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Abstract

Generalized Parton Distributions represent one of the mxsaustive tools
to describe nucleon structure. By combining together inftion from the
electromagnetic form factors and from the standard paristnilaltions, they
provide a three-dimensional picture of hadrons. The erpemtal access to
these quantities is provided by the Deeply Virtual Comptoattering and the
Deeply Virtual Meson Production processes. The specificaderistics of
the CEBAF Large Acceptance Spectrometer installed at tloenBls Jefferson
National Accelerator Facility, with its high capability teconstruct the final
states of these exclusive processes over a large phase sjaeethis detector
one of the best tool for the experimental investigation ef@PDs.

1 Introduction

For the past decades, a large amount of theoretical andiergrgal activity has been devoted to the
understanding of hadron structure, but a full comprehensiomesons and baryons in terms of QCD
degrees of freedom, namely quarks and gluons, is still teckQuantities as the hadron mass or spin,
for example, are not yet fully described in terms of the proee of the elementary constituents, as the
recent “spin crisis” proved.

These open questions call, then, for a more detailed imagin of hadron structure. To this end, new
guantities have been introduced about ten years ago. Theskeedseneralized Parton Distributions
(GPD) [1,2]. GPDs are defined as matrix elements of quark and gipenators at a light-like separation
(i.e. for a null light-cone timezt = 2° + 2% = 0) [3,4]. These functions depend on three variablgs:
the quark longitudinal momentum fractiof, the longitudinal fraction of the four-momentum transfer,
andt, the squared four-momentum transfer to the target. At thisttwo level, there are two spin-
independent and two spin-dependent GPDs for each quarkuflavamely E(x, t), H(x,£, t) andE(x.¢,

t), H(x,£, t). The first moments in: of the GPDs link them to the electromagnetic form factorsilavh
att = 0, &£ = 0 H(x,£ = 0, t=0) andH(x,& = 0, t=0) reduce to the quark longitudinal momentum and
helicity distributions, respectively(z) andAg(x).

From an experimental point of view, one can access thesdidascthrough two main processes: the
Deeply Virtual Compton Scatterind®VCS) and theDeeply Virtual Meson Productio(DVM P) (Fig.

1). These two processes are based on the so-cdlettibag” mechanism (cfr. Fig. 1). Through the
use of factorization theorems [1, 2, 6], it has been proveh bar the DVCS (for transverse photons)
and for the DVMP (for longitudinal photons) that the procean be separated in a hard scattering part,
well described through the tools Quantum ElectroDynamicand/orQuantum CromoDynamicand a
non-perturbative part, that encodes the complex strongmias governing the existence of the hadron
bound states and that is described with the GPDs.

Depending on the polarization degrees of freedom actingpenprocess (like, for example, the simul-
taneous presence of polarization in the beam and in thettangéhe use of a polarized beam with an
unpolarized target), various combinations of GPDs can estigated.

Factorization is expected to hold for the DVG& (— ¢’p’~) at relatively low photon virtualityj.e. in

a range that can be explored at Jefferson Lab. However a #regies, an additional mechanism that
gives a significant contribution to the-y final state is the Bethe-Heitler process, where the final pho-
ton is emitted by the incoming or outgoing photon, and notheyinhteracting quark. Consequently, the



amplitude for the proces® — ¢’p’y is the sum of two contributions, namely:
Tep—»e’p"y — TBH + TDVCS ’ (1)

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

d*é —d*'c

where the arrows correspond to beam helicitidlsand —1. The BH importance is turned into an ad-
vantage for the GPD extraction by means of the interfereaga bccurring in the cross section of the
processep — €'pv, that survives in the asymmetry. INT, indeed, is amplifiedtfy presence of the
Bethe-Heitler part, whose contribution is well calculabedhe framework of QED and can thus be dis-
entangled from the one of the DVCS, where GPD appears. Theradon of the asymmetry turns out to
be related to the GPDs through

d'G — d'G ~sin Q[P H(E,6,t) + ki (Fy + Fo)H(E,€,t) + ko IR E(€,€,1)] 3)

where I, F, are the Dirac and Pauli form factors of the nucleén, k; are kinematical quantities,
andg is the angle between thg~ plane and the electron scattering plane [5]. At the leadiigttthe
asymmetry can then be written as

asin ¢

A=
1+ccoso+dcos2¢’

