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Overview of the nucleon structure
Textbook description

Parton Distribution Functions (PDF) and Form Factors (FF)

• PDF : measured in DIS
• Distribution in longitudinal

momentum
• FF : measured in elastic
• (FT of) distribution in

trasverse plane
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Overview of the nucleon structure
GPD description

Generalized Parton Distributions (GPD)

• GPD : measured in exclusive
processes

• Combines transverse plane
and longitudinal momentum
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Overview of the nucleon structure
TMD description

Transverse Momentum Dependend PDFs (TMD)

• TMD : measured in SIDIS
• 3D momentum description
• No model-independent

relationship known with GPD
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Overview of the nucleon structure
Most fundamental description

TMDs and GPDs are projections of the same Wigner function

• Most general one-parton
density matrix

• Not known how to measure
• Provides a unifying

description
• Constraints for model building
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Overview of the nucleon structure
Full picture

Inflation of acronyms

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

C. Lorce et al, arXiv:1102.4704 to appear in JHEP



Nucleon tomography
Status and Prospect

F.-X. Girod

Introduction

CLAS at 6 GeV

CLAS at 12 GeV

GPD extraction

Nucleon structure at
collider(s)

Conclusion

5

Physical content of GPDs :
Momentum distributions in the transverse plane

qX (x,~b⊥) =

Z
d2~∆⊥

(2π)2
H(x, 0, t)e−i~∆⊥·~b⊥ − 1

2M
∂

∂by

Z
d2~∆⊥

(2π)2
E(x, 0, t)e−i~∆⊥·~b⊥

M. Burkardt, Phys. Rev. D62, (2000) 071503
ξ 6= 0 in M. Diehl, Eur. Phys. J. C25 (2002) 223

QCDSF-UKQCD collaboration, Nucl. Phys. Proc. Suppl. 153 (2006) 146
(n = 1 and 2 Mellin moment w.r.t. x of distributions)

u and d quarks have opposite orbital motions in a transversly polarized proton
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Physical content of GPDs :
Energy-momentum tensor of q flavored quarks

〈p2|T̂
q
µν |p1〉 = Ū(p2)

"
Mq

2 (t)
PµPν

M + Jq (t)
ı(Pµσνρ+Pνσµρ)∆ρ

2M + dq
1 (t)

∆µ∆ν−gµν∆2

5M

#
U(p1)

To measure gravitational FFs : graviton scattering or GPDs identities :

Jq(t) =
1
2

Z 1

−1
dx x

ˆ
Hq(x, ξ, t) + Eq(x, ξ, t)

˜
, Mq

2 (t)+
4
5

d1(t)ξ2 =
1
2

Z 1

−1
dx xHq(x, ξ, t)

(Ji’s sum rule)
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FIG. 4: (a) r2p(r) as function of r from the CQSM at the physical value of mπ . The shaded regions have — within the numerical accuracy

of about half percent — the same surface areas. This shows how the stability condition
∫∞
0

dr r2p(r) = 0 in Eq. (57) is realized.

(b) The same as (a) but with an additional power of r2 and the prefactor 5πMN . Integrating this curve over r yields d1 according to (17).
The plot shows that one obtains a negative sign for d1 as a consequence of the stability condition (16) shown in Fig. 4a.

where γ = 1
2 p0Rd denotes the surface tension. We show this situation in Fig. 3c — where, however, for better

visibility the δ-functions in (60) are smeared out. This corresponds to allowing the density in the drop to decrease
continuously from its constant inner value to zero over a finite “skin” (of the size ∼ 1

10Rd in Fig. 3c).
Comparing the liquid drop picture to the results from the CQSM we observe a remote qualitative similarity. In

contrast to the liquid drop, the density “inside” the nucleon is far from being constant, see Fig. 1a, and one cannot
expect the pressure in the nucleon to exhibit a constant plateau as in the liquid drop. Still the pressure exhibits the
same qualitative features. The shear forces become maximal in the vicinity of what can be considered as the “edge”
of the object. This is the case in particular for the liquid drop However, the “edge” of nucleon is far more diffuse,
and the distribution of shear forces s(r) is widespread. Of course, the nucleon can hardly be considered a liquid drop.
Such an analogy might be more appropriate for nuclei [19]. Nevertheless this comparison gives some intuition on the
model results — in particular, about the qualitative shape of the distributions of pressure and shear forces.

