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Understanding the structure of the nucleon in terms of the quark and gluon degrees of freedom
of QCD is one of the key objectives of nuclear physics. During the last 10 years a comprehensive
framework for describing the quark and gluon structure of the nucleon has been developed, based
on the concept of Generalized Parton Distributions (GPDs). GPDs unify the momentum-space
parton densities measured in inclusive deep—inelastic eN scattering with the spatial densities (form
factors) measured in elastic scattering. They describe correlations between the momentum and
spatial distributions of quarks, which are revealed in exclusive processes in eN scattering at large
momentum transfer (deeply virtual Compton scattering, meson production). GPDs are the basis
for novel representations of the nucleon as an extended object in space (2-dimensional tomographic
images, 3—-dimensional Wigner phase space distributions), and provide access to fundamental static
properties such as the quark orbital angular momentum. In this White Paper we summarize the
scientific motivation for nucleon structure studies based on GPDs, and outline what measurements
of hard exclusive processes in eN scattering with present and future facilities can contribute to our
knowledge of these functions. We specifically focus on the GPD program planned with the 12 GeV
Upgrade of Jefferson Lab, and on GPD studies with a future electron—ion collider (EIC).

* White Paper prepared for the NSAC Long-Range Plan discussions 2006/2007. Drafted at the Joint INT/JLab/BNL Workshop “Hard
exclusive processes with JLab 12 GeV and a future EIC,” University of Maryland, Oct. 29-30, 2006. The individual contributions to
the Workshop are available at http://www.physics.umd.edu/tqhn/GPD.html.
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I. INTRODUCTION

Nucleons — protons and neutrons — are the basic building blocks of atomic nuclei. The mass stored in these
particles makes up more than 99% of the mass of the visible Universe. The strong interactions between nucleons
determine the properties of nuclei, which in turn defines the chemical elements and leads to the myriad of structures
observed at the atomic and molecular level. They also govern the dynamics of nuclear reactions, which have shaped
the evolution of the early Universe, fuel the Sun, and form the basis of all uses of nuclear energy. The interactions
between nucleons, in turn, are an expression of their complex internal structure — a fact which makes the physics
of strong interactions a uniquely challenging problem. Unraveling the internal structure of the nucleon is the key to
understanding phenomena at the nuclear and astrophysical level. The importance of this problem can be likened to
that of unraveling the DNA of organisms for the understanding of their biological functions.

Electron scattering has proved to be one of the most powerful experimental tools for exploring the internal
structure of the nucleon. Historically, such experiments provided two crucial insights which revolutionized our un-
derstanding of strong interactions. First, elastic electron scattering (where the nucleon is left intact) established the
extended nature of the nucleon (Hofstadter, Nobel Prize 1961). Such experiments measure the form factors, which
describe the spatial distributions of electric charge and current inside the nucleon. Second, inelastic electron scattering
at large energy and momentum transfers (where the nucleon disintegrates into hadrons) provided evidence for the
existence of quasi—{ree, pointlike constituents at short distance scales, the quarks (Friedman, Kendall, and Taylor, No-
bel Prize 1990). This eventually established Quantum Chromodynamics (QCD) as the fundamental theory of strong
interactions, a quantum field theory exhibiting the celebrated property of asymptotic freedom — the vanishing of the
interaction at short distances (Gross, Politzer, and Wilczek, Nobel Prize 2004). Later inelastic scattering experiments
made detailed measurements of the momentum distribution of quarks in the nucleon along the reaction axis, the
so—called parton distributions.

The structures probed in elastic and inelastic electron scattering — form factors and parton distributions —
have traditionally been discussed as separate concepts, with no apparent relation between them. Only recently was
it realized that in fact they represent special cases of a more general, much more powerful, way to characterize the
structure of the nucleon, the generalized parton distributions (GPDs). The GPDs are the Wigner quantum phase
space distribution of quarks in the nucleon — functions describing the simultaneous distribution of particles with
respect to both position and momentum in a quantum-mechanical system, representing the closest analogue to a
classical phase space density allowed by the uncertainty principle. In addition to the information about the spatial
density (form factors) and momentum density (parton distribution), these functions reveal the correlation of the
spatial and momentum distributions, i.e., how the spatial shape of the nucleon changes when probing quarks and
gluons of different wavelengths.

The concept of GPDs has in many ways revolutionized the way scientists think about the structure of the nucleon.
First, it has led to completely new methods of “spatial imaging” of the nucleon, either in the form of 2—dimensional
tomographic images (analogous to CT scans in medical imaging), or in the form of genuine 3-dimensional images
(Wigner distributions). Second, GPDs allow us to quantify how the orbital motion of quarks in the nucleon contributes
to the nucleon spin — a question of crucial importance for our understanding of the “mechanics” underlying nucleon
structure. Third, the spatial view of the nucleon enabled by the GPDs provides us with new ways to test dynamical
models of nucleon structure. Traditional phenomenological concepts of hadronic physics such as the nucleon’s quark
core, the pion cloud, and the gluon field probed in high-energy scattering, can be rigorously formulated — and most
naturally be understood — within this new representation.

The mapping of the nucleon GPDs, and a detailed understanding of the spatial quark and gluon structure of
the nucleon, have been widely recognized as one of the key objectives of nuclear physics of the next decade. This
requires a comprehensive program, combining results of measurements of a variety of processes in electron—nucleon
scattering with structural constraints obtained from theoretical studies, as well as with expected results from future
lattice QCD simulations. Important basic information is provided by the extensive results on nucleon form factors
and parton distributions measured in elastic and inelastic electron scattering over the last 20 years. The crucial new
information about the correlation of the spatial and momentum distributions, essential for nucleon imaging and the
extraction of the quark orbital angular momentum, will come from measurements of so—called exclusive processes at
large momentum transfer, namely deeply—virtual Compton scattering (DVCS), eN — eN+, and meson production,
eN — eNw(p, p,etc.). Such measurements require a combination of high energy and high beam intensity, and are
generally much more challenging than traditional inclusive scattering experiments. This ambitious program makes full
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use of recent advances in accelerator and detector technology; in fact, it already has proved to be a major impetus for
further developments in these fields. The basic feasibility of such measurements has been demonstrated in a number
of exploratory studies. The analysis of these experiments relies on the idea of “factorization” of the amplitudes in a
short—distance quark scattering process, calculable using well-tested methods of perturbative QCD, and long—distance
matrix elements describing the distribution of quarks in the nucleon — the GPDs, which are to be extracted from
the data.

