-
target asymmetry from a polarized 3He target (which can
be approximated as a polarized neutron) showed modest
model dependence.

3.1 Recoil polarization

In elastic scattering of polarized electrons from a nucleon,
the nucleon obtains (is transferred) a polarization whose
components, P, (along the direction of the nucleon mo-
mentum) and P; (perpendicular to the nucleon momen-
tum) are proportional to G%V[ and G gy, respectively.
The recoil polarization technique has allowed precision
measurements of G%, to nearly 6 (GeV/c)? [24-26] and
of G% out to Q% = 1.5 (GeV/c)? [27-30]. Polarimeters
are sensitive only to the perpendicular polarization com-
ponents so precession of the nucleon spin before the po-
larimeter in the magnetic field of the spectrometer (for the
proton) or a dipole (inserted in the path of neutron) al-
lows a measurement of the ratio P;/P; and the form factor

e , (Eo+E'
ratio: g—; = —%( QOA;N ) tan(6/2).
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Fig. 5. (Color online) Comparison of theoretical model calcu-
lations with the data from ref. [24] (solid circles) and from [26]
(solid squares). The curves are, black thin solid [31], green

solid, dot-dashed and dashed [32], black dashed [33], red
solid [34], yellow solid [35] and magenta dashed and solid [36].



D. Day: Nucleon elastic form factors

0.10 T T T T T T T T T T T T

X R. Schiavilla
X Zhu

X J. Golak
X C.Herberg
© M.Ostrick

0.08

rrrrrrr

0.08

Gg"

0.04

N I N R

0.02

T T T T

0.0 0.5 1.0 1.5

Q* (GeV/c)?

Fig. 6. (Color online) Comparison of selected theoretical
model calculations with the data on G% from polarized experi-
ments. Starting at the top of the legend the data are from [37-
39,28,29,40-42,30,43,44]. The neutron, at large momentum
transfers, has the same Q2-dependence as the proton. The red
dashed line is the Friedrich and Walcher [45] fit to the data.

The results from Jefferson Lab for the proton are
shown in fig. 5 where it is seen that the ratio of u,G%,/G%,
does not follow the scaling law obtained from Rosenbluth
separation, rather showing a steep decline with increasing
Q?. This suggests that the distribution of magnetization
and charge densities in the proton are dissimilar. Shown
with the data are a collection of calculations including
several relativistic constituent-quark models (rQCM), a
VMD-pQCD model and a chiral soliton model. Also shown
is a pQCD calculation [35]. The same data, in terms of
Q?Fy/Fy, gives no indication of scaling at high momen-
tum transfer, in contradiction to the early pQCD predic-
tion [46]. Recent efforts [35], still within pQCD and in-
cluding higher twist contributions, have been able to re-
produce this behavior. Other pQCD calculations which
consider quark angular orbital momentum are also suc-
cessful [47,48]. For a discussion of the theoretical curves
see ref. [49].

Recoil polarization has been used at both Jefferson
Lab and Mainz to extract G'%/G"%, when scattering po-
larized electrons from an unpolarized deuteron target in
quasielastic kinematics. At both labs a dipole magnet was
used to precess the neutron spin thereby allowing a mea-
surement of both polarization components. The results
from [30] are especially precise, extending our knowledge
of G out to 1.5 GeV/c?. See fig. 6.

3.2 Beam-target asymmetry

Polarized targets have been used to extract G% [50,40,
51,41,42,39,38,43] and G%; [52,13-15]. The beam-target
asymmetry can be written schematically (a, b, ¢, and d
are known kinematic factors) as

a cos @* (GM)2 + bsin ©* cos P*G G
c(Gu)” +d(Gg)

A= (4)
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where ©* and &* fix the target polarization axis. With the
target polarization axis in the scattering plane and per-
pendicular to q, (O*,&* = 90°,0°) the asymmetry Ary, is
proportional to G gGys. With the polarization axis in the
scattering plane and parallel to ¢ (0*, $* = 0°,0°), mea-
suring the asymmetry Ar allows G to be determined.
See fig. 3.

G has been extracted from beam-target asymme-
try measurements using polarized *He targets at Mainz
and polarized NDj targets at Jefferson Lab, and po-
larized gas targets at NIKHEF and Bates. Data for
G'% from both kinds of double-polarization experiments
are shown in fig. 6 along with some relevant calculations.
The models, starting with the first in the legend, include
a rCQM [53], a hybrid VMD-pQCD model [34], a rel-
ativistic CQM calculation [31], a light-front cloudy bag
model [54], a soliton model [36], and a dispersion theory
calculation [55]. While most of these calculations describe
the Q2-dependence, several badly fail to reproduce the
slope at Q% = 0, %ng) = — £ (r%). The neutron charge
radius, rg, has been determined through neutron electron
scattering [56].

4 Pion cloud

The neutron has long been thought to exist, part of the
time, as a proton core surrounded by a negative pion
cloud. This idea has appeared in models describing the nu-
cleon form factors, ref. [57] and ref. [58], and has been re-
cently re-emphasized by Friedrich and Walcher [45]. These
authors fit all form factors consistently as a sum of a
broad distribution and a “bump”, where the “bump” is
attributed to a w-cloud. The bump shows up in all 4 form
factors at @Q? ~ 0.25, and is seen most clearly in G and
in fig. 6 as the red online dashed line. This feature also
shows up in the densities determined by Kelly in ref. [59].