(4)

where the parameters ¢ andd can be expressed in terms of harmonic coefficients for DVG$aBd
INT. In particular, the coefficients for DVCS and INT can bgmeessed in terms of GPD integrals, the
so-called Compton Form Factors. In the case of the GRor instance}H is defined through

ReH

! 2
,P/_ldm [ggfxxg} H(l’,g,t), (5)

A measurement of the asymmetry of Eq. 4 constitutes, themstastiep toward the extraction of the
GPDs.

Deeply Virtual Meson Production represents another gfiattool for the comprehension of hadron
structure since, as well as DVCS, it allows to access inftonan GPDs. By measuring different chan-
nels one can operate a flavour-decomposition that givesataehe GPDs of each single quark flavour.
Among the various channels experimentally accessibleptbeessp — €'pp, that brings to the pro-
duction on the final state of @ meson, is one of the most exstensively investigated, siregigtions

of its cross-sections are available both in terms of modatet on théiadronic degrees of freedom,
like those that make use of Regge theory [7—14], and in tef@&® models, that describe the hadron
dynamics in terms gpartonic degrees of freedom [1-4, 6, 15, 16].

Among the hadronic models, the one tested through the CLASIsldhe so-called JML model [7-10].
It is based on the Regge approach, according to which théigranechanism at the base of the meson
electroproduction is the exchange of meson “trajectorieghe ¢-channel (Fig. 2). In the case of the
v*p — pp° channel the main contribution comes from the exchange of 4ti270) ando mesons.

On the other hand, as far as the GPD-based models are cotictrer validity regime begins as soon
as the Bjorken region is reached. An important topic is toeusihind what is th€@? value for which the
validity of such a treatment starts. It will give information the transition between the energy regime

472



Fig. 1: Handbag diagram mechanism and factorization for both DMEf§ &and DVMP (right).

in which the hadron can be treated in terms of hadronic degré&eedom and the one where a more

elaborated, elementary “quantum field theory”-like apptostarts to be needed. It is important to stress
that for mesons the factorization has been proved only ®idhgitudinal part of the cross section, and

consequently the experimental data analysis has to segamatongitudinal and transverse parts of the
Cross sections.
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Fig. 2. The mechanisms fop® electroproduction at JLab energies for I@# (left) through the exchange of
mesons and for hig? (right) through the quark exchange “handbag" mechanisiit(f@ longitudinal photons)
whereH andF are the unpolarized GPDs.
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2 Hall-B el-dvcs experiment

The experiment aiming to the extraction of the DVCS beam-ggiymmetry (BSA) took place in the
Hall-B at the Thomas Jefferson National Accelerator FcilThe Continuous Electron Beam Accel-
erator Facility CEBAF) offers a unique environment for hadronic physics measargsy providing a
continuous electron beam with energies up to 6 GeV. The e$-dxperiment used the CEBAF 5.77-
GeV electron beam with an average polarizatiér= 0.794, a 2.5-cm-long liquid-hydrogen target and
the CEBAF Large Acceptance Spectromet@t AS) [17]. In order to effectively reconstruct all the
three final-state particles from the reactigh— ep~ (and in particular the 1-to-5 GeV DVCS photons
emitted between 4%5and 15 with respect to the beam direction), a new inner calorimé@) was
added to the standard CLAS configuration, 55 cm downstream fine target. The operating luminosity
was2 x 1034 cm—2s71
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Fig. 3: Left (from Ref. [18]): kinematic coverage and binning in {ag;, Q2) space. Right (from Ref. [18])4(¢)

for 2 of the 62 ¢ 5, Q2, t) bins, corresponding torp) = 0.249, (Q?) = 1.95 GeV?, and two values oft). The

red long-dashed curves correspond to fits with Eq. (4) (Witk 0). The black dashed curves correspond to a
Regge calculation [19]. The blue curves correspond to the Gatculation described in the text, at twist-2 (solid)
and twist-3 (dot-dashed) levels, witth contribution only.