Next let us discuss how the stability condition (57) is satisfied. Fig. 4a shows r2p(r) as function of r. The shaded
regions have the same surface areas but opposite sign and cancel each other — within numerical accuracy

r0∫
0

dr r2p(r) = 2.61 MeV ,

∞∫
r0

dr r2p(r) = −2.63 MeV . (61)
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total

FIG. 5: The pressure p(r) as function of r for mπ = 140 MeV.
Dotted line: Contribution of the discrete level associated with
the quark core. Dashed line: Continuum contribution associ-
ated with the pion cloud. Solid line: The total result.

In order to better understand how the soliton acquires sta-
bility, it is instructive to look in detail how the total pressure
is decomposed of the separate contributions of the discrete
level and the continuum contribution. Fig. 5 shows that the
contribution of the discrete level is always positive. This con-
tribution corresponds in model language to the contribution
of the “quark core” and one expects a positive contribution
(“repulsion”) due to the Pauli principle. At large r the dis-
crete level contribution vanishes exponentially since the dis-
crete level wave-function does so [26].

The continuum contribution is throughout negative — as
can be seen from Fig. 5 and can be understood as follows.
The continuum contribution can be interpreted as the effect
of the pion cloud which in the model is responsible for the
forces binding the quarks to form the nucleon. I.e. it pro-
vides a negative contribution to the pressure corresponding
to attraction. In the chiral limit the continuum contribution
exhibits a power-like decay which dictates the long-distance
behaviour of the total result for the pressure as follows

p(r) = −
(

3gA

8πfπ

)2 1
r6

and s(r) = 3
(

3gA

8πfπ

)2 1
r6

at large r. (62)

Stability ⇒
Z ∞

0
dr r2p(r) = 0

r < 0.57 fm⇒ p(r) > 0↔ repulsion (quark core)

r > 0.57 fm⇒ p(r) < 0↔ attraction (pion cloud)

K.Goeke,& al, Phys. Rev. D75 (2007) 094021
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Access to GPDs : the DVCS process
Observables in the Bjorken limit

γ∗p → γp′

Bjorken regime :
Q2 →∞,
ν →∞,

xB = Q2/2Mν fixed“
ξ → xB

2−xB

”
*γ γ

factorization

ξx+ ξx-

t
1P 2PGPDs

e-’

!

pe-

"*

 hadronic plane

leptonic plane

"

ep → epγ

Diehl, Gousset, Pire, Ralston (1997)

Belitsky, Müller, Kirchner (2002, 2010)

ALU =
d4σ→ − d4σ←

d4σ→ + d4σ←
twist-2≈ α sinφ

1 + β cosφ

α ∝
„

F1H + ξGMH̃ −
t

4M2
F2E
«

H(ξ, t) = π
X

q

Q2
q
ˆ
Hq(ξ, ξ, t)− Hq(−ξ, ξ, t)˜

AUL ∝
„

F1H̃ + ξGMH + GM
ξ

1 + ξ
E + · · ·

«
sinφ
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Observables sensitivities to GPD

Im Re

H ALU

σ , ALLH̃ AUL

E AUT , ALT

Meson Flavor

H̃,Ẽ
π+ ∆u −∆d

π0 2∆u + ∆d

η 2∆u −∆d + 2∆s

H,E
ρ+ u − d

ρ0 2u + d

ω 2u − d

φ s

DVCS DVMP

Only a global analysis of all observables can disentangle GPDs
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Detector overview
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Pioneering observations
First DVCS BSA and TSA observations

ALU ∝ F1H + ξGMH̃ − t
4M2 F2E AUL ∝ F1H̃ + ξGM

“
H + ξ

1+ξE
”
− · · ·

Q2 = 1.3 GeV2, xB = 0.2,−t = 0.2 GeV2

A(φ) = α sinφ + β cos(2φ)

α = 0.202± 0.028stat ± 0.013syst

β = −0.024± 0.021stat ± 0.009syst

S. Stepanyan at al.,

PRL 87 (2001) 182002
S. Chen et al.,

PRL 97 (2006) 072002
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Solenoid and Inner Calorimeter