This White Paper is an attempt to summarize what electron scattering experiments at present and future facilities
can contribute to the program of exploring nucleon structure in terms of GPDs. We specifically focus on two facilities
presently planned or under consideration in the U.S.: The 12 GeV Upgrade of Jefferson Lab (JLab), and a future
electron—ion collider (EIC). The paper is intended to provide information for the discussions of the future NSAC
Long—Range Plan by the scientific community presently under way in the U.S.

The JLab 12 GeV Upgrade is a DOE project which foresees an increase of the energy of the CEBAF continuous—
beam electron accelerator from 6 to 12 GeV, as well as upgrades of the detection equipment in the experimental
halls. This setup will provide unprecedented capabilities for exploring nucleon structure in the valence quark region.
In particular, it will provide the unique combination of high beam intensity (luminosity), high energy, and advanced
detection capabilities necessary to study low—rate processes such as DVCS and exclusive meson production. The study
of the nucleon’s quark GPDs in the valence quark region is one of the key objectives of the Upgrade project [1]. An
EIC has been mentioned as one of the future high—priority projects in the last DOE 20—year plan. Such a machine
would collide an electron beam with a proton or ion beam, reaching considerably higher center—of-mass energies and
momentum transfers than fixed—target experiments. Realizing within this accelerator concept the high beam intensities
and beam polarization necessary for detailed studies of nucleon structure represents a major technological challenge,
which has recently been taken up by accelerator physicists. Specific designs have been proposed, emphasizing either
higher energies or higher luminosities [2, 3]. Such a collider would provide a unique opportunity for studying nucleon
GPDs in exclusive processes at high energies (“small ), where gluons and “sea” quarks generated by QCD radiation
are the dominant degrees of freedom.

The capabilities for exclusive measurements provided by the 12 GeV Upgrade of JLab and a future EIC are
complementary, and combine to a comprehensive experimental program of exploring nucleon structure in terms of
GPDs. A two-stage approach, where measurements with JLab at 12 GeV map the GPDs in the valence quark region
(which can be done only in fixed-target experiments with the CEBAF high—intensity beam), and a future EIC extends
these studies to the gluon and sea quark GPDs (which can only be done in high—energy scattering with a collider)
would be an ideal scenario for the long—term future of QCD-based nucleon structure studies, and enjoys the support
of the vast majority of the scientific community. The purpose of the present White Paper is to chart the course along
this promising direction.

II. 3D QUARK/GLUON IMAGING OF THE NUCLEON WITH GPDS

GPDs, in basic terms, describe the structure of the nucleon probed in reactions in which a high—energy, short—
distance probe interacts with a single quark in the nucleon. Mathematically, this is the quantum—-mechanical amplitude
for “taking out” a quark from the wave function of a fast-moving nucleon and “putting it back” with different
momentum, thereby imparting a certain momentum transfer to the nucleon [4]. It depends on the fractions of the
nucleon momentum carried by the quark before and after the process, z; and zs [or, alternatively, their average,
x = (21 + z2)/2, and difference, £ = (z2 — £1)/2], as well as on the transverse momentum transfer to the nucleon,
A | . In the special case of zero momentum transfer, z; = zo = z and £ = 0, A, = 0, this amplitude reduces to the
usual parton density of quarks in the nucleon at momentum fraction z, as measured in inclusive deep—inelastic e N
scattering. Similarly, in the case of non-zero transverse momentum transfer, A; # 0, the integral of the GPD over
T = 21 = 2, reduces to the nucleon form factor at invariant momentum transfer ¢ = —A? | measured in elastic eN
scattering. Thus, the GPDs combine the traditional concepts of parton density and elastic form factor within a single
structure. The presence of spin — both of the nucleon and the quark —, as well as quark flavors (u,d, s) leads to
the appearance of various independent spin/flavor components of the GPDs. Together, they provide a comprehensive
description of the quark structure of the nucleon.

The GPDs, however, contain much more information than the parton densities and elastic form factors alone.
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FIG. 1: Nucleon tomography: (a) The transverse Fourier transform of the GPD describes the distribution of quarks with lon-
gitudinal momentum fraction z with respect to transverse position, b [5]. (b) It produces a set of 2-dimensional “tomographic”
image of the quark structure of the nucleon, which allows one to clearly identify the contributions from the valence quarks
(z > 0.3, moderate b), the pion cloud (z < 0.1, b ~ 1/M,), and understand many other dynamical features. The vanishing of
the b—distribution at £ — 1 is due to the definition of the transverse center of momentum and does not imply vanishing of the
physical size of the nucleon.

They describe the correlation of the quark longitudinal momenta (21, z2) with the transverse momentum transfer to
the nucleon (A ). This information permits a simple interpretation in terms of a spatial distribution of quarks in
the nucleon. For z; = 25 = z, the two—dimensional Fourier transform of the GPD with respect to A describes the
distribution of quarks with longitudinal momentum fraction z over the transverse distance, b, from the transverse
center of momentum of the nucleon (impact parameter). The integral of this spatial distribution over b gives the total
parton density at longitudinal momentum fraction z. This 14+2—dimensional “mixed” momentum— and coordinate
representation corresponds to a set of “tomographic images” of the quark distribution in the nucleon at fixed longi-
tudinal momentum, z, see Fig. 1. It allows for a very visual representation of the nucleon in high—energy scattering
processes, which provides a most natural framework for the discussion of dynamical models. At z ~ 0.3 one “sees”
the core of valence quarks, distributed over transverse distances < 1fm. At z < 0.1 the pion cloud becomes visible,
extending over transverse distances 1/m, ~ 1fm. At even smaller values of z(< 0.01) the distribution of quarks one
observes is mostly the charge and flavor singlet distribution produced by gluon radiation. The transverse coordinate
representation also naturally lends itself to the discussion of various polarization phenomena. In the case of trans-
verse polarization of the nucleon, the transverse spatial distribution of quarks becomes deformed, which e.g. explains
the origin of various target single-spin asymmetries observed in semi-inclusive deep—inelastic scattering (Sivers ef-
fect). The construction of such “tomographic images” of the nucleon is one of the main objectives of theoretical and
experimental studies of GPDs.

