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Abstract. The elastic electromagnetic form factors are among the most fundamental quantities that describe the ground-state
structure of the proton and neutron. Precision data of the form factors over a wide kinematical range provide a powerful test of
current theories of hadron structure. A number of experiments aiming to measure the electric and magnetic elastic form factors
of the neutron, Gn

E and Gn
M , and proton, Gp

E , at very high momentum transfer, up to the range of Q2 = 10−14 (GeV/c)2, are
planned to be carried out with the future 11 GeV electron beam of the upgraded CEBAF at Jefferson Lab. These experiments
will determine the nucleon form factors with unprecedented precision to Q2-values up to three times higher than those of
existing data. We review the approved proposals and the conceptual design of a new spectrometer, SuperBigBite, that will be
used in these and other future experiments at Jefferson Lab.
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INTRODUCTION

The nucleon electromagnetic form factors have long been recognized as important benchmark quantities for testing
models of the nucleon [1]. As they describe the ground-state nucleon structure, they manifestly relate to physics in
the complex non-perturbative QCD regime that has proven difficult to treat theoretically. Additionally, they provide
important model-independent constraints on General Parton Distribution (GPD) sum rules and are attractive targets
for lattice QCD calculations. They also play an important role in the analysis of a variety of other nuclear physics
experiments, such as parity-violating electron scattering and nuclear medium effect studies.

The electric and magnetic form factors, GE and GM , of the nucleon can be measured in elastic electron-nucleon
scattering. Since no free neutron targets exist, one obtains the neutron form factors via quasi-elastic scattering from
light nuclear targets such as deuterium or 3He. Interest in precise nucleon form factor measurements has greatly
intensified over the past decade, not least due to the discovery by Jones et al. [2] that the ratio of the proton’s electric
to magnetic form factors, Gp

E/Gp
M , decreases almost linearly from unity with increasing four-momentum transfer Q2.

This effect is not well understood to date, despite a wealth of theoretical work attempting to explain it.
Existing data for Gp

E/Gp
M are shown elsewhere in this volume [3] and in the literature [4]. The almost linear

downward trend of the ratio with Q2 can be clearly seen, although the highest data points with their increasingly
lower precision would also be consistent with a slowing drop-off, as some theoretical models suggest. Other models
predict a continued linear decrease. Irrespective of the functional dependence, theory generally seems to favor a sign
change of Gp

E between Q2 of approximately 6 and 14 (GeV/c)2, a remarkable yet not completely unexpected result
[5]. Clear experimental evidence of this behavior would obviously be of tremendous import to the field.

Motivated by the intriguing observations about the proton form factors and by the advent of improved experimental
capabilities, the precise measurement of the neutron form factors has also become a focus of renewed experimental
activity in recent years. A summary of existing data for the neutron form factor ratio Gn

E/Gn
M is published elsewhere

[6]. One notes a stark divergence of the various theoretical models for this observable already at relatively low Q2,
starting approximately in the region of the highest measured datum at Q2 = 3.5 (GeV/c)2. As with the proton, there is
a suggestion that Gn

E may become negative at very high Q2 [7], although theory is less consistent here. Neutron form
factor data in the same high-Q2 region as those available for the proton will allow a crucial cross-check of the theories
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that have been advanced to explain the behavior of the proton form factors. Hence, a precision measurement of Gn
E in

the region Q2 ≈ 10 (GeV/c)2 would be extremely valuable
A primary goal of future form factor experiments, then, should be to carry out a program of measurements for

both the proton and the neutron in the essentially unexplored region of high Q2 & 7 (GeV/c)2 while maintaining
the highest precision possible. Such measurements will discriminate cleanly between most of the various competing
models currently on the market and thus offer much-needed insight into the short-range physics of the nucleon ground
state. In view of the unexpected results already found, further discoveries would not be surprising.

PROPOSED MEASUREMENTS

The 12 GeV upgrade of the Continuous Electron Beam Accelerator Facility (CEBAF) at Jefferson Lab, expected to
be completed by 2014, will provide excellent experimental conditions for precision form factor measurements at high
Q2. The facility will be able to deliver a polarized electron beam of up to 11 GeV energy to the existing halls with
I ≈ 100 µA current and 85% polarization, permitting the design of very high luminosity experiments.