Hydrogen target, beam polarisation ≈ 80%,
∫ L ≈ 45 fb−1

!0

"
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Solenoid and Inner Calorimeter
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Solenoid and Inner Calorimeter
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Flavor of analysis
• kinematical coverage
• exclusivity cuts
• π0 subtraction
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Selected results
Proton BSA F1H + ξGMH̃ − t

4M2 F2E
)2

 (
G

eV
2

Q

1

2

3

Bx
0.1 0.2 0.3 0.4

 (deg)φ

B
S

A

0 90 180 270 360

-0.2

-0.1

0

0.1

0.2
φ cosβ1+

φ sinα

(integrated)

e1-dvcs

VGG model

VGG + twist3

Laget model

CLAS (previous)

Hall-A

0
0.1
0.2
0.3
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)2-t (GeV

α

F.-X. G. et al., PRL 100 (2008) 162002
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Model independent extraction
Using only ALU and AUL with sensitivity to H and H̃

• CFFs varied within VGG model range

• Independence on Q2

• H̃(t) more flat thanH(t)
• Stable results
• Large uncertainties

M. Guidal, arXiv:1003.0307
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Global analysis of CFFs
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AUL ∝ F1H̃
• Increase statistics with

• better background conditions for σ and BSA
• charged particle tagging in the Inner Calorimeter

• Dedicated experiment for TSA‖ with IC

AUL ∝ F1H̃ + ξGM

“
H + ξ

1+ξE
”
− · · ·

5

TABLE I: The π0 fraction and statistical uncertainties in ob-
served single photon events

φ (degree) Fπ0 ±∆Fπ0 φ (degree) Fπ0 ±∆Fπ0

0− 36 0.106 ± 0.010 180− 216 0.373 ± 0.022
36− 72 0.117 ± 0.009 216− 252 0.313 ± 0.019
72− 108 0.242 ± 0.018 252− 288 0.216 ± 0.015
108 − 144 0.324 ± 0.021 288− 324 0.103 ± 0.008
144 − 180 0.414 ± 0.023 324− 360 0.101 ± 0.007

                   Degree                   !
0 50 100 150 200 250 300 350

  
  

  
  

  
  

  
  

  
  

  
U

L
A

-0.6

-0.4

-0.2

0

0.2

0.4

FIG. 5: The azimuthal angle φ dependence of the target-spin
asymmetry for exclusive electroproduction of photons after
subtraction of the π0 background. The dashed curve is the
full model prediction using the ξ-dependent GPD parameter-

ization [15] (bval=bsea=1, and E=Ẽ=0) based on MRST02
unpolarized PDFs [16] and polarized PDFs [17] for the twist-2
terms, and higher twists included in those terms. The dotted

curve shows the asymmetry when H̃=0. The solid curve is
described in the text.

β = −0.022±0.045stat±0.021sys. The AUL is dominated
by the sinφ term while the sin 2φ term is compatible with
zero within the error bars, indicating that higher twists
do not contribute significantly in our kinematical range.

To obtain information on the kinematic dependence of
the sinφ-moment of AUL (Asin φ

UL ) [9], the data were di-
vided into 3 bins in ξ and −t, respectively. The leading
term Asin φ

UL was extracted for each bin. The results are
shown in Fig. 6, where the asymmetry was integrated
over the other kinematic variables. A clear ξ-dependence
of Asin φ

UL is seen, with asymmetries increasing with ξ. The
theoretical calculations shown in Fig. 5 and Fig. 6 have
been obtained by including target mass corrections. Un-
like Deep Inelastic Scattering (DIS), a full calculation of
such corrections is still an open problem for DVCS. We
have however included the kinematical higher twist ef-
fects in the twist-2 amplitude. In the presence of those
effects the GPDs entering in the asymmetry Eq.( 2) are
proportional to GPDs at (ξ′, ξ, t), where the difference
between ξ′ and ξ include terms proportional to M2/Q2

and −t/Q2 as shown in Ref. [15]. As can be noticed on
Fig. 5 and Fig. 6, the thus obtained theoretical calcula-

0.2 0.3 0.4
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0.4
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2
/c

2
-t    GeV

!
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0.15 0.2 0.25
"

FIG. 6: The left panel shows the −t dependence of the sinφ-
moment of AUL for exclusive electroproduction of photons,
while the right shows the ξ dependence. Curves as in Fig. 5.

tion agrees within experimental uncertainties well with
the measurement.