A fully 3—dimensional space—time image of the nucleon is obtained when taking the Fourier transform of the GPD
also with respect to the longitudinal momentum transfer to the nucleon, 26 = xy — z1, thus localizing the nucleon
also in longitudinal space [6]. In this case the GPD turns into the Wigner phase space distribution of quarks in the
nucleon, describing their simultaneous distribution with respect to longitudinal momentum z = (z1 + z2)/2 and the
conjugate coordinate. A quantum phase space distribution describes the distribution of particles over both coordinate
and momentum (or, more generally, pairs of conjugate variables) in a quantum mechanical system and represents the
closest analogue to a classical phase space density allowed by the uncertainty principle. While quantum phase space
distributions are widely used in such diverse areas of physics as condensed matter physics, heavy ion physics, and
signal theory, they have never been thoroughly studied for subnuclear systems. The GPDs provide, for the first time,
a definition of the phase space density of quarks which is fully consistent with the tenets of quantum field theory
and firmly rooted in quantum chromodynamics and its renormalization group. Figure 2 illustrates the power of this
new representation. Shown is the spatial shape of the nucleon (contours of equal density) for quarks of different
longitudinal momentum fraction, z, as obtained from a model GPD consistent with present parton density and form
factor data. One sees e.g. that the effective shape of the nucleon changes with the quark momentum fraction probed in
a certain reaction. This new 3D representation offers unprecedented possibilities not only for visualizing the nucleon
as an extended object in space, but also for understanding the space—time evolution of scattering processes probing
the quark and gluon structure of the nucleon.

Further motivation for the study of GPDs comes from the fact that certain moments of the GPDs — integrals
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FIG. 2: “3D quark images” of the nucleon, as obtained from a model phase space distribution incorporating phenomenological
information about GPD’s [6]. Shown are constant—density surfaces of the spatial distribution of u—quarks, for three values
of the momentum fraction, z. In the valence quark region (z > 0.1) the nucleon has a spherical shape. At large = the size
shrinks and the shape becomes oblate (disk-like). At small z, the quarks spread out in the longitudinal direction, and the
shape becomes prolate (cigar-like).

over the quark momentum fractions — are related to fundamental static properties of the nucleon which cannot
directly be accessed experimentally otherwise. In particular, the second moment of the GPDs gives the fraction
of the nucleon spin carried by the quarks, including their spin and orbital angular momentum. Starting with the
historic measurements by the EMC collaboration 20 years ago, polarized deep—inelastic scattering experiments aim
to determine how the nucleon’s spin is composed from the spins of quark and gluons and their orbital motion. While
significant progress has been made in determining the quark spin distributions in the nucleon, little is known about
gluon spin, which is to be studied in dedicated experiments at RHIC and COMPASS. Measurements of the GPDs
would give access to the quark orbital angular momentum, thus providing information about a crucial other piece of
the nucleon “spin puzzle.”

Moments of the nucleon GPDs also can be computed in lattice QCD simulations. Lattice QCD methods have
made steady progress during the last years and are beginning to yield first results for moments of parton distributions,
form factors, and GPDs. While simulations at realistic quark masses and the calculation of quark flavor—singlet and
gluonic nucleon properties presently still pose considerable challenges, significant investments are being made to
improve the techniques to overcome these limitations. In the long term it certainly will be possible to harness the
power of this ab initio approach to hadron structure for determining the lowest moments of the GPDs, complementing
information obtained from experiment. The anticipated progress in lattice QCD methods is described in a companion
White Paper [7].

Experimental information about GPDs comes from a variety of processes in eN scattering, probing the quark
structure of the nucleon at short distances (see Fig. 3). An essential element in this is that the asymptotic freedom
of QCD guarantees that in such processes the short—distance information specific to the probe can unambiguously be
separated from the long-distance information about nucleon structure contained in the GPDs (“factorization”), and
that the GPDs represent universal, process—independent characteristics of the nucleon. An essential component of the
information about GPDs comes from measurements of quark parton densities in inclusive deep—inelastic scattering
(both unpolarized and polarized) and the data on the nucleon elastic form factors (vector and axial vector) accumulated
during the last 20 years (see Ref. [8] for a recent review). These data constrain the GPDs in the “diagonal” case,
x1 = 25 and A = 0, and its first moments (see Fig. 3a, b). The crucial new information about the correlation of the
z1,z2— and A —dependence, needed for constructing the 14+2-dimensional tomographic and 3—dimensional images
of the nucleon and for extracting the quark orbital angular momentum, comes from measurements of so—called hard
exclusive processes, such as deeply—virtual Compton scattering (DVCS) and deeply-virtual meson production (see
Fig. 3c, d). In these processes a particle (real photon, meson) is produced in the hard scattering of the electron from
a quark, which receives both a longitudinal and a transverse momentum transfer. These processes probe the GPDs
at momentum fractions, x; # x2, and A # 0.

