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Abstract
Generalized Parton Distributions represent one of the mostexhaustive tools
to describe nucleon structure. By combining together information from the
electromagnetic form factors and from the standard parton distributions, they
provide a three-dimensional picture of hadrons. The experimental access to
these quantities is provided by the Deeply Virtual Compton Scattering and the
Deeply Virtual Meson Production processes. The specific characteristics of
the CEBAF Large Acceptance Spectrometer installed at the Thomas Jefferson
National Accelerator Facility, with its high capability toreconstruct the final
states of these exclusive processes over a large phase space, make this detector
one of the best tool for the experimental investigation of the GPDs.

1 Introduction

For the past decades, a large amount of theoretical and experimental activity has been devoted to the
understanding of hadron structure, but a full comprehension of mesons and baryons in terms of QCD
degrees of freedom, namely quarks and gluons, is still lacking. Quantities as the hadron mass or spin,
for example, are not yet fully described in terms of the properties of the elementary constituents, as the
recent “spin crisis” proved.
These open questions call, then, for a more detailed investigation of hadron structure. To this end, new
quantities have been introduced about ten years ago. These are theGeneralized Parton Distributions
(GPD) [1,2]. GPDs are defined as matrix elements of quark and gluonoperators at a light-like separation
(i.e. for a null light-cone time,x+ = x0 + x3 = 0) [3,4]. These functions depend on three variables:x,
the quark longitudinal momentum fraction,ξ, the longitudinal fraction of the four-momentum transfer,
and t, the squared four-momentum transfer to the target. At the twist-two level, there are two spin-
independent and two spin-dependent GPDs for each quark flavour, namely E(x,ξ, t), H(x,ξ, t) andẼ(x,ξ,
t), H̃(x,ξ, t). The first moments inx of the GPDs link them to the electromagnetic form factors, while
at t = 0, ξ = 0 H(x,ξ = 0, t=0) andH̃(x,ξ = 0, t=0) reduce to the quark longitudinal momentum and
helicity distributions, respectivelyq(x) and∆q(x).
From an experimental point of view, one can access these functions through two main processes: the
Deeply Virtual Compton Scattering(DVCS) and theDeeply Virtual Meson Production(DVMP) (Fig.
1). These two processes are based on the so-called“handbag” mechanism (cfr. Fig. 1). Through the
use of factorization theorems [1, 2, 6], it has been proven both for the DVCS (for transverse photons)
and for the DVMP (for longitudinal photons) that the processcan be separated in a hard scattering part,
well described through the tools ofQuantum ElectroDynamicsand/orQuantum CromoDynamics, and a
non-perturbative part, that encodes the complex strong dynamics governing the existence of the hadron
bound states and that is described with the GPDs.
Depending on the polarization degrees of freedom acting in the process (like, for example, the simul-
taneous presence of polarization in the beam and in the target, or the use of a polarized beam with an
unpolarized target), various combinations of GPDs can be investigated.
Factorization is expected to hold for the DVCS (ep → e′p′γ) at relatively low photon virtuality,i.e. in
a range that can be explored at Jefferson Lab. However at these energies, an additional mechanism that
gives a significant contribution to theepγ final state is the Bethe-Heitler process, where the final pho-
ton is emitted by the incoming or outgoing photon, and not by the interacting quark. Consequently, the



amplitude for the processep→ e′p′γ is the sum of two contributions, namely:

Tep→e′p′γ = TBH + TDV CS , (1)

that give rise to an interference term at the cross-section level. In order to extract information on the
GPDs, the cross section is decomposed in spherical harmonics, where the three contributions - DVCS,
BH and the interference term (INT) - are isolated. Furthermore, the following asymmetry is introduced:

A =
d4~σ − d4←−σ
d4~σ + d4←−σ , (2)

where the arrows correspond to beam helicities+1 and−1. The BH importance is turned into an ad-
vantage for the GPD extraction by means of the interference term occurring in the cross section of the
processep → e′p′γ, that survives in the asymmetry. INT, indeed, is amplified bythe presence of the
Bethe-Heitler part, whose contribution is well calculatedin the framework of QED and can thus be dis-
entangled from the one of the DVCS, where GPD appears. The numerator of the asymmetry turns out to
be related to the GPDs through

d4~σ − d4←−σ ∼ sin φ[F1H(ξ, ξ, t) + k1(F1 + F2)H̃(ξ, ξ, t) + k2F2E(ξ, ξ, t)] , (3)

whereF1, F2 are the Dirac and Pauli form factors of the nucleon,k1, k2 are kinematical quantities,
andφ is the angle between theγ∗γ plane and the electron scattering plane [5]. At the leading twist, the
asymmetry can then be written as