In Fig. 5 and Fig. 6, the error bars are statistical,
and the systematic uncertainty is shown as a band at
the bottom. The sources of systematic uncertainties are
identified as the dilution factor calculation (∼ 4%), es-
timation of target polarization (∼ 7%), 15N polarization
(∼ 0.5%) [18], radiative corrections (< 0.1%) [19], eval-
uation of the π0-decay background from MC simulations
(< 2.5%), and the angle cut (< 5%).

Combined with the data expected from precision mea-
surements of the beam spin asymmetry which is dom-
inated by GPD H [20], these results will allow us to
constrain different GPDs. The target-spin asymmetry
in DVCS is also under study at HERMES [21].

In summary, we have presented the target-spin asym-
metry for exclusive electroproduction of photons. A sig-
nificant sinφ moment of the target-spin asymmetry is
observed and is consistent with predictions based on the
GPD formalism. The measured asymmetry is consis-
tent with predictions of a large contribution from GPD
H̃ . Kinematic dependences of the target-spin asymmetry
have also been studied. The leading term Asin φ

UL increases
with increasing ξ, in agreement with the model predic-
tion.

We gratefully acknowledge the outstanding efforts of
the staff of the Accelerator and Physics Division at Jeffer-
son Lab that made this experiment possible. This work
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(DE-FG02-92ER40735) and the National Science Foun-
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the French Commissariat à l’Energie Atomique, the UK
Engineering and Physical Science Research Council, and
the Korean Research Foundation. The Southeastern
Universities Research Association (SURA) operates the
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DVCS cross-section analysis
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Random background and efficiencies

Illustration of lost electron track :
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Random background and efficiencies

Quantitative conclusions :

Merging the background from data with simulation results in ≈ 30%
(1) Not reconstructed 1.8%
(2) stat[0]>0 cut 74.5%
(3) ecsfr cut 0.9%
(4) nphe>25 cut 4.7%
(5) ficudial cut 0.9%
(6) stat>0 (others) 14.4%
(7) charge>0 1.8%
(8) id==2212 cut 0.9%

Electron recovery procedure
Search for matching TB track with CC hit

Data : 9.4%
MC : 10.8%

remarquable test of consistency

Trigger recovery procedure
≈ 5%

Final background correction ≈ 15%
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First order radiative corrections
Another convenient factorization theorem

dσ
dΩ

∣∣∣∣
exp

=
dσ
dΩ

∣∣∣∣
Virtual γ

+
dσ
dΩ

∣∣∣∣
Real γ

=
dσ
dΩ

∣∣∣∣
Born

[1 + δVertex + δVacuum + δReal(∆E)]
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First order radiative corrections
Expressions for the virtual and real corrections

δVacuum =
2α
3π

[
ln
(

Q2

m2
e

)
− 5

3

]
+∞

δVertex =
α

π

[
3
2

ln
(

Q2

m2
e

)
− 2− 1

2
ln2
(

Q2

m2
e

)
+
π2

6

]
+∞

δReal(∆E) =
α

π

{
2 ln

(
∆E√
EE ′

)[
ln
(

Q2

m2
e

)
− 1
]
− 1

2
ln2 E

E ′

+
1
2

ln2
(

Q2

m2
e

)
− π2

3
+ Sp

(
cos2 θe

2

)}
+∞

δVertex + δVacuum + δReal(∆E) finite
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All order resummation
Bloch & Nordsieck’s magic

dσ
dΩ

∣∣∣∣
exp

=
dσ
dΩ

∣∣∣∣
Born

eδVertex+δ0
Real

(1− δVacuum/2)2

(
∆E√
EE ′

)δS

δS =
2α
π

[
ln
(

Q2

m2
e

)
− 1
]

δS defining the radiative lineshape (soft-photon approximation)
(soft-photon approximation) is integrated through fast-MC,
in order to properly convolute with the 5-fold acceptance.