The momentum transfer, 2, in eN scattering defines the spatial resolution of the probe. The description of hard
exclusive processes in terms of GPDs applies to the limit of large ()2, where the reaction is dominated by the scattering
from a single, quasi-free quark (“leading—twist approximation”). At lower Q2, effects related to the interaction of
quarks during the hard scattering process, or coherent scattering involving more than one quark, become important
(“higher—twist effects”). The minimum value of Q? required for the GPD description to be applicable in practice
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FIG. 3: Reactions in eN scattering probing the generalized parton distributions. (a) Inclusive DIS probes the GPD’s in the
“diagonal” case (x1 = x2, A1 = 0), where they coincide with the usual parton densities in the nucleon. (b) The elastic form
factors of the nucleon constrain the moments (z—integrals) of the GPD’s at non-zero momentum transfer, —t = Q2. (c, d)
Deeply—virtual Compton scattering and meson production probe the GPD’s at nonzero longitudinal and transverse momentum
transfer, x> # 1, A1 = 0. Different mesons (p, 7, K) select different spin—flavor components of the GPD’s.

depends on the final state, and can ultimately only be determined experimentally. For DVCS, the experience with
inclusive DIS and other two—photon processes such as v*y — 7° (measured in ete™ annihilation) suggest that the
leading-twist approximation should be reliable already at Q2 ~ few GeV?, which seems to be consistent with first
experimental results on the 2 dependence of DVCS observables (see below). Thus, DVCS can be used to extract
information about GPDs at the momentum transfers accessible in fixed—target experiments. For meson production, the
experience with the pion form factor at high ? and available meson electroproduction data suggest that higher—twist
effects are significant up to momentum transfers of Q% ~ 10 —20 GeV?. While such effects can be reduced by studying
suitable ratios of observables or polarization asymmetries, or can be accounted for in phenomenological models, it
seems likely that the use of meson production data for a quantitative extraction of GPDs requires measurements at
significantly higher momentum transfers than in DVCS.

The actual extraction of information about the GPDs from DVCS observables is a complex task, which has
been extensively discussed in the recent literature. In the eN — eN+y cross section, the DVCS amplitude interferes
with the known amplitude of the Bethe—Heitler process, in which the final-state photon is emitted from the electron.
This fact allows one to separate the imaginary and real parts of the DVCS amplitude (¢f. Fig. 3) by measuring
combinations of cross sections and asymmetries with respect to the beam spin (helicity), beam charge (e™/e™),
and/or target or recoil polarization. The imaginary part of the amplitude probes the GPDs at z = &, where £ is
related to the usual Bjorken variable by & = /(2 — zg); the real part probes a dispersive integral over the quark
momentum fractions. The different nucleon spin components of the GPDs can be extracted by measuring target spin
asymmetries. Measurements of the t— (A, —) dependence provide the information necessary for transverse nucleon
imaging. Information about the flavor decomposition requires measurements with both proton and neutron (i.e.,
nuclear) targets. Additional information about the spin/flavor separation can come from meson production data. The
DVCS and meson production data will then be used to constrain the parameters of theoretical parametrizations of the
GPDs. These parametrizations incorporate the information about the parton densities and form factors gained from
previous independent measurements, as well as knowledge of the general structure of GPDs gained from theoretical
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considerations. They play an essential role in this program, ultimately providing the link between the e N scattering
observables and the 142-dimensional or 3—dimensional images of the nucleon.

Experimental studies of GPDs through processes such as deeply—virtual Compton scattering and meson produc-
tion require measurements at center—of-mass energies, W and momentum transfers, Q?%, in the multi-GeV region,
which are accessible only with sufficiently high beam energies. At the same time, since exclusive processes in this kine-
matics are rare processes (in generic scattering events multiple hadrons are produced), they require high luminosities,
as can be achieved in fixed-target experiments with intense beams or in next—generation colliding beam experiments.
Finally, the need to guarantee an exclusive final state, and to measure ¢—distributions of cross sections, places very
high demands on the detection equipment, such as good energy resolution in missing mass experiments, or detection
of the recoil nucleon. Together, this results in a combination of challenges which has never before been encountered
in DIS experiments.

III. PRESENT EXPERIMENTAL RESULTS ON HARD EXCLUSIVE PROCESSES

Measurements of exclusive processes at large momentum transfers have been carried out in eN scattering ex-
periments with existing fixed—target facilities (HERMES at DESY, Jefferson Lab with 6 GeV beam energy) and the
HERA collider. These studies have demonstrated the basic feasibility of such measurements, and have provided cru-
cial evidence for the applicability of a GPD-based description of such processes. They are also providing first useful
constraints for GPD phenomenology.

Experiments at fixed—target facilities aim to extract the interference terms between the DVCS and the Bethe—
Heitler (BH) amplitudes in the eN — ¢’ N+ cross section. The interference terms are experimentally accessible from
combinations of measurements of the spin—dependent and independent cross sections and relative asymmetries, as
well as from measurements of the beam charge dependence (et /e™) of the cross section. In kinematic regions where
the BH amplitude is much larger than the DVCS amplitude, the interference with the BH amplitude acts as a natural
“amplifier and filter” for the DVCS amplitude, boosting it to comfortably measurable levels.

