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Abstract
We present some recent developments in the field of Generalized Parton Dis-
tribution and Deep Virtual Compton Scattering, namely the first extraction of
the quark momentum-dependent proton charge radius from data.
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These past 20 years, Deep Virtual Compton Scattering (DVCS)has proven to be a very advanta-
geous and effective process to probe the internal quark and gluon structure of the nucleon. DVCS consists
in the high-energy exclusive lepto-production of a real photon on a hadronic target, i.e. theℓN → ℓNγ
reaction for a target nucleonN . Beam energies at the level of the GeV and higher are in order,so as to
probe distances of the order of the fermi and lower. By virtueof a QCD factorization theorem, the DVCS
process allows one to access the structure functions of the nucleon called the Generalized Parton Dis-
tributions (GPDs). These functions, currently largely unknown, contain, inter alia, informations on the
correlation between the spatial and momentum distributions of quarks (and gluons) inside the nucleon,
on their angular momentum contribution to the spin of the nucleon, on the pressure distributions inside
the nucleon, etc. We refer the reader to Refs. [1–4] for the original articles on GPDs and to Refs. [5–10]
for reviews of the domain.

We present here some recent developments in the field. We showa first quasi-model-independent
measurement of the proton charge radius as a function of the quarks’ momentum fraction. This is often
refered to as proton tomography.
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Fig. 1: Left: the DVCS process on the proton. Right: the BH process.

In the QCD leading-twist framework, in which this work takesplace, there are four quark helicity-
conserving GPDs,H, E, H̃ andẼ contributing to the DVCS process (Fig.1-left). They reflect the four
independent helicity-spin transitions between the initial and final quark-nucleon systems. The dominant
GPDH represents for instance the contribution of unpolarized quarks in an unpolarized nucleon.
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In the framework where QCD evolution effects are neglected,the GPDs are functions of three
variables:x, ξ andt. The quantityx + ξ (x − ξ) represents the longitudinal momentum fraction of the
initial (final) quark w.r.t. the average nucleon momentum, and the variablet is the squared momentum
transfer to the nucleon. This latter variablet is actually the conjugate variable of the localization of the
quark in the transverse position space (impact parameterb⊥), in a frame where the nucleon goes to the
speed of light in a given direction [11–13]. Thus, an intuitive interpretation of GPDs is that they describe
the probability amplitude of hitting a quark in the nucleon with longitudinal momentum fractionx + ξ
and putting it back with a different longitudinal momentum fractionx− ξ at a given transverse distance
b⊥ in the nucleon, relative to the transverse center of mass.

Extracting the GPDs from DVCS data is a very challenging problem because:

– The four GPDs need to be disentangled. The way to do so is to measure a series of observables
for the ℓN → ℓNγ reaction, such as unpolarized cross sections, single or double beam and/or
target spin asymmetries, charge asymmmetries,... Each observable is indeed in general dominantly
sensitive to a given GPD (or a specific combination of GPDs).

– GPDs appear in the DVCS amplitude in the form of integrals overx. This is due to the loop in the
DVCS diagram of Fig.1-left, which generates convolution terms such as:

∫ +1

−1
dx

GPD(x, ξ, t)

x− ξ + iǫ
+ ..., (1)

where the denominator arises from the quark propagator. Thus, onlyξ andt are experimentally
accessible:ξ is related toxB , the standard Bjorken variable of Deep Inelastic Scattering, via
ξ = xB

2−xB
and can thus be measured by detecting the scattered lepton kinematics;t is measured

by detecting the recoil nucleon or the final photon.

– As a consequence of this convolution, by virtue of the residue theorem, the maximum informations
that can be extracted from the experimental data at a given (ξ, t) point are quantities of the form
H(±ξ, ξ, t) when measuring an observable sensitive to the imaginary part of the DVCS amplitude,
and

∫ +1
−1 dxH(∓x,ξ,t)

x±ξ when measuring an observable sensitive to the real part of the DVCS ampli-
tude. In this work, we call these (real) quantities Compton Form Factors (CFFs). Since there are 4
GPDs, there are 8 CFFs.