N.B.: This already is only justified in the peaking approximation



Nucleon tomography
Status and Prospect

F.-X. Girod

Introduction

CLAS at 6 GeV

CLAS at 12 GeV

GPD extraction

Nucleon structure at
collider(s)

Conclusion

20

Proton cross-section (preliminary)F1H + ξGMH̃ − t
4M2 F2E
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AUT and ALT

Conditionally approved experiment with HD-Ice target (2012)
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Model-dependent extraction of Ju and Jd
Combined fit to all data will allow separation ofH, E and H̃
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BSA in π0 SIDIS
Collins or Boer-Mulders ?

dσLU

dxB dy dz dP2
T dφh

=
2πα2

xByQ2

y2

2(1− ε)

 
1 +

γ2

2xB

!
λe

q
2ε(1 + ε) sinφhF sinφh

LU

F sinφh
LU =

2M
Q

Z
d2pT dk2

T δ
(2)(pT −

PT

z
− kT )× P̂T ·("

Mh

M
h⊥1

Ẽ
z

+ xBg⊥D1

#
pT

M
−
"

Mh

M
f1

G̃⊥

z
+ xBeH⊥1

#
kT

Mh

)
PT detected hadron

pT active quark in Boer-Mulders DF h⊥1

kT active quark in Collins FF H⊥1

The calculations based on the Boer-Mulders part predicted a sizable BSA

Those based on the Collins mechanism predict a vanishing BSA for the π0
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BSA in π0 SIDIS
Preliminary results
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Figure 3: Asin φh

LU as function of PT for different 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 effects not shown in the plot.

where P = 0.794 ± 0.024 is the absolute beam180

polarization for this data set and N+
π0 and N−

π0181

are the number of π0’s for positive and negative182

beam helicity, respectively. Asymmetry moments183

were extracted by fitting the φh-distribution of184

ALU in each xB and PT bin with the theoretically185

motivated function p0 · sin(φh). An example of186

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

kinematic bin.188

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

sented as a function of PT for different 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 difference between the asymmetry197

amplitudes extracted from data sets obtained with198

or without background subtraction, and by select-199

ing π0 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(φh)203

or p0·sin(φh)
1+p1·cos(φh)

). The contributions from other har-204

monics such as sin(2φh) or cos(2φh) 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 effects [25, 44] should210

be added to the above mentioned systematic un-211

certainties.212

The Asinφh
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 φh
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 π0 appears to be comparable with the π+
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 φh
LU ,226

as indicated in the figure (blue right-hatched and227

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

bution from Collins-effect 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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BSA in π0 SIDIS
Comparison with HERMES

The comparison includes a compensation for different kinematics

q
2ε(1 + ε) ≈ f (y) =

y
p

1− y
1− y + y2/2

40, 46, 41], indicates that contributions from the230

Collins mechanism cannot be the dominant ones.231

In contrast, preliminary calculations of Asinφh
LU for232

pions by L. Gamberg [47], based on the models233

from Ref. [12, 48], demonstrate a non-zero contri-234

bution of g⊥. As this DF can be interpreted as235

the higher twist analog of the Sivers function, it236

underlines the potential of beam SSAs in studying237

spin-orbit correlations.238

Beam SSAs for charged and neutral pions were239

measured also by the HERMES collaboration at240

a higher beam energy of 27.6 GeV [17]. After241

taking into account the kinematic factors in the242

expression of the beam-helicity dependent and in-243

dependent terms ([32])244

f(y) =
y
√

1− y

1− y + y2/2
, (4)

CLAS and HERMES measurements are found to245

be consistent to each other as shown in Figs. 5246

and 6, indicating that at energies as low as 4-6247

GeV the behavior of beam-spin asymmetries is248

similar to higher energy measurements. For the249

comparison, CLAS data in the range 0.4 GeV<250

PT < 0.6 GeV are used in the Fig. 5 and in the251

range 0.1 < xB < 0.2 in the Fig. 6, as these252

ranges yield average kinematic values similar to253

the HERMES ones.254

The CLAS data provide significant improve-255

ment in precision of beam SSA measurements in256

the kinematic region where the two data sets over-257

lap, and extend the measurements to the large xB258

region not accessible at HERMES.259

In summary, we have presented measurements260

of kinematic dependences of the beam-spin asym-261

metry in semi-inclusive π0 electroproduction from262

the E01-113 CLAS dataset. The sinφh amplitude263

is extracted as a function of xB and the transverse264

pion momentum PT , integrating over the z-range265

0.4 < z < 0.7. The asymmetry shows no sig-266

nificant xB dependence for fixed PT range and it267

is consistent with zero for xB > 0.4 within un-268

certainties. The observed asymmetry amplitudes269

for π0 indicate that the major contribution to the270

pion beam SSAs may be due to the spin-orbit cor-271

relations.272
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Figure 4: The π0 beam-spin asymmetry amplitude Asin φh