Measurements of the beam spin asymmetry in eN — e’ N+ have been performed by HERMES (0.02 < zg < 0.3)
[9] and CLAS at JLab (0.15 < zg < 0.55) [10, 11]. Figure 4 shows the kinematic coverage achieved in the CLAS
E01-113 experiment (2005), as well as a the results for the asymmetry in a typical (zg,@?) bin. This experiment
used a new inner calorimeter to detect photons at small scattering angles. The azimuthal angle dependence of the
asymmetry clearly exhibits the sin ¢ behavior characteristic of the BH-DVCS interference. This asymmetry can be
related to a linear combination of GPDs at z = &; the experimental results are consistent with the predictions of
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FIG. 4: Measurements of the beam spin asymmetry,Azy, of the e N — ¢/ Ny cross section in the CLAS E01-113 experiment at
JLab with 6 GeV beam energy (preliminary). The plot shows the kinematic coverage in zp and Q? (left), and the azimuthal
angle dependence of ALy in a typical (zp,Q?) bin, both integrated over ¢ (center) and in of the 5 sub-bins in ¢ (right). The
sin ¢ dependence is characteristic of the BH-DVCS interference cross section.
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FIG. 5: Measurements of the eN — ¢’ Ny cross section by the JLab Hall A experiment and their interpretation [13]. (a) The
differential cross sections, d*o/dQ? dxr dt d¢, as a functions of the azimuthal angle, ¢, of the detected real photon, at Q* = 2.3
GeV?, |t| = (0.25 — 0.3) GeV?, and zp = 0.36. Top: Helicity-dependent cross section. Bottom: Helicity-independent cross
section. The green curve shows the |BH|? cross section alone, which is exactly calculable in terms of the known nucleon form
factors. The red curve is a fit to the data in which the ¢—dependence is predicted by theory. The difference between the red
and green curve is to be attributed to the BH-DVCS interference as well as the [DVCS|” terms in the cross section. (b) The
coefficient of the beam spin—dependent interference cross section, as a function of ¢, for different values of Q2. The observed
@’-independence of the data is consistent with the predictions of QCD factorization. (“scaling”). In the factorization regime,
this coefficient is directly proportional to a linear combination of GPDs. The solid line represents a simple dipole fit to the
t—dependence of this linear combination. Future measurements with polarized target will be able to isolate the contribution of
the different GPDs to this observable.

present GPD models. An important point is that with the CLAS detector data in all (zp,Q?,t) bins are taken
simultaneously, making it possible to extract information about the GPDs over a wide kinematic range. HERMES
also measured the beam charge asymmetry of the cross section [12], which probes a dispersive integral of the GPDs
over the quark momentum fractions.

First measurements of the absolute DVCS cross sections of were recently performed by the JLab Hall A experiment
[13]. A sample of the results is shown in Fig. 5a. The beam spin—dependent eN — €' N+ cross section (top plot) is
directly proportional to a weighted sum of different GPDs at z = ¢; the azimuthal angle dependence of the data is
consistent with theoretical expectations. The data for the helicity—independent cross section (bottom plot) clearly
show the deviation from the calculable BH cross section caused by the DVCS process. An interesting conclusion of
this analysis is that for values of ¢ not close to 0° or 360° both the BH-DVCS interference and the DVCS? term in the
cross section seem to contribute substantially to this difference; the separation of the two terms, using their different
dependence on the incident beam energy, is the subject of a new proposed experiment. The relative asymmetry (see
e.g. Fig. 4) is the ratio of the top and bottom curves. Figure 5b shows the ¢— and ()?>-dependence of the coefficient of
the beam—spin dependent interference cross section extracted from the data; this coefficient is directly proportional
to a certain linear combination of GPDs with different target spin dependence. Comparison between the results for
different Q2 shows that the data are nicely consistent with the approach to Q2-independence (“scaling”) at large Q>
predicted by QCD factorization.

Separation of the different spin/flavor components of the GPDs requires measurements with polarized targets, as
well as measurements with both proton and neutron (nuclear) targets. First measurements of the longitudinal target
spin asymmetry have been reported by CLAS at JLab, which eventually will allow one to separate the contributions
from unpolarized and polarized nucleon GPDs. An order of magnitude more data are expected from JLab during
the next two years, making possible a much more quantitative extraction of GPD parameters. A measurement of
the transverse target spin asymmetry has been reported by HERMES; this observable is particularly sensitive to the
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nucleon helicity—flip (Pauli form factor-type) GPD, which enters in the angular momentum sum rule. The JLab Hall
A experiment has reported preliminary data on quasi—free neutron DVCS from measurements with a nuclear target;
the neutron data are more sensitive to the d—quark GPD in the proton than the proton data (proton and neutron
GPDs are related by isospin symmetry). Together, the JLab Hall A and HERMES data allow for a first estimation
of the quark angular momentum in the proton, see Fig. 7. While this method of constraining J, and Jg is model-
dependent, and the present status of GPD parametrizations does not permit us to quote an error for the estimated
values of J, and Jy, the preliminary results clearly illustrate the potential of DVCS measurements to constrain the
quark angular momentum.

The measurements of the DVCS cross sections and beam spin asymmetry carried out by JLab with 6 GeV beam
energy so far support the theoretical expectation of dominance of the single-quark reaction mechanism (leading—twist
approximation) for DVCS for momentum transfers Q2 ~ few GeV?, essential for the GPD interpretation of the
eN — e'Nv data. They also demonstrate the feasibility of accurate differential measurements of the t—dependence
needed for reconstructing spatial images of the nucleon based on GPDs.

In deeply-virtual meson production, the GPD description applies to the amplitude with longitudinal (L) po-
larization of the virtual photon mediating the interaction; the amplitudes with transverse (T') photon polarization
generally involve interactions over transverse distances comparable to the nucleon size which cannot be expressed
in terms of the GPDs. In vector meson production (p°,¢), the interesting L component of the amplitude can be
isolated from the vector meson decay distribution using s—channel helicity conservation — a theoretically motivated
approximation, which was found to work at the ~ 10% level in fixed—target and HERA experiments. In pseudoscalar
meson production (7°,7%, 7, K), L and T components of the amplitude need to be separated using the Rosenbluth
method, which requires comparing measurements at different beam energies and makes measurements of this channel
considerably more demanding than in the vector case. Electroproduction of both vector and pseudoscalar mesons
was studied in a number of experiments at HERMES and JLab. Comparison of the data with model calculations
based on GPDs generally indicate the presence of substantial higher—twist corrections up to momentum transfers of
several GeV2. Theoretical efforts are presently under way to calculate these corrections to an accuracy which allows
one to use these data for the GPD analysis. With these corrections included, meson production can provide valuable
information about the spin and flavor decomposition of the GPDs, which is difficult to obtain in DVCS alone.