– Another concern is that the DVCS process is not the only one contributing to theℓN → ℓNγ
reaction. There is also the Bethe-Heitler (BH) process in which the final state photon is radiated
by the incoming or scattered lepton (see Fig.1-right) and not by the nucleon itself like in DVCS.
The BH contribution, which is quite precisely calculable, shall thus be taken into account, at the
amplitude level, when extracting GPDs from experiment.

Extracting GPD information from DVCS data involves thus specialized and dedicated algo-
rithms to adress all these issues. Several techniques have been proposed and developped these past
years [10,14–25] to extract the CFFs from different observables, with more or less model-dependency.
In these short proceedings, we focus here on the fitting approach pioneered in Ref. [14] which con-
sists in taking, at a fixed (ξ, t) kinematics, the 8 CFFs as free parameters, varying them in asystematic
way in a conservatively bounded 8-fold hyperspace and, knowing the well-established BH and DVCS
leading-twist amplitudes, finding the 8-CFF set which minimizes the difference between the theoretical
calculation and the data. With this technique, the particular CFFHIm(ξ, t) ≡ Hq(ξ, ξ, t)−Hq(−ξ, ξ, t)
could be extracted from several sets of polarized and unpolarized DVCS observables on the proton from
the CLAS and Hall A Jefferson Lab experiments [26–29]. Fig. 2 shows such extraction ofHIm for sev-
eral (ξ, t) bins, at differentQ2 values, whereQ2 is the squared electron momentum transfer (we recall
that, in the framework in which this work is done, CFFs don’t depend onQ2) .

Although error bars, which are systematic in nature, are rather large, one can rather clearly distin-
guish the general behavior where there is an increase of thet-slope and of the amplitude ast → 0 of HIm
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Fig. 2: TheHIm CFF as a function oft for 20 CLAS (ξ, Q2) bins. The meaning of the different symbols and the
precise definition ofHIm can be found in Ref. [25], where the figure is taken from.

asξ decreases. Qualitatively, this reflects respectively the increase of the transverse size of the proton
(sincet is the conjugate variable ofb⊥) and of the quarks’ density as smaller and smaller longitudinal
quark momentum fractions are probed. In order to be quantitative and truely connectHIm to a charge
proton radius, a specific procedure, detailed in Ref. [25], has to be applied. It involves:

– An extrapolation ofHIm to ξ = 0, i.e.H(±ξ, ξ, t) toH(±ξ, 0, t),

– The connection of the singlet (quark + antiquark) to the non-singlet (quark - antiquark) contri-
bution to which the proton radius is related. This step and the previous one carry some model-
dependency, which is ultimately translated into an error bar (which is in general much lower than
the uncerttainty associated to theHIm fitting extraction from the data)

– A Fourier transform to shift from the momentum space variable t to the impact parameter space
variableb⊥. This latter step can be done analytically if a simple parametrization ofHIm is used as
in Ref. [25].

The resultingx-momentum-dependence of the proton transverse charge radius is displayed in
Fig. 3. The upper plot of Fig.4 shows a 3-dimensional representation of the fit of Fig.3. The bottom plot
is an artistic view of the tomographic quark content of the proton, with the charge radius and the density
of the quarks increasing as smaller and smaller quark momentum fractions are probed.

In summary, ithese proceedings, we have given a very brief overview of one important outcome
of the GPD physics, namely the extraction thex-dependence of the proton charged radius, for the first
time from DVCS data. Several new DVCS experiments are planned with the JLab upgrade at 12 GeV
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Fig. 3: x-dependence of the proton charge radius. The definition of the error bars and of the bands can be found in
Ref. [25].

in the short future, which should point to important new advances coming down in the field of nucleon
structure.
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