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Abstract

After an introduction to the field of Generalized Parton Distributions, we present the latest Deep Virtual Compton
scattering data recently released by the CLAS collaboration. We then show what is learned from them on the partonic

3-dimensional structure or tomography of the proton.
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1. Introduction

In these short proceedings, we focus on the Deep Vir-
tual Compton (DVCS) process and Generalized Parton
Distributions (GPDs) in the valence region. The GPDs
are the structure functions of the nucleon which are ac-
cessed in the hard exclusive lepto-production of a pho-
ton (or a meson) on the nucleon: [N — I’N’y for DVCS.
It has been shown [1-4], about 15 years ago, in the
framework of QCD (Quantum-ChromoDynamics) that,
at sufficiently large squared electron momentum trans-
fer Q% = (e — ¢’)* and small squared proton momentum
transfer ¢ = (p — p’)?, the process could be factorized
between a hard elementary scattering of a photon on a
quark of the nucleon and universal structure functions,
namely the GPDs, which parametrize through functions
of a few variables the complex non-perturbative quark
and gluon structure of the nucleon. See Fig. 1-left for
an illustration of this factorization for the DVCS case.

In the quark sector, at QCD leading twist, there are
eight GPDs: H,H,E, E, Hy, Hy, Er, Er. In DVCS, due
to helicity conservation arguments, only the first four
can be accessed at QCD leading twist. They reflect the
four independent spin/helicity transitions between the
initial and final nucleons/quarks.
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Figure 1: Left: The DVCS process. Right: the BH pro-
cess.

The GPDs depend on three variables: x, & and ¢ (at
QCD leading order, which is the framework of the dis-
cussion in these proceedings, GPDs don’t depend on
0?). In a frame where the nucleon goes to the speed of
light along a certain direction, GPDs represent the prob-
ability amplitude of finding a quark in the nucleon with
a longitudinal momentum fraction x + ¢ and of putting
it back into the nucleon with a longitudinal momentum
fraction x — &, plus some transverse momentum “’kick”,
which is represented by ¢. It can be shown [5] that ¢,
defined in a momentum space, is the conjugate variable
of an impact parameter b, , defined in position space.
Then, at ¢ = 0, through a Fourier-like transform, GPDs
can also be interpreted as the probability amplitude of



/ Nuclear and Particle Physics Proceedings 00 (2016) 1-4 2

finding in a nucleon a parton with a longitudinal mo-
mentum fraction x at a given transverse impact parame-
ter b, . One sees then how the information contained in
traditional parton distribution functions (PDFs), as mea-
sured in inclusive Deep Inelastic Scattering, in which
one measures the longitudinal momentum (x) depen-
dence of quarks in the nucleon, and the information
contained in form factors (FFs), as measured in elastic
lepton-nucleon scattering, which contain the informa-
tion on the localization (b, ) of quarks in the nucleon,
are now combined and correlated in the GPD descrip-
tion. In the forward limit (£,# — 0), GPDs actually
reduce to PDFs and their first x-moment are equal to
FFs. In addition, the second x-moment of GPDs gives
access to the quark angular momentum contribution to
the nucleon spin, which is a consequence of this longi-
tudinal momentum-transverse position correlation. We
refer the reader to the reviews [6-9] on GPDs for more
details on the GPD theoretical formalism.

The way to extract the GPDs from experiment is to
measure, at sufficiently large Q7, the spin-dependent
and independent observables of the reaction IN —
I'N’y. It is necessary to use beam and target (longi-
tudinal and transverse) polarizations degrees of free-
dom in order to disentangle the different GPDs. Indeed,
each GPD contributes with a different weight accord-
ing to each individual observable. For instance, on a
proton target, the GPD H which describes the distribu-
tion of unpolarized quarks in an unpolarized nucleon,
contributes mostly to the unpolarized and beam polar-
ized cross sections while the GPD H, which describes
the distribution of (longitudinally) polarized quarks in
a (longitudinally) polarized nucleon, is a major contrib-
utor to the spin asymmetries involving a longitudinally
polarized target.