Extensive measurements of exclusive vector meson production and DVCS have been performed with the HERA
collider, at energies ranging from 50 < W < 300GeV and 107* < 2 S 1072, Scattering processes at such high
energies exhibit a number of special features — interaction over large longitudinal distances, importance of gluon
radiation — which have been the subject of numerous experimental and theoretical studies, and are collectively
referred to as “small—z physics.” Exclusive processes in this kinematics probe the GPDs at small values of the parton
momentum fractions, z12 ~ zg < 1. In this region the gluon distribution is dominant; the quarks probed at these
values of 21,2 mostly originate from perturbative QCD radiation by the gluons (“evolution”). A particularly clean
probe of the gluon GPD in the nucleon is photon/electroproduction of heavy vector mesons (J/v¢). Measurements of
the J/4¢ production cross section, including its t—dependence, at HERA [14] have provided useful information about
the transverse spatial distribution of gluons in the nucleon and its change with z. Corresponding measurements of
p and ¢ electroproduction at Q2 ~ 10 — 20 GeV?, which are also gluon—-dominated at small zg, have confirmed the
universality of the gluon GPD implied by QCD factorization. Also measured at HERA was the DVCS cross section
[15]; the results are well described by next—to—leading order QCD calculations incorporating QCD evolution of the
GPDs. In summary, the HERA results fully confirm the applicability of QCD factorization to exclusive processes at
high energies and have demonstrated the potential of such measurements to map the gluon GPD at small z.

IV. GPD MEASUREMENTS WITH JLAB AT 12 GEV

The JLab Upgrade will double the energy of the CEBAF continuous—-beam electron accelerator from 6 to 12
GeV, and extend the capabilities of the detection equipment in the experimental halls [1]. This setup will provide
a unique combination of high beam intensity (luminosity), high energy, and large—acceptance detectors, which will
enable studies of exclusive processes such as DVCS and meson production in the valence quark region. A rich program
of measurements aimed at mapping the quark GPDs of the nucleon has been formulated by the user community, and
was reviewed by a special Program Advisory Committee in 2006.
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Measurements of DVCS and meson production will be carried out both with the upgraded CLAS large—acceptance
spectrometer in Hall B, at luminosities ~ 103%cm=2s7!, and with the Hall A high-resolution single-arm spectrometer
at luminosities ~ 1037cm~2s7!. DVCS will be accessed both in missing—mass measurements in which the final-state
electron and photon are detected, ep — e'yX (Hall A, CLAS), and by detecting the electron and recoil proton in
events without other charged or neutral tracks, ep — e’pX (CLAS). Detection of the photon in the CLAS inner
calorimeter, in addition to the recoil proton and scattered electron, provides the exclusivity condition crucial for
complete control over different background processes. Each of these methods has its own advantages with regard
to background suppression (7°) and azimuthal angle coverage, and they probe the ep — e’vp in regions of different
relative magnitude of DVCS and Bethe—Heitler amplitudes. In this way, GPDs can be extracted using both absolute
cross section and polarization asymmetry data. The possibility to use both methods in experiments at a single facility
represents a crucial advantage of this setup.

To separate the different spin components of the GPDs, measurements of a variety of polarization observables
(beam and target spin) will be performed. The beam single longitudinal spin asymmetry, Ary, will access mainly
the unpolarized Dirac GPD, H. The double spin asymmetry for longitudinal target polarization, Arr, probes the
corresponding polarized GPD, H. Finally, the transverse target asymmetry, Ayr, is mostly sensitive to the Pauli
form factor-type GPD, E, which enters in the angular momentum sum rule. These asymmetry measurements,
combined with measurements of the unpolarized cross sections, allow one to probe the GPDs at momentum fractions
1 =z, 22 = 0, as a function of both zg and ¢. The results can directly be translated into transverse spatial images
of the nucleon. As an example, Fig. 6 shows the projected results for the Dirac GPD, H, as a function of z and ¢,
and its corresponding transverse spatial representation. Complementary information can be obtained about integrals
of the GPDs over the quark momentum fraction. With the help of GPD parametrizations, this information can be
used to construct 2—dimensional tomographic images of the nucleon at x; = 2, cf. Fig. 1.

The flavor components of the GPDs will be separated by performing measurements of DVCS with both proton
and nuclear (2H) targets. Additional information about the flavor structure will come from ratios of meson production
cross sections in channels with the same spin/parity quantum numbers, such as n/7° and K*/p*. These channels
will be measured simultaneously with DVCS, not requiring any extra beam time.

The quark angular momentum in the nucleon, J;, can be estimated if one uses the results of measurements of
DVCS and meson production observables to constrain GPD parametrizations, which incorporate information about
GPDs obtained from other processes (inclusive DIS, form factors). These parametrizations allow one to estimate the
second moment of the GPDs, based on the information about the GPDs at z; = z2 and the momentum fraction
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FIG. 6: Left: Projected results for the Dirac GPD of the proton, H(z = £,t), as a function of z and ¢, as extracted from the
DVCS beam spin asymmetry, Ary, measured with JLab at 12 GeV. Shown is the ratio of the GPD to the the proton’s Dirac
form, Fi(t). Right: Transverse spatial image of the proton obtained by Fourier—transforming the measured GPD [16]. The
errors were estimated assuming a dipole-like t—dependence.
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FIG. 7: Projections for experimental determination of the quark angular momentum, J,, and Jg, in hard exclusive electropro-
duction processes. (a) Constraints on J, and J; from present data on quasi—free DVCS from a deuterium target (JLab Hall A,
sensitive primarily to Jy), and DVCS with a transversely polarized proton target (HERMES, sensitive primarily to J,). The
data constrain the parameters in a GPD parametrization, which is then used to calculate J, and Jq. (b) Sensitivity of the
transverse target spin asymmetry, Ayr, in hard exclusive po electroproduction, ep — e'pop, to J,, as predicted by a model
calculation. Accurate measurements of Ayr with JLab 12 GeV (projected data shown in red) will be able to discriminate
between these predictions, thus determining .J,.