Precision data of the nucleon electric form factors, Gp
E and Gn

E , is obtained primarily through polarization experi-
ments. Unlike cross section measurements, where the form factors enter quadratically into observables, the sensitivity
to the less dominant electric form factors is greatly enhanced in polarization experiments as the form factors appear
linearly in spin-dependent interference terms. Asymmetry measurements also offer vastly better control over system-
atics. The current best measurement techniques are polarized target experiments, ~A(~e,e′N)X , and recoil polarization
experiments, A(~e,e′~N)X , where A is an appropriate target (hydrogen, deuterium, or 3He) and N, the corresponding
nucleon of interest, either p or n. The figure of merit of the former reaction is proportional to P2

t E2/Q12, where E
is the beam energy and Pt , the target polarization. For the latter technique, it is proportional to A2

yE2/Q12 ∝ E2/Q16,
where Ay ∝ 1/precoil ∝ 1/Q2 is the polarimeter analyzing power. Hence, it is generally more favorable at high Q2 to do
polarized target experiments. On the other hand, the current generation of polarized proton targets cannot handle high
beam currents; therefore, for proton measurements, the polarization transfer reaction with an unpolarized high-density
target is the better choice if high beam current is available and the detectors can withstand high rates.

Based on these considerations and primarily driven by Wojtsekhowski [8], several nucleon form factor experiments
have been proposed and approved for Jefferson Lab’s Hall A:

• E12-07-109: Measurement of Gp
E/Gp

M using the recoil polarization technique. Three kinematics are proposed
between Q2 of 5 and 12 (GeV/c)2, with overall absolute uncertainties of the ratio ranging from 0.025–0.065.

• E12-09-016: Measurement of Gn
E/Gn

M using the double-polarization technique with a polarized 3He target. Again,
three kinematics are proposed between Q2 of 5 and 10 (GeV/c)2, with an expected overall absolute uncertainty
of the form factor ratio of better than 0.06 for each data point.

• E12-09-019: Measurement of Gn
M/Gp

M up to Q2 = 13.5 (GeV/c)2 using the ratio of the d(e,e′n) to d(e,e′p)
unpolarized cross-sections, a technique successfully employed in various previous experiments [9]. The expected
combined relative uncertainty on Gn

M is between 1.25 and 2.65%, exceeding the precision of an approved
complementary Hall B experiment [10].

These three experiments will share a common set of instrumentation, collectively referred to as SuperBigBite (see
below). A fourth form factor experiment is planned in Hall A, which is not part of the SuperBigBite project: E12-
07-108, an absolute measurement of Gp

M with a precision of 1–2% up to Q2 = 15.5 (GeV/c)2 [11]. With an absolute
Gp

M calibration at hand, it will be possible to extract absolute form factors from the measured ratios. Details about the
kinematics and other experimental parameters of these experiments can be found in the respective proposals [12].

INSTRUMENTATION

SuperBigBite will be set of components allowing for flexible configuration of different experiments. One common
feature of the proposed form factor experiments is the need for a medium acceptance hadron spectrometer at forward
angles suitable for a high rate environment. These goals can be accomplished with a large open-geometry apparatus



and GEM tracker technology. SuperBigBite includes the following key components [13]:

• A large dipole magnet with 2.5 Tm field integral. It provides vertical bending and a large acceptance of up to
70 msr at 15◦. A Lambertson-style cutout allows the magnet to be rotated to central scattering angles of as little as
3.5◦. The expected momentum, angular, and vertex resolutions are 0.5–1%, 0.3 mrad, and 1–2 mm, respectively.

• GEM tracking chambers with a rate capability of up to 100 MHz/cm2 and better than 70 µm position resolution.
These trackers are based on the successful COMPASS design [14], but will have a larger size of 40×50 cm2

instead of 31×31 cm2. They are expected to be operated at a maximum rate of 500 kHz/cm2.
• A large hadron calorimeter with 5.5 m2 area, 1.5 ns time and 2 cm position resolution.
• CH2 analyzers for the proton polarimeter.

While this instrumentation will serve primarily for hadron detection, it will be used in combination with existing
equipment, such as the BigBite spectrometer [15] or the BigCal calorimeter for electron detection. All experiments
measure the (quasi-)elastically scattered electron and recoil nucleon in coincidence to select the elastic reaction
channel. Trigger rates can be kept low by requiring a high threshold in the hadron calorimeter.

The Gp
E experiment will employ a standard 40 cm long liquid hydrogen target, providing a luminosity of 8 · 1038

cm−2s−1. Conversely, the Gn
E experiment will rely on polarized 3He target that acts as an effective polarized neutron

target. Using a novel thermal convection technique, the 3He target is expected to achieve a polarization of over 65% at
40 µA beam current. With a 60 cm long target cell, a luminosity of 6 ·1036 cm−2s−1 can be reached. Finally, the Gn

M
ratio-method measurement will use a standard 10 cm liquid deuterium target at a luminosity of 3 ·1037 cm−2s−1.

CONCLUSIONS

In summary, the SuperBigBite project in Jefferson Lab’s Hall A is expected to measure the nucleon elastic form
factors at the highest Q2 to date with unprecedented precision of typically a few percent. The measurements represent
the current state of the art in that they have the best achievable figures of merit in each case. The results will provide
very interesting input for theory in a previously largely unexplored kinematical region. They promise a significant
advancement of our understanding of the nucleon ground state.
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