Kinematically, the 3-body final state reaction ep —
epy depends on four independent variables. They are
usually chosen as 0%, xp, —t and ¢. xp is the standard

Bjorken variable defined as #27“ (where E is the
»

beam energy and E’ is the scattered electron energy) and
is equivalent to £. They are related as follows: & = 2f_§3
¢ is the azimuthal angle between the electron scattering
plane and the hadronic production plane. Among these
4 kinematic variables, only two are thus connected to
GPDs (in the QCD leading order approximation where
GPDs don’t depend on Q?): & and ¢. This means that the
x variable on which GPDs depend as well is not directly
measurable. This is due to the loop in the DVCS dia-
gram of Fig. 1-left, which inmplies an integration over
x. More precisely, the DVCS amplitude is proportional

1
to: L +1 dxHEED

x—é+ie

+ ... (where the ellipsis stand for sim-

ilar terms in E, H and E). The —— - f - term is the prop-
agator of the quark between the incoming virtual pho-
ton and the outgoing photon. The previous expression
can be decomposed into a real and an imaginary part:
PP( f a H(*f” TXEDy _ jrH(E,&,1). This means that the
maximum 1nf0rmat10n that can be extracted from the
experimental data at a given (&, 1) point is H(x&,&,1),
when measuring an observable sensitive to the imagi-

nary part of the DVCS amplitude, and f dx H(;fg{ HExED
when measuring an observable sensitive to the real part
of the DVCS amplitude. We will call these two quan-
tities Compton Form Factors (CFFs) in the following.
Thus, inevitably, with only DVCS (and DVMP) mea-
surements, a model-dependency is attached to the ex-
traction of the x-dependence of GPDs.

One last experimental concern is that the DVCS pro-
cess is not the only one contributing to the ep — epy
reaction. There is also the Bethe-Heitler (BH) process
in which the final state photon is radiated by the incom-
ing or scattered electron (see Fig. 1-right) and not by the
nucleon itself like in DVCS. It therefore doesn’t really
contain any new information on the nucleon structure
and the GPDs. The BH, which is rather precisely calcu-
lable, shall thus be taken into account, at the amplitude
level, when extracting GPDs from experiment.

2. The JLab data

The Jefferson Laboratory (JLab), with its ~ 6 GeV
intense electron beam, is the facility where DVCS and
GPDs are to be studied in the valence region. After a pi-
oneering publication in 2001 of a first DVCS BSA at a
single (< xg >, < Q% >, < t >)=(0.19, 1.25, -0.19) kine-
matic point from the CLAS collaboration [10], the Hall
A collaboration released in 2006 [11] beam-polarized
and unpolarized ep — epy cross sections for a few (xp,
QZ, ) bins. Then, the CLAS collaboration published
in 2006 [12] DVCS longitudinally polarized target spin
asymmetries (ITSA) for three (xz, Q°, ) bins and in
2008 [13] beam spin asymmetries (BSA) for about 60
(xp, 0%, 1) bins.

This past year, 2015, has seen the release of three
new sets of DVCS data from JLab. Regarding CLAS,
the collaboration has released 1TSAs [14, 15] for 19
(x, Q° t) bins and beam-polarized and unpolarized
ep — epy cross sections [16] for = 120 (xz, Q, f) bins.
Regarding Hall A, the collaboration has published [17] a
re-analysis of its earlier data on beam-polarized and un-
polarized ep — epy cross sections, increasing in pass-
ing the number of (xp, Q2, t) bins.
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Fig. 2 and Fig. 3 show the new CLAS data. Fig. 2
shows 3 particular (out of ~ 120) (xz, Q2 t) bins at
which the beam-polarized and unpolarized ep — epy
cross sections were measured as a function of ¢. The
particular shape in ¢ of the unpolarized cross section
(green dashed curve in the upper panels of the figure) is
due to the BH process. The peaks around ¢ = 0° corre-
spond to the cases where the final real photon is emitted
along the (initial or scattered) electron’s direction, cor-
responding to a (quasi-)singularity in the process. The
difference between the BH curve and the data is the con-
tribution of the DVCS process, i.e. of the GPDs. For the
beam-polarized cross sections, a shape close to a sin ¢
is expected, like for the fifth response function o7y
measured in exclusive processes. The amplitude of the
sine-like signal stems from the interference between the
DVCS and the BH processes. Single polarization ob-
servables are in general sensitive to the imaginary part
of amplitudes. The BH being purely real, it doesn’t
produce any polarization asymmetry and this amplitude
therefore arises solely from the DVCS contribution.

