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Theoretical context
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Unified view of hadron structure
Wigner Distributions

FFs, PDFs, GPDs, TMDs, all related to the same Wigner distribution

Most general one-parton
density matrix

Not known how to
measure

Provides a unifying
description

Constraints for model
building

Unified framework for GPDs and TMDs within a 3Q LC picture of the nucleon

C. Lorcé et al, JHEP 1105:041,2011

FX Girod
JLab Results on Hadron Structure Sep 16th 2015 4/ 30



Unified view of hadron structure
Unpolarized quark in unpolarized nucleon

Quadrupole deformation of transverse position for quarks at large transverse momentum
Intuitive from a semi-classical picture of confinement

C. Lorcé et al, PRD 84 014015, 2011
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Deep Exclusive Scattering
Generalized Parton Distributions
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3-D Imaging conjointly in transverse impact parameter and longitudinal momentum
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GPDs and Transverse Imaging
(xB , t) correlations
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Lattice calculation
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GPDs and Energy Momentum Tensor
(x , ⇠) correlations

Form Factors accessed via second x-moments :
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Deeply Virtual Compton Scattering
The cleanest GPD probe at low and medium energies

*γ γ
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p'p
t
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e-’
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 hadronic plane

leptonic plane

"

ep ! ep�

Diehl, Gousset, Pire, Ralston (1997)
Belitsky, Müller, Kirchner (2002, 2010)
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Observables sensitivities to GPD
*γ γ
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A global analysis is needed to fully disentangle GPDs
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SIDIS and TMDs

f ?1T Sivers
h?1 Boer-Mulders
g1T Worm-Gear
h?1L Kotzinian-Mulders
h?1T Pretzelosity
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Unpolarized hydrogen target
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Scaling tests of ��DVCS Hall-A
F1H + ⇠GMH̃ � F2

t
4M2 E + · · ·

    Transversity 2011 – Veli-Losinj, Croatia, 8/28-9/2   Page 8 

Hall A DVCS/BH cross section on proton 

Verify Bjorken scaling in small Q2 range  
High statistics in small range in Q2, xB, t 

C.$Muñoz$et$al.,$Phys.$Rev.$Le'.$97$(2006)$262002$

New data taken 2010 on hydrogen and deuterium at two beam energies  
C. Muñoz et al., PRL 97 (2006) 262002

High precision in a narrow kinematical range
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Separation of I and DVCS2 Hall-A
F1H + ⇠GMH̃ � F2

t
4M2 E + · · ·

High precision in a narrow kinematical range
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DVCS Beam Spin Asymmetry Hall-B
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Qualitative model agreement

quantitative constraints on parameters

F.-X. G. et al., PRL 100 (2008) 162002
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DVCS Unpolarized Cross-Sections Hall-B
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Compton Form Factors Hall-B
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Exclusive ⇡0 production at W > 2 Hall-B

Sensitivity to the chiral-odd GPDs HT and 2H̃T + ET

The t-slope parameter is found independent of Q2 and decreasing with xB
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Beam Spin Asymmetry in ⇡0 SIDISHall-B
Collins or Boer-Mulders ?
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PT detected hadron

pT active quark in Boer-Mulders DF h?1
kT active quark in Collins FF H?1

The calculations based on Boer-Mulders h?1 predicted a sizable BSA

Those based on Collins H?1 mechanism predict a vanishing BSA for the ⇡0
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Beam Spin Asymmetry in ⇡0 SIDISHall-B
Evidence for spin-orbit correlations

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

L
U

h
!

s
in

 
A

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

<0.2
B

0.1<x

 (GeV)TP
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

L
U

h
!

s
in

 
A

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

<0.4
B

0.3<x

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

<0.3
B

0.2<x

 (GeV)TP
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

B
0.4<x

Figure 3: Asin �h
LU as function of PT for di�erent xB ranges and integrated over 0.4 < z < 0.7. The error bars correspond

to statistical and the bands to systematic uncertainties. An additional 3% uncertainty arises from the beam polarization
measurement and another 3% uncertainty from radiative e�ects not shown in the plot.