LU

as function of xB compared to that for π+ from an earlier
CLAS measurement [45]. Uncertainties of the π0 measure-
ment are as in Fig. 3. For both data sets < PT >≈ 0.38
and 0.4 < z < 0.7. The blue right-hatched and red left-
hatched bands are model calculations involving solely the
contribution from the Collins-effect [41].
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Figure 5: Asin φh

LU multiplied by the kinematic factor < Q >
/f(y) as a function of xB from CLAS and HERMES [17].
The 0.4 GeV< PT < 0.6 GeV range of the CLAS data
is used to compare with HERMES, as this yields average
kinematics closest to HERMES ones.

The results obtained are compared with pub-273

lished HERMES data [17], providing significant274

improvement in precision and an important in-275

put for studies of higher twist effects. Despite the276

fact that the partonic formalism is much better277

suited for higher energy reactions, there is a rea-278

sonable agreement in size and behavior of beam279

SSAs measured over a wide energy range [17, 22].280
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LU multiplied by the kinematic factor < Q >
/f(y) as function of PT from CLAS and HERMES [17]
(the same as in Fig. 5). The 0.1 < xB < 0.2 range of
the CLAS data is used to compare with HERMES, as this
yields average kinematics closest to HERMES.
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Commissariat à l’Energie Atomique, The South-292