A =
a sin φ

1 + c cos φ + d cos 2φ
, (4)

where the parametersa, c andd can be expressed in terms of harmonic coefficients for DVCS, BH and
INT. In particular, the coefficients for DVCS and INT can be expressed in terms of GPD integrals, the
so-called Compton Form Factors. In the case of the GPDH, for instance,H is defined through

ℜeH = P
∫ 1

−1
dx

[

2x

ξ2 − x2

]

H(x, ξ, t) , (5)

1

π
ℑmH = H(ξ, ξ, t) −H(−ξ, ξ, t) . (6)

A measurement of the asymmetry of Eq. 4 constitutes, then, a first step toward the extraction of the
GPDs.
Deeply Virtual Meson Production represents another strategic tool for the comprehension of hadron
structure since, as well as DVCS, it allows to access information on GPDs. By measuring different chan-
nels one can operate a flavour-decomposition that gives access to the GPDs of each single quark flavour.
Among the various channels experimentally accessible, theprocessep → e′pρ0, that brings to the pro-
duction on the final state of aρ0 meson, is one of the most exstensively investigated, since predictions
of its cross-sections are available both in terms of models based on thehadronic degrees of freedom,
like those that make use of Regge theory [7–14], and in terms of GPD models, that describe the hadron
dynamics in terms ofpartonic degrees of freedom [1–4,6,15,16].
Among the hadronic models, the one tested through the CLAS data is the so-called JML model [7–10].
It is based on the Regge approach, according to which the reaction mechanism at the base of the meson
electroproduction is the exchange of meson “trajectories”in the t-channel (Fig. 2). In the case of the
γ∗p→ pρ0 channel the main contribution comes from the exchange of thef2(1270) andσ mesons.
On the other hand, as far as the GPD-based models are concerned, their validity regime begins as soon
as the Bjorken region is reached. An important topic is to understand what is theQ2 value for which the
validity of such a treatment starts. It will give information on the transition between the energy regime
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Fig. 1: Handbag diagram mechanism and factorization for both DVCS (left) and DVMP (right).

in which the hadron can be treated in terms of hadronic degrees of freedom and the one where a more
elaborated, elementary “quantum field theory”-like approach starts to be needed. It is important to stress
that for mesons the factorization has been proved only for the longitudinal part of the cross section, and
consequently the experimental data analysis has to separate the longitudinal and transverse parts of the
cross sections.

Fig. 2: The mechanisms forρ0 electroproduction at JLab energies for lowQ2 (left) through the exchange of
mesons and for highQ2 (right) through the quark exchange “handbag" mechanism (valid for longitudinal photons)
whereH andE are the unpolarized GPDs.

2 Hall-B e1-dvcs experiment

The experiment aiming to the extraction of the DVCS beam-spin asymmetry (BSA) took place in the
Hall-B at the Thomas Jefferson National Accelerator Facility. The Continuous Electron Beam Accel-
erator Facility (CEBAF) offers a unique environment for hadronic physics measurements, providing a
continuous electron beam with energies up to 6 GeV. The e1-dvcs experiment used the CEBAF 5.77-
GeV electron beam with an average polarizationP = 0.794, a 2.5-cm-long liquid-hydrogen target and
the CEBAF Large Acceptance Spectrometer (CLAS) [17]. In order to effectively reconstruct all the
three final-state particles from the reactionep → epγ (and in particular the 1-to-5 GeV DVCS photons
emitted between 4.5◦ and 15◦ with respect to the beam direction), a new inner calorimeter(IC) was
added to the standard CLAS configuration, 55 cm downstream from the target. The operating luminosity
was2× 1034 cm−2s−1.
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Fig. 3: Left (from Ref. [18]): kinematic coverage and binning in the(xB, Q2) space. Right (from Ref. [18]):A(φ)

for 2 of the 62 (xB , Q2, t) bins, corresponding to〈xB〉 = 0.249, 〈Q2〉 = 1.95 GeV2, and two values of〈t〉. The
red long-dashed curves correspond to fits with Eq. (4) (withd = 0). The black dashed curves correspond to a
Regge calculation [19]. The blue curves correspond to the GPD calculation described in the text, at twist-2 (solid)
and twist-3 (dot-dashed) levels, withH contribution only.