where P = 0.794 ± 0.024 is the absolute beam180

polarization for this data set and N+
⇡0 and N�

⇡0181

are the number of ⇡0’s for positive and negative182

beam helicity, respectively. Asymmetry moments183

were extracted by fitting the �h-distribution of184

ALU in each xB and PT bin with the theoretically185

motivated function p0 · sin(�h). An example of186

this fit is shown in Fig. 2 for an arbitrarily chosen187

kinematic bin.188

In Fig. 3, the extracted Asin�
LU moment is pre-189

sented as a function of PT for di�erent xB ranges.190

The results are summarized in Table 1. System-191

atic uncertainties, represented by the red bands at192

the bottom of each panel, include the uncertain-193

ties due to the background subtraction, the event194

selection and possible contributions of higher har-195

monics. The first two contributions were esti-196

mated as the di�erence between the asymmetry197

amplitudes extracted from data sets obtained with198

or without background subtraction, and by select-199

ing ⇡0 from the combination of all photons in an200

event or from events with exactly two photons.201

The contribution of higher harmonics was esti-202

mated by employing the fit functions p0 · sin(�h)203

or p0·sin(�h)
1+p1·cos(�h)). The contributions from other har-204

monics such as sin(2�h) or cos(2�h) were also tested205

and found to be negligible. All the above contri-206

butions were added in quadrature.207

An additional 3% scaling uncertainty due to208

the beam polarization measurement and another209

3% uncertainty from radiative e�ects [25, 44] should210

be added to the above mentioned systematic un-211

certainties.212

The Asin�h
LU moment increases with increasing213

PT and reaches a maximum at PT values of about214

0.4 GeV. There is an indication, within available215

statistics, that the expected decrease of Asin �h
LU at216

larger PT could start already at PT values of about217

0.7 GeV. Measured asymmetry for fixed PT range218

is flat on xB and is consistent with zero for xB >219

0.4.220

The measured beam-spin asymmetry ampli-221

tude for ⇡0 appears to be comparable with the ⇡+
222

asymmetry from a former CLAS data set [45] both223

in magnitude and sign, as shown in Fig. 4. For224

both data sets the average PT value is about 0.38225

GeV. Also shown are model calculations of Asin �h
LU ,226

as indicated in the figure (blue right-hatched and227

red left-hatched bands), taking only the contri-228

bution from Collins-e�ect eH�
1 , into account [39,229

4

Without significant contribution from the Collins mechanism
this would be evidence for spin-orbit correlations, or another dynamical origin
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Longitudinally polarized target
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Target Longitudinal Spin DVCS Hall-B
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FIG. 19. (Color online) Target-spin asymmetry for the reaction ep � e0p0� as a function of � for the various Q2-xB (rows) and
�t (columns) bins. The point-by-point systematic uncertainties are represented by the shaded bands. The solid black curve is
the fit with the function in Eq. (43). In the highest �t bin of the third (Q2-xB) bin, � was set to zero due to the limited �
coverage, while no fit is performed on the first �t bin of the highest (Q2-xB) bin, where only one data point is present. The
curves show the predictions of the VGG [23] (red-dashed) and KMM12 [26] (blue-dotted) models.
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FIG. 22. (Color online) Double-spin asymmetry for the reaction ep � e0p0� as a function of � for the various Q2-xB (rows) and
�t (columns) bins. The point-by-point systematic uncertainties are represented by the shaded bands. The solid black curve is
the fit with the function in Eq. (45). In the highest �t bin of the third (Q2-xB) bin �, was set to zero due to the limited �
coverage, while no fit is performed on the first �t bin of the highest (Q2-xB) bin, where only one data point is present. The
red-dashed and cyan-dotted curves are predictions of the VGG and KMM12 models, respectively. The pink two-dot-dashed
curves are the calculations for the Bethe-Heitler process.
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Model independent extraction Hall-B
Using only ALU and AUL

GPD dependencies versus xB mirror their
respective ordinary PDFs

H̃ and H $ �q(x) and q(x)

Change of �q(x) t-slope vs xB less pronounced
than q(x)

Axial charge more concentrated than EM

charge
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Target Spin Asymmetry in SIDIS Hall-B

Asin 2�
UL sensitive to h?1L

(Kotzinian-Mulders)
Changes sign at low xB between
positive and neutral pions

AConst
LL related to g1/F1

no strong dependence on Ph?
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Some projections for future measurements
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Projected impact on GPD extraction

Using simulated data
based on VGG model.
Input GPD H extracted
with good accuracy
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Projected impact on GPD extraction

Using simulated data
based on VGG model.
Input GPD H extracted
with good accuracy
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Precision tomography in the valence region
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Gluons at large x

Large glue density at x > 0.1

PDF from global fits
(F2 evolution, ⌫DIS, jets)

Gluons carry more than 30%
of the momentum for 0.1 < x

3D imaging of the nucleon

spatial distribution of valence quarks :
elastic scattering, DVCS, . . .

Nucleon gluonic radius ?
exclusive �
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Extraction of gluonic profiles

Longitudinal cross-section

Corresponding sensitivity in
transverse position space

b = 1/
p�t

Error propagation study
Skewness ⇠ 6= 0 neglected
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Summary and outlook

A unifying framework for nucleon tomography has been established

The feasibility of high luminosity exclusive measurements in complementary high
precision (Hall-A) and large acceptance (CLAS) spectrometers has been demonstrated.

The first dedicated generation of experiments suggests precocious scaling in Deeply
Virtual Compton Scattering

A long range plan to extract GPDs and TMDs has begun

Interplay between spin and flavor decompositions requires also other reactions

JLab 12 GeV will precisely test scaling and carry out the tomography of valence quarks

The EIC will expand the reach and probe the sea and gluons
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