eastern Universities Research Association (SURA)293

operates the Thomas Jefferson National Acceler-294

ator Facility for the United States Department of295

Energy under contract DE-AC05-84ER40150.296

References297

[1] D. W. Sivers, Phys. Rev. D43 (1991) 261–263.298

[2] M. Anselmino, F. Murgia, Phys. Lett. B442 (1998)299

470–478.300

[3] S. J. Brodsky, D. S. Hwang, I. Schmidt, Phys. Lett.301

B530 (2002) 99–107.302

[4] J. C. Collins, Phys. Lett. B536 (2002) 43–48.303

[5] X.-d. Ji, F. Yuan, Phys. Lett. B543 (2002) 66–72.304

[6] P. J. Mulders, R. D. Tangerman, Nucl. Phys. B461305

(1996) 197–237.306

[7] X.-d. Ji, J.-p. Ma, F. Yuan, Phys. Rev. D71 (2005)307

034005.308

[8] J. C. Collins, A. Metz, Phys. Rev. Lett. 93 (2004)309

252001.310

[9] A. Bacchetta, D. Boer, M. Diehl, P. J. Mulders, JHEP311

08 (2008) 023.312

[10] D. de Florian, R. Sassot, M. Stratmann, J. Phys.313

Conf. Ser. 110 (2008) 022045.314

[11] D. Amrath, A. Bacchetta, A. Metz, Phys. Rev. D71315

(2005) 114018.316

[12] A. Bacchetta, L. P. Gamberg, G. R. Goldstein,317

A. Mukherjee, Phys. Lett. B659 (2008) 234–243.318

[13] H. H. Matevosyan, A. W. Thomas, W. Bentz (2010).319

[14] A. Airapetian, et al., Phys. Rev. Lett. 84 (2000) 4047–320

4051.321

[15] A. Airapetian, et al., Phys. Rev. D64 (2001) 097101.322

[16] A. Airapetian, et al., Phys. Rev. Lett. 94 (2005)323

012002.324

[17] A. Airapetian, et al., Phys. Lett. B648 (2007) 164–325

170.326

[18] A. Airapetian, et al., Phys. Rev. Lett. 103 (2009)327

152002.328

[19] A. Airapetian, et al., Phys. Lett. B693 (2010) 11–16.329

[20] M. G. Alekseev, et al., Phys. Lett. B692 (2010) 240–330

246.331

[21] V. Y. Alexakhin, et al., Phys. Rev. Lett. 94 (2005)332

202002.333

[22] G. Sbrizzai, proceedings of SPIN2010 conference334

(September-October 2010, Juelich-Germany) (2010).335

[23] H. Avakian, et al., Phys. Rev. D69 (2004) 112004.336

[24] H. Avakian, P. Bosted, V. Burkert, L. Elouadrhiri,337

AIP Conf. Proc. 792 (2005) 945–948.338

[25] H. Avakian, et al., Phys. Rev. Lett. 105 (2010)339

262002.340

[26] J. Adams, et al., Phys. Rev. Lett. 92 (2004) 171801.341

[27] M. Chiu, AIP Conf. Proc. 915 (2007) 539–542.342

[28] I. Arsene, et al., Phys. Rev. Lett. 101 (2008) 042001.343

[29] K. Abe, et al., Phys. Rev. Lett. 96 (2006) 232002.344

[30] R. Seidl, et al., Phys. Rev. D78 (2008) 032011.345

[31] J. Levelt, P. J. Mulders, Phys. Lett. B338 (1994) 357–346

362.347

[32] A. Bacchetta, et al., JHEP 02 (2007) 093.348

[33] A. Bacchetta, U. D’Alesio, M. Diehl, C. A. Miller,349

Phys. Rev. D70 (2004) 117504.350

[34] D. Boer, P. J. Mulders, Phys. Rev. D57 (1998) 5780–351

5786.352

[35] M. Burkardt, Preprint hep-ph/0807.2599 (2008).353

[36] F. Yuan, Phys. Lett. B589 (2004) 28–34.354

[37] R. L. Jaffe, X.-D. Ji, Nucl. Phys. B375 (1992) 527–355

560.356

[38] A. Metz, M. Schlegel, Eur. Phys. J. A22 (2004) 489–357

494.358

[39] P. Schweitzer, Phys. Rev. D67 (2003) 114010.359

[40] A. V. Efremov, K. Goeke, P. Schweitzer, Phys. Rev.360

D73 (2006) 094025.361

[41] P. Schweitzer, private communication (2011).362

[42] B. A. Mecking, et al., Nucl. Instrum. Meth. A503363

(2003) 513–553.364

6



Nucleon tomography
Status and Prospect

F.-X. Girod

Introduction

CLAS at 6 GeV

CLAS at 12 GeV

GPD extraction

Nucleon structure at
collider(s)

Conclusion

23

DVCS on a scalar nucleus
Only one twist-2 GPD, real and
imaginary parts of the CFF can be
fitted from the BSA simultaneously

EMC effect :

• Fermi motion ?
• Shadowing ?
• Off-shell effects ?
• · · · ?

Non-forward EMC effect provides
additional constraints to the models
4He is dense and simple enough for

exact calculations at the proton and

neutron level

Gomez et al., PRD49, 1994

Medium Modification

!A/!D



Nucleon tomography
Status and Prospect

F.-X. Girod

Introduction

CLAS at 6 GeV

CLAS at 12 GeV

GPD extraction

Nucleon structure at
collider(s)

Conclusion

23

DVCS on a scalar nucleus
Only one twist-2 GPD, real and
imaginary parts of the CFF can be
fitted from the BSA simultaneously

EMC effect :

• Fermi motion ?
• Shadowing ?
• Off-shell effects ?
• · · · ?

Non-forward EMC effect provides
additional constraints to the models
4He is dense and simple enough for

exact calculations at the proton and

neutron level

Gomez et al., PRD49, 1994

Medium Modification

!A/!D

ing an enhancement of signals of nuclear effects with respect to the forward
case (Fig. 2).
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Fig. 2. Off-forward EMC effect in 4He. Theoretical predictions at t = 0.1 GeV2

from both “conventional” binding models and within a diquark picture for nuclear
modifications are shown. For comparison we show the effect at t = 0 along with the
experimental data [37] (adapted from Ref. [38]).

In addition, a number of interesting relationships were found by studying
Mellin moments in nuclei: the A-dependence for the D-term of GPDs was
estimated within microscopic approaches [8,35], and compared with the cal-
culation of Ref. [39] using a liquid drop model; a connection was made in
Ref. [8] with the widely used approaches that relate the modifications of “par-
tonic” parameters such as the string tension, or the confinement radius, to
density dependent effects in the nuclear medium (see Ref. [13] and references
therein).