Exclusiveepγ events were selected by detecting the3 particles in CLAS and removing the background
via the application of exlcusivity cuts [18]. The data were divided into thirteen bins in the (xB, Q2)
space as per Fig. 3, five bins in−t (defined by the bin limits 0.09, 0.2, 0.4, 0.6, 1 and 1.8 GeV2) and
twelve 30◦-wide bins inφ. BSA were extracted for each (xB, Q2, φ, t) bin. The parameterd in the
denominator of Eq. 4 is expected to be smaller than 0.05 over our kinematic range, and indeed it was
found to be compatible with zero, within statistical accuracy, when included in the fit. Two examples
of the measured asymmetry are reported in Fig. 3, while in Fig. 4 a = A(90◦) as a function of−t is
shown. Together with the experimental data two fits are shown, one corresponding to the hadronic model
proposed in Ref. [19], and the other corresponding to the GPDcalculation in Ref. [14].

As to the GPD interpretation, constrained parametrizations have been developed starting from the
various models, in order to test their phenomenological effectiveness. In Ref. [14] the following
parametrization is proposed:

H =
∑

q

e2
q

{

∫ +1

−1
dβ

∫ 1−|β|

−1+|β|
dα δ(x− β − ξα)hq(β, α, t)

+ θ

(

1− x2

ξ2

)

Dq

(

x

ξ
, t

)}

, (7)

with hq(β, α, t) = q(β)πb(β, α)e−α′

1
(1−β)t , (8)

whereeq andq(β) are the electric charge and unpolarized parton distribution for quark flavorq, πb a
profile function [20] andα′

1 is a Regge slope adjusted to recover the proton form factorF1 from the first
moment of the GPDH. Eq. (8) extends the ansatz of Ref. [14] for thet dependence to non-zero values
of ξ. TheD term in Eq. (7) is calculated within a quark-soliton chiral model [16]. Using predetermined
parameters, the calculations of beam-spin asymmetries yield the solid and dot-dashed curves in Figs. 3
and 4, without and with a twist-3 term calculated in the Wandzura-Wilczek approximation [16]. The
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Fig. 4: (Color online)a = A(90◦) as a function of−t. Each individual plot corresponds to a bin in(xB , Q2).
Systematic uncertainties and bin limits are illustrated bythe grey band in the lower left plot. Black circles are from
Ref. [18]. Previous CLAS results are from Ref. [21] (red square) or extracted from cross section measurements [22]
(green triangles), at similar - but not equal - values of〈xB〉 and〈Q2〉. See Fig. 3 caption for the description of the
curves.

predictions overestimate the measured asymmetries at low|t|, especially for small values ofxB and/or
Q2.

3 Hall-B e1-6 experiment

In this section, we refer to the results presented by the CLASCollaboration in Ref. [23]. The data for
the measurement of theep → e′pρ0 cross-section were taken with an electron beam having an energy
of 5.754 GeV impinging on an unpolarized 5-cm-long liquid-hydrogen target. The integrated luminosity
of the data set was 28.5 fb−1, and its kimematic domain corresponds approximately toQ2 from 1.5
to 5.5 GeV2. The analyzed data have aW , the γ∗ − p center-of-mass energy, greater than 1.8 GeV,
which corresponds to a range ofxB approximatively from 0.15 to 0.7. As mentioned before, since
the factorization theorems for the meson electroproduction have been proven only for the longitudinal
component of the cross-section, a trasverse-longitudinalseparation is needed forσγ∗p→pρ0. Such a
separation is realized by analyzing the decay-pion angulardistribution in theρ0 center-of-mass frame
and relying on thes-channel helicity conservation.
The results for the cross-sections are reported in Figs. 5 and 6. In particular, Fig. 5 shows the results for
the reduced cross sectionsγ∗

Lp → pρ0
L as a function ofW for constantQ2 bins, in units ofµb, together

with the world data. The superimposed curves represent fits obtained with the Regge JML calculation
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Fig. 5: World data for the reduced cross sectionsγ∗

Lp → pρ0
L as a function ofW for constantQ2 bins, in units

of µb. The dashed curves show the results of the GK calculation and the thin solid curves show the results of
the VGG calculation. Both calculations are based on Double Distributions as proposed in Ref. [24] for the GPD
parametrizations and incorporate higher twist effects throughk⊥ dependence. The thick solid curve is the VGG
calculation with the addition of a D-term inspired contribution [11–14]. The dot-dashed curve shows the results
of the Regge JML calculation. The 4.2 GeV CLAS, CORNELL, HERMES and E665 data are respectively from
Refs. [25], [26], [27] and [28].