Reinforcing this view this is a recent calculation within
a chiral quark model by the Tuebingen group [60] that
treats the baryons as bound states of constituent quarks,
dressed by a cloud of mesons and which gives an excellent,
description of all four of the electromagnetic form factors.

5 The G}/G}, discrepancy and two-photon
effects

The recoil polarization measurements of the form fac-
tor ratio p,G% /GY, contradict the Rosenbluth measure-
ments and it has been suggested that the earlier exper-
iments might have underestimated systematic errors or
suffer from normalization problems. The Rosenbluth mea-
surements have been re-examined [61]. This global reanal-
ysis could find no systematic or normalization problems
that could account for the discrepancy and concluded that
a 56% linear e-dependence correction (of origin yet un-
known) to the cross-section measurements is required to
explain the difference. Several investigators [62-65] have
explored the possibility of two-photon exchange correc-
tions (which would be less important in the direct ratio
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Fig. 7. Corrections to the three data points from the super
Rosenbluth data set move those data towards (i.e. reduce the
value of the form factor ratio) the recoil polarization data set
shown with fit (dashed line). Starting with the largest value
at each @Q? is the measured ratio, the ratio with the two-
photon corrections of ref. [65] applied and the ratio with the

two-photon and with Coulomb corrections [66] applied [67].

measurement of recoil polarization) to explain the discrep-
ancy. While only incomplete calculations exist, the results
of refs. [62,65] account for part of the difference.

The most recent work by Chen et al. [65] employed a
different approach than that of ref. [62] in that they de-
scribe the process in terms of hard scattering from a quark
and use GPDs to describe the quark emission and absorp-
tion. They argue that when taking the recoil polarization
form factors as input, the addition of the two-photon cor-
rections reproduces the Rosenbluth data. However, Ar-
rington [67] has shown that when the corrections of Chen
et al. are applied to the new Jefferson Lab Rosenbluth
data, which have small errors (see below and fig. 7) only
one-half of the discrepancy is explained.

The Rosenbluth-polarization transfer discrepancy has
been recently confirmed by a “super” Rosenbluth mea-
surement [68] at Jefferson Lab that was designed to mini-
mize the systematic errors that handicap Rosenbluth mea-
surements. This was achieved by detecting the proton
rather than the electron in elastic kinematics. In doing
so many of the extreme rate variations and cross-section
sensitivities that are normally encountered were avoided.
The results [69] show that the discrepancy still exists. See
fig. 8.

Direct tests for the existence of two-photon exchange

Zgztg g, where the real

part of the two-photon exchange amplitude leads to an
enhancement, and in Rosenbluth data where it can lead
to non-linearities in €. There is no experimental evidence
of non-linearities in the Rosenbluth data and the e* /e~
ratio data [70] are of only modest precision, making it
difficult to absolutely confirm the presence of two-photon
effects in these processes.

It is the imaginary part of the two-photon amplitude
that can lead to single-spin asymmetries but again the
existing data [71,72] are of insufficient precision to allow
one to make a statement. There is, however, one observ-

include measurements of the ratio
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Fig. 8. (Color online) Proton form factor ratio where the
(blue) triangles are from recoil polarization [24,26], (red)
crosses from the reanalysis of the world’s Rosenbluth data
set [61] and the filled circles from the recent super Rosenbluth
experiment [69].

able that has provided unambiguous evidence for a two-
photon effect in ep elastic scattering. Groups in both the
US [73] and Europe [74] have measured the transverse
polarized beam asymmetry. These measurements are sig-
nificant but have limited utility in solving the G%, dis-
crepancy. The reader interested in more detail about the
existence of two-photon effects and their role on the form
factor measurements should refer to ref. [67].

Fortunately experiments are planned at Jefferson Lab
to look for non-linearities in the Rosenbluth data, for the
presence of induced recoil polarization and for an enhance-
ment in the et /e~ ratio. We can expect that a concen-
trated effort in both experiment and theory will reveal
the full extent of two-photon effects in the not too distant
future.

6 Outlook

A recently completed experiment [75] at Jefferson Lab us-
ing a polarized 3He target will provide data on G% out to
3.5 (GeV/c)?. Next year, the recoil technique will extend
the measurement [76] of G /Gh,out to 9 (GeV/c)?. With
the 12 GeV upgrade and improvements in targets and re-
coil polarimeters it anticipated that these quantities can
be measured out to 8 and 12 (GeV/c)?, respectively. Simi-
larly data on G, as high as 14 (GeV/c)? can be measured
in the upgraded CLAS.

The capabilities of high duty factor accelerators, polar-
ized beams and targets, and polarimeters have produced
precision data out to large momentum transfer on the
proton and neutron form factors. These new data, and
that which will be earned in the next generation of exper-
iments will continue to challenge our view of the structure
of the proton and neutron and provide rigorous tests for
any QCD-inspired model of nucleon structure.
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