integrals probed in the observables. Figure 7a shows the constraints on J, and Jy from present DVCS data with
deuteron (JLab Hall A, sensitive primarily to J;) and proton target (HERMES, sensitive primarily to J,). The
preliminary data from JLab Hall A constrain the GPDs only at a single value of zp; systematic studies of the xp
dependence of GPD observables over the next years will allow us to significantly reduce the uncertainty in this model-
dependent extraction and make a realistic error estimate of the values of J, and J;. Another useful observables for
determining J, is the transverse target spin asymmetry, Ay, in p® production, which is particularly sensitive to the
Pauli form factor—type GPD, E. Figure 7b shows the sensitivity of the p° asymmetry to .J,, as predicted by a model
calculation of the amplitude based on a GPD parametrization; in this calculation the first moment of the GPD E is
constrained by the form factor data, while the second moment is fitted to a given value of J,. One sees that accurate
measurements of the asymmetries will be able to constrain J; in this way. While not fully model-independent, this
method of extracting J; will become more and more accurate as amplitude calculations and GPD parametrizations
become more refined as a result of measurements of a variety of other DVCS and meson production observables.

V. GPD MEASUREMENTS WITH A FUTURE ELECTRON-ION COLLIDER

Electron scattering experiments with colliding beams are able to reach substantially higher center—of-mass en-
ergies and momentum transfers than fixed-target experiments. The HERA ep collider at DESY, colliding 30 GeV
electrons with 920 GeV protons at a luminosity of 7.5x ~ 103'ecm =251, supported a rich program of studies of QCD
at high energies (“small z”), where gluon radiation is an essential feature of the dynamics. A polarized high—intensity
collider, with tunable energies and the capability to accelerate both proton and nuclear beams (electron—ion collider,
or EIC), would be an unique tool for studying both QCD dynamics and nucleon/nuclear structure, including the gluon
spin distribution in the proton, effects of the nuclear medium on the quark and gluon distributions in the proton, the
interaction of small-size probes with hadronic matter at high energies (color transparency, small-z dynamics), and
quark/gluon imaging of the proton through GPD measurements [17].

The development of a high—intensity polarized ep/eA collider presents major technological challenges, which
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accelerator physicists have begun to address in the last few years. Different designs are being considered, emphasizing
either high energies or high luminosities. The original eRHIC design proposed by BNL [2] would collide a proton
or heavy ion beam from the RHIC storage ring (100/250 GeV) with electrons from a 10 GeV storage ring (“ring—
ring design”), at an electron-nucleon (eN) luminosity of 10*3cm~2s~!. A more ambitious design with an 10 GeV
electron linear accelerator (“linac-—ring design”) would achieve an e N luminosity of 1034cm 25! this setup would also
accommodate multiple interaction regions and allow for an eventual upgrade of the electron energy. In the ELIC design
developed by JLab [3], 3-7 GeV electrons in a high—intensity storage ring (fed by the CEBAF accelerator) would collide
with protons or light ions from a 30-150 GeV storage ring, achieving eN luminosities from 10**cm—2s~! (30/3 GeV)
to 10%*cm =251 (150/7 GeV); this setup would allow for four interaction regions.

As in fixed—target experiments, measurements of GPDs in hard exclusive processes with an ep/eA collider are
much more challenging than traditional inclusive deep—inelastic scattering experiments. In addition to requiring
substantially higher luminosities because of small cross sections and the need for differential measurements, the
detectors and the interaction region have to be designed to permit full reconstruction of the final state. An issue specific
to colliders is that the intrinsic transverse momentum spread of the particles in the beam limits the experimental
resolution in the momentum transfer to the nucleon or nucleus, A ;. On the other hand, a properly designed collider
would permit exclusive measurements which are very difficult in fixed—target experiments, e.g., processes which require
detection of target fragments, such as coherent scattering from nuclei, or exclusive reactions in which the nucleon
undergoes a transition to an excited state, N — N*.

In assessing the prospects for measurements of exclusive processes in ep scattering at collider energies, W >
10 GeV?, one needs to distinguish between “diffractive” (no exchange of quantum numbers between the target and the
projectile/produced system) and “non-diffractive” processes (exchange of quantum numbers). In diffractive channels,
such as J/1, p°, ¢ production and DVCS, the cross sections rapidly rise with the collision energy, W. At large Q?, these
processes probe the gluon GPD and/or the singlet quark GPD, which at high Q? is mostly due to gluon radiation. In
non-diffractive channels, such as 7+, 7%, p*, K production, the cross sections do not rise significantly or perhaps even
decrease with energy. These processes at high Q2 probe the flavor/charge/spin non-singlet quark GPDs describing
the quark structure of the target. They require significantly higher luminosities and are generally much more difficult
to measure at high energies than diffractive channels.

Measurements of exclusive reactions in diffractive channels with a high-luminosity ep collider would enable a
detailed program of transverse gluon and singlet quark imaging of the nucleon, see Ref. [18] for a review. J/1 elec-
troproduction is a unique probe of the gluon GPD in the proton, whose t—dependence contains the information about
the transverse spatial distribution of gluons. An important simplification arises from the fact that at high energies the
gluon GPD is effectively probed in the diagonal case, 1 = x5, or £ = 0, and the momentum transfer to the nucleon is
predominantly transverse, t & —A? | whence the measured t—dependence can be directly translated into tomographic
images of the type of Fig. 1. Of particular physical interest is the change of the transverse spatial distribution of
gluons with x; e.g., chiral dynamics predicts that for < M, /My ~ 107! the nucleon’s pion cloud should give rise to
a distinctive “Yukawa tail” in the transverse spatial distribution of gluons at large b [19]. Also, the transverse spatial
distribution of gluons is an important ingredient in the description of high—energy pp/pp collisions with hard processes
(RHIC, Tevatron, LHC), including the approach to the unitarity limit at small 2 [18]. Measurements of DVCS and
exclusive p° electroproduction at high Q2 allow one to probe the singlet quarks in addition to the gluon GPD. At
small z (< 107!) and high @2, most of the singlet quarks observed in these processes are produced by gluon radiation
(QCD evolution), and thus cannot be discussed independently of the gluonic structure of the target. Analyzing DVCS
and p° production together with J/1), which probes the gluon only, one can disentangle the singlet quark and gluon
GPDs, and test the QCD evolution of the GPDs.