All of the above theoretical ideas and experimental results designate nuclear
GPDs as a potentially important new tool to investigate in-medium modifi-
cation effects and related phenomena, which are vital for interpreting both
current and future data on hard processes in nuclei.

For a nuclear target there exist two distinct processes:

(1) the scattering proceeds coherently, i.e. the target nucleus recoils as a
whole while emitting a photon with momentum q′ (Fig. 3a);

(2) the scattering proceeds incoherently, i.e. the nucleus undergoes a breakup
and the final photon is emitted from a quasi-elastically scattered nucleon
(Fig. 3b).
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12 GeV upgrade
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Upgraded apparatus

Higher energy, luminosity, hermiticity, analyzing power
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Upgraded apparatus

Forward Central
detector detector

Angular range

Tracks 5− 40◦ 35− 125◦

Photons 2.5− 40◦ n.a.

Resolution

δp/p < 1% @ 5 GeV/c 5% @ 1.5 GeV/c
δθ < 1 mr < 10-20 mr
δφ < 3 mr < 5 mr

Photon detection

Energy > 0.15 GeV n.a.
δθ 4 mr @ 1 GeV n.a.

Neutron detection

Efficiency < 0.7 under dev.

Particle ID

e/π Full range n.a.
π/p Full range < 1.25 GeV/c
π/K Full range < 0.65 GeV/c
K/p < 4 GeV/c < 1 GeV/c

π → γγ Full range n.a.
η → γγ Full range n.a.
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Upgraded apparatus

EPJ manuscript No.
(will be inserted by the editor)

CLAS12 and its Science Program at the Jefferson Lab Upgrade.

Selected Topics

Volker D. Burkert

Jefferson Lab, Newport News, Virginia, USA

July 29, 2008

Abstract. An overview of the CLAS12 detector is presented and the initial physics program after the
energy-doubling of the Jefferson Lab electron accelerator. Construction of the 12 GeV upgrade project is
anticipated to begin in 2009. A broad program has been developed to map the nucleon’s 3-dimensional
spin and flavor content through the measurement of deeply exclusive and semi-inclusive processes. Other
programs include forward distribution function to large xB ≤ 0.85 and of the quark and gluon polarized
distribution functions, and nucleon ground state and transition form factors at high Q2. The 12 GeV
electron beam and the large acceptance of CLAS12 are also well suited to explore hadronization properties
using the nucleus as a laboratory.

PACS. 1 1.55.Fv, 13.60.Le, 13.40.Gp, 14.20.Gk

1 Introduction

The challenge of understanding nucleon electromagnetic
structure still continues after more than five decades of
experimental scrutiny. From the initial measurements of
elastic form factors to the accurate determination of par-
ton distributions through deep inelastic scattering (DIS),
the experiments have increased in statistical and system-
atic accuracy. Only recently it was realized that the par-
ton distribution functions represent special cases of a more
general, much more powerful, way to characterize the struc-
ture of the nucleon, the generalized parton distributions
(GPDs) [1–4].

The GPDs are the Wigner quantum phase space dis-
tribution of quarks in the nucleon – functions describing
the simultaneous distribution of particles with respect to
both position and momentum. in a quantum-mechanical
system, representing the closest analogue to a classical
phase space density allowed by the uncertainty principle.
In addition to the information about the spatial density
(form factors) and momentum density (parton distribu-
tion), these functions reveal the correlation of the spatial
and momentum distributions, i.e. how the spatial shape
of the nucleon changes when probing quarks of different
wavelengths.

The concept of GPDs has led to completely new meth-
ods of “spatial imaging” of the nucleon, either in the form
of two-dimensional tomographic images, or in the form of
genuine three-dimensional images. GPDs also allow us to
quantify how the orbital motion of quarks in the nucleon
contributes to the nucleon spin – a question of crucial im-
portance for our understanding of the “mechanics” under-

lying nucleon structure. The spatial view of the nucleon
enabled by the GPDs provides us with new ways to test
dynamical models of nucleon structure.

CTOF

SVT

FTOF

HTCC

Solenoid

LTCC

Torus

EC

Region 1

Region 2

Region 3

Fig. 1. 3D view of the CLAS12 detector. The beam comes
from the left. The target is located inside the superconducting
solenoid magnet.
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GPD program

Proton DVCS
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Proton DVCS ALU

80 days @ L = 1035 cm−