Fig. 3 shows the 19 (xz, Q7 1) bins at which the
DVCS ITSA was measured, as a function of ¢. Like
for the BSA, a sine-like form is observed, whose ampli-
tude is a direct (linear) reflection of the DVCS process
and of the GPDs.
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Figure 2: Top: unpolarized ep — epy cross section
at fixed (xz, 02, t) as a function of ¢. Bottom: beam-
polarized ep — epy cross section. Data from Ref. [16].
The green dashed curve corresponds to the BH-only
process. The other curves show different GPD models
which are described in Ref. [16].

3. From data to a first nucleon imaging

Extracting GPD information from all these DVCS
data involve higher-level analysis and specific algo-
rithms. Several fitting techniques have been proposed
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Figure 3: The ep — epy longitudinally polarized tar-
get spin asymmetries at fixed (xg, Q, ) as a function
of ¢. Data from Refs. [14, 15]. The curves show dif-
ferent GPD models which are described in the previous
references.

and developped these past years [18-28] to extract the
CFFs from different observables, with more or less
model-dependency. In Ref. [29], the latest CLAS
and Hall A DVCS data were fitted with the technique
of Refs. [18, 23-26] to extract the CFF H,,(&,1) =
Hi(x,&,1) — H1(—x,&,1). The t-dependence of Hj,, for
each (£,0°%) bin thus obtained is displayed in Fig. 4.
Then, as mentioned earlier, through a Fourier transform
and some (small) model-dependent factor, allowing for
the transition from the measured H9(x, &, 1)—H(—x, &, 1)
to H4(x,0,1), as explained in Ref. [29], one can obtain
the x-dependence of the proton transverse charge radius,
as displayed in Fig. 5. The increase which is seen of the
radius b, as smaller quarks momentum fractions x are
probed is a (quasi-)direct reflection of the increase of
the #-slope of Hj, as & decreases, which can be clearly
discerned in Fig. 4. We indeed recall that ¢ is the conju-
gate variable of b, . In passing, the increase of the am-
plitude of Hj,, which can also be clearly distinguished
in Fig. 4 reflects the increase of the quark density as
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smaller quarks momentum fractions are probed and can
be associated to the rise of sea quarks.
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Figure 4: t-dependence of the CFF H,, for 20 CLAS
(x, Q%) bins. Open squares: results of the fit to the
CLAS beam-polarized and unpolarized ep — epy cross
sections. Solid circles: results of the fit to the same
CLAS data with the CLAS ITSA in addition. Solid tri-
angles: results of fit to the Hall A beam-polarized and
unpolarized ep — epy cross sections. Other symbols
and curves explained in Ref. [29].

4. Conclusion

In these proceedings, we have given a very brief
overview of the GPD physics and we have presented
some of the latetst DVCS data issued from JLab and
in particular from the CLAS collaboration. We then
showed the extraction of the CFF H,, according to a
particular method, from which the x-dependence of the
proton charged radius could be derived. Several new
experiments are planned to measure new observables
and new data expected over a broader phase space in
the coming years with the 12 GeV beam energy at JLab.
This promises important new advances in the field of
nucleon structure.
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