Exclusiveepy events were selected by detecting Shearticles in CLAS and removing the background
via the application of exlcusivity cuts [18]. The data were ded into thirteen bins in therg, Q?)
space as per Fig. 3, five bins it (defined by the bin limits 0.09, 0.2, 0.4, 0.6, 1 and 1.8 &exnd
twelve 30-wide bins ing. BSA were extracted for eaclx £, Q?, ¢, t) bin. The parameted in the
denominator of Eq. 4 is expected to be smaller than 0.05 awekioematic range, and indeed it was
found to be compatible with zero, within statistical acayravhen included in the fit. Two examples
of the measured asymmetry are reported in Fig. 3, while in Big = A(90°) as a function of-¢ is
shown. Together with the experimental data two fits are showa corresponding to the hadronic model
proposed in Ref. [19], and the other corresponding to the G&€ulation in Ref. [14].

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

+1 1-|8|
= 62{ ds dad(x — 5 — €a)h?(B, o )
i), @/

1+|8|
co(-g) (2} ™
with  §9(8, o, t) = q(B)my(3, a)e= 1 (1= (8)

wheree, and¢(3) are the electric charge and unpolarized parton distribufim quark flavorg, m, a
profile function [20] andv] is a Regge slope adjusted to recover the proton form fdctdrom the first
moment of the GPH. Eq. (8) extends the ansatz of Ref. [14] for th@ependence to non-zero values
of &. The D term in Eq. (7) is calculated within a quark-soliton chirabael [16]. Using predetermined
parameters, the calculations of beam-spin asymmetriés tyie solid and dot-dashed curves in Figs. 3
and 4, without and with a twist-3 term calculated in the WamdAVilczek approximation [16]. The
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Fig. 4 (Color online)a = A(90°) as a function of-¢. Each individual plot corresponds to a bin(ing, Q?).
Systematic uncertainties and bin limits are illustratedh®ygrey band in the lower left plot. Black circles are from
Ref. [18]. Previous CLAS results are from Ref. [21] (red sg)ar extracted from cross section measurements [22]
(green triangles), at similar - but not equal - valuegf) and(Q?). See Fig. 3 caption for the description of the
curves.

predictions overestimate the measured asymmetries gt Jpespecially for small values afz and/or

Q.

3 Hall-B el-6 experiment

In this section, we refer to the results presented by the CCAlaboration in Ref. [23]. The data for
the measurement of they — ¢/pp® cross-section were taken with an electron beam having amgene
of 5.754 GeV impinging on an unpolarized 5-cm-long liquigltogen target. The integrated luminosity
of the data set was 28.5h, and its kimematic domain corresponds approximately)tofrom 1.5
to 5.5 Ge\t. The analyzed data havel#, the v* — p center-of-mass energy, greater than 1.8 GeV,
which corresponds to a range of approximatively from 0.15 to 0.7. As mentioned before, sinc
the factorization theorems for the meson electroprodndtiave been proven only for the longitudinal
component of the cross-section, a trasverse-longitudiephration is needed fer,.,_,,,0. Such a
separation is realized by analyzing the decay-pion anglitaribution in thep® center-of-mass frame
and relying on the-channel helicity conservation.

The results for the cross-sections are reported in Figsd®am particular, Fig. 5 shows the results for
the reduced cross sectionsp — pp% as a function of¥” for constaniQ)? bins, in units ofub, together
with the world data. The superimposed curves representiftiireed with the Regge JML calculation
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Fig. 5: World data for the reduced cross sectiofi$ — pp? as a function ot for constanty)? bins, in units

of ub. The dashed curves show the results of the GK calculatidntfaa thin solid curves show the results of
the VGG calculation. Both calculations are based on Douligributions as proposed in Ref. [24] for the GPD
parametrizations and incorporate higher twist effecteugh%,; dependence. The thick solid curve is the VGG
calculation with the addition of a D-term inspired conttibm [11-14]. The dot-dashed curve shows the results
of the Regge JML calculation. The 4.2 GeV CLAS, CORNELL, HERMand E665 data are respectively from
Refs. [25], [26], [27] and [28].