[7–10] and with GPD-inspired models, in particular the VGG [11–14] and the GK [16] ones. These two
models parametrize the(x, ξ) dependence of theH andE GPDs with double distributions, following the
prescription in Ref. [24], while they differ in the treatment of thet dependence and in the way they sum
up the two handbag contributions (namely the one due to the quark GPD and the one coming from the
gluon part). In fact, the GK group sums the two handbag diagrams at theamplitudelevel, while the VGG
group has treated them at thecross sectionlevel neglecting, in this way, the interference between them.
As it is clearly visible in Fig. 5, two different behaviours emerge for the cross-section: at lowW , indeed,
σL decreases withW , while it starts to rise again atW ≈ 10 GeV. The JML model (dash-dotted line)
reproduces fairly well the two general behaviors just mentioned, but it drops as a function ofQ2 faster
than the data and agrees with them only up toQ2 ≈ 4.10 GeV2. As to the GPD approaches (see caption
of Fig. 5 for the legend), they give a good description of the high and intermediateW region, down
to W ≈ 5 GeV. At highW the slow rise of the cross section is due to the gluon and sea contributions,
while the valence quarks contribute only at smallW . Since the VGG model misses the interference term
- because it sums up the two contributions at the cross-section level - it differs the most from the GK
model at intermediateW , where the inference is maximal, since it corresponds to theregime where the
gluon contribution starts to play a role in the process, while the quark one is still significant. Both the
GPD-based models fail to reproduce the low-W region. This occurrence can have a two-fold origin. On
the one hand, it can be due to a failure of the handbag description (whose validity regime for DVMP is not
completely understood yet) at the low-W region. On the other hand, another source of complexity can
be indentified in the presence of a second, non-perturbativeelement in the integrals defining the GPDs
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in the VGG and GK models,i.e. the meson amplitude. This second contribution is indeed convoluted
with the forward distributionq(x), that in principle defines thex-dependence of the GPDs. Fig. 6 shows
the longitudinal differential cross sectiondσL/dt as a function oft. The dash-dotted curves show the
JML model, wheret-dependent form factors have been introduced at the electromagnetic vertices of the
diagrams for the meson exchange [7] in order to enrich the “natural” t dependence given by the Regge
formulasα(t) .
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Fig. 6: Longitudinal cross sectionsdσL/dt (in µb/GeV2) for all bins in (Q2, xB) as a function oft (in GeV2). The
thick solid curve represents the results of the VGG calculation with the addition of a generalized D-term [11–14].
The dash-dotted curves are the results of the JML model calculation.

4 Conclusions

GPDs are a powerful tool for the description of hadron properties, since they are able to provide a three-
dimensional picture of their structure starting from the quark and gluon fields. It addresses, in this way,
the strategic question of how the basic fields of the QCD Lagrangian, namely quark and gluon fields,
are related to the observed degrees of freedom,i. e. the hadrons. GPDs are experimentally accessible
through deeply exclusive processes like DVCS and DVMP. The CLAS detector at the CEBAF facility is
very suitable for the measurement of these reactions, as thedata set shown above prove. As to the actual
extraction of the GPDs, data from both the DVCS and DVMP process should properly be combined, since
the two processes turn out to be sensible to different GPDs and can give, in this way, complementary
information on them.
As to the data presently available, results from the CLAS e1-dvcs experiment - that produced the most
extensive set of DVCS data up to date - show that the beam-spinasymmetries exhibit the expected
sinusoidal dependence onφ. Furthermore, the presently existing models are being tested on the CLAS
data. As to DVMP, CLAS provided measurements for the cross sections of the processep→ e′pρ0, that
will allow to put further constraints on the presently available GPD-based models and that will shed light
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on the interplay between descriptions of the nucleon structure in terms of hadronic or partonic degrees
of freedom.
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