Measurements of exclusive meson production in non-diffractive channels with a high-luminosity ep collider would
allow for detailed studies of the spin—, flavor— and spatial distributions of quarks in the nucleon at z < 0.1, com-
plementing the information from DVCS experiments in the valence quark region, z 2 0.1. A collider could achieve
momentum transfers of the order Q2 ~ 10GeV?, where power (higher—twist) corrections in the GPD analysis are
under theoretical control. Much interesting information can already be gained by comparing observables for different
mesonic channels, without detailed modeling of the GPDs. For example, comparison of 7° and n provides model-
independent information about the ratio of the quark spin distributions Au and Ad and their spatial distributions;
it also tests the effect of the U(1) axial anomaly on the meson wave functions [20]. Comparison between 7+ and K+
production, as well as between p+ and K** allows one to study SU(3) flavor symmetry breaking in the nucleon’s
quark distributions in different spin/parity channels, and in the meson wave functions. More information about the
spatial distribution of quarks can be obtained from the GPD analysis of absolute cross sections (o) in these chan-
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nels. Separation of the various response functions (L, T, etc.) would provide a crucial test of the dominance of the
single-quark reaction mechanism across the @? and W landscape. Because of the relatively small cross sections in
non-diffractive meson production channels at large W, such measurements would definitely require a high—luminosity
collider (at least 103 cm~2s71).

Another interesting class of processes which could be studied with a properly designed ep collider are exclusive
reactions with N — N* transitions [21]. Such processes probe the “transition GPDs” — the probability amplitude
for the nucleon to undergo a transition to an excited state when “taking out” a quark and “putting it back” with
different momentum. In these reactions the hard scattering process can be regarded as an operator inducing an
N — N* transition. An interesting aspect is that in this way one can probe transition quantum numbers which are
not accessible with standard electroweak currents (e.g. spin > 1). This opens up many new possibilities for studies
of resonance structure, which theorists have just started to explore. Equally interesting are hard processes with
transition to a non-resonant low—mass 7N state; the N — 7N transition GPDs are constrained by chiral dynamics
(soft—pion theorems) [22] and can be studied using methods of effective chiral field theory. Such measurements require
specially designed detectors, capable of detecting the decay products of the recoiling nucleon resonance.

An electron—ion (eA) collider would also offer numerous opportunities for measurements of exclusive processes
with nuclear targets. QCD factorization for exclusive processes at high @2, such as meson production, is intimately
related to the notion of color transparency — the fact that small-size quark—gluon configurations interact weakly with
hadronic matter [18]. Measurements of such processes with nuclear targets across a wide range of W and Q?, in which
the longitudinal extension of the interaction region in the nucleus rest frame (coherence length), 1/(2myzg), is put
in relation to the nuclear radius, would allow one to perform detailed tests of color transparency, greatly enhancing
our understanding of QCD dynamics at small z. They would also serve as novel tools for exploring nuclear structure
in terms of the quark and gluon degrees of freedom of QCD.

VI. LONG-TERM PERSPECTIVES OF GPD-BASED NUCLEON STRUCTURE STUDIES

The concept of GPDs, and the idea of spatial imaging of the nucleon, have revolutionized nucleon structure
studies in QCD. The JLab 12 GeV Upgrade will allow scientists to map the nucleon GPDs in the valence quark region
at large z, exploring its quark structure in unprecedented detail. An EIC, as a logical next step, would map the gluon
and quark GPDs at small z, putting these concepts in the context of the rich program of studies of QCD dynamics at
high energies. To conclude our outlook, we would like to briefly comment on how this program relates to the expected
developments in other areas of physics.

The exploration of the quark structure of the nucleon through GPDs at large = will make full use of the anticipated
progress in lattice QCD [7]. Lattice simulations will be able to provide increasingly accurate estimates of certain lowest
moments of the quark GPDs, e.g. the quark angular momentum, or the nucleon form factors of the QCD energy—
momentum tensor, which can be used to fix parameters in general GPD parametrizations. An important point is
that, for the foreseeable future, lattice methods will be able to estimate flavor-nonsinglet quark GPDs much more
accurately than singlet quark or gluon GPDs; this should be considered when combining experimental data and lattice
results in GPD studies.

The gluon GPD at small z is an important ingredient in modeling pp/pp collisions at high energies (LHC, Tevatron,
RHIC). The transverse spatial distribution of gluons described by the GPD controls the “transverse geometry” in pp
collisions with hard QCD processes, which allows one to understand many aspects of such collisions. This information
is essential also for modeling the approach to the new regime of high gluon densities (saturation, unitarity limit) in
high—energy pp/pA/eA collisions. It is even possible to probe certain aspects of the gluon GPD in high—energy pp
collisions, e.g., by measurements of the transverse momentum distribution in exclusive hard diffractive pp scattering in
future experiments at the LHC [23]. More generally, the spatial view of the partonic structure of the nucleon enabled
by the GPDs naturally leads to a convergence of methods used to describe high—energy lepton/photon-induced and
hadron—-induced processes.

QCD as a field theory of strong interactions can be solved analytically only at short distance scales, where the

effective coupling is weak and methods of perturbation theory and the renormalization group can be applied. The
search for an effective theory with simple properties which could replace QCD in the non-perturbative domain remains
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perhaps the foremost problem of strong interaction physics. Recently, approaches based on the idea of the duality of
gauge and string theories (“AdS/CFT correspondence”) have produced very encouraging results; see Ref. [24] for a
review. Dynamical models based on these ideas can explain e.g. the gross properties of the meson spectrum (Regge
trajectories), as well as the observed scaling behavior of high-energy amplitudes (counting rules). The study of hard
exclusive processes and GPDs, which probe the quark—hadron interface at the amplitude rather than the cross section
level, will be an important testing ground for these approaches.
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