[7-10] and with GPD-inspired models, in particular the VAG-$14] and the GK [16] ones. These two
models parametrize tHe, £) dependence of thH and £ GPDs with double distributions, following the
prescription in Ref. [24], while they differ in the treatmenf thet dependence and in the way they sum
up the two handbag contributions (namely the one due to thekq@PD and the one coming from the
gluon part). In fact, the GK group sums the two handbag diagrat theamplitudelevel, while the VGG
group has treated them at thmss sectiorlevel neglecting, in this way, the interference betweemthe
Asitis clearly visible in Fig. 5, two different behaviourmerge for the cross-section: at |[dW, indeed,

oy, decreases withl/, while it starts to rise again a ~ 10 GeV. The JML model (dash-dotted line)
reproduces fairly well the two general behaviors just nud, but it drops as a function @f faster
than the data and agrees with them only u@fo~ 4.10 Ge\f. As to the GPD approaches (see caption
of Fig. 5 for the legend), they give a good description of tightand intermediaté) region, down

to W = 5 GeV. At highW the slow rise of the cross section is due to the gluon and sesilmations,
while the valence quarks contribute only at sm&ll Since the VGG model misses the interference term
- because it sums up the two contributions at the crosseseldivel - it differs the most from the GK
model at intermediat&l’, where the inference is maximal, since it corresponds togbene where the
gluon contribution starts to play a role in the process, avttie quark one is still significant. Both the
GPD-based models fail to reproduce the lbdvregion. This occurrence can have a two-fold origin. On
the one hand, it can be due to a failure of the handbag ddseripthose validity regime for DVMP is not
completely understood yet) at the Idw-region. On the other hand, another source of complexity can
be indentified in the presence of a second, non-perturbateraent in the integrals defining the GPDs
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in the VGG and GK modelg,e. the meson amplitude. This second contribution is indeedaiated
with the forward distributiory(x), that in principle defines the-dependence of the GPDs. Fig. 6 shows
the longitudinal differential cross sectiodoy, /dt as a function of. The dash-dotted curves show the
JML model, wherg-dependent form factors have been introduced at the eteatyoetic vertices of the
diagrams for the meson exchange [7] in order to enrich theutal ¢t dependence given by the Regge
formulas®(®)
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Fig. 6: Longitudinal cross sectionsr, /dt (in ub/Ge\?) for all bins in (@2, 2 ) as a function of (in GeV?). The
thick solid curve represents the results of the VGG cal@utawith the addition of a generalized D-term [11-14].
The dash-dotted curves are the results of the IML model ledilon.

4 Conclusions

GPDs are a powerful tool for the description of hadron privggrsince they are able to provide a three-
dimensional picture of their structure starting from theuduand gluon fields. It addresses, in this way,
the strategic question of how the basic fields of the QCD Lgjem, namely quark and gluon fields,
are related to the observed degrees of freedorma, the hadrons. GPDs are experimentally accessible
through deeply exclusive processes like DVCS and DVMP. Tha%detector at the CEBAF facility is
very suitable for the measurement of these reactions, atatheset shown above prove. As to the actual
extraction of the GPDs, data from both the DVCS and DVMP peatould properly be combined, since
the two processes turn out to be sensible to different GPO<xan give, in this way, complementary
information on them.

As to the data presently available, results from the CLASeds experiment - that produced the most
extensive set of DVCS data up to date - show that the beamasgimmetries exhibit the expected
sinusoidal dependence @n Furthermore, the presently existing models are beingdest the CLAS
data. As to DVMP, CLAS provided measurements for the crostmes of the processp — ¢/pp?, that

will allow to put further constraints on the presently ashle GPD-based models and that will shed light
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on the interplay between descriptions of the nucleon siradn terms of hadronic or partonic degrees
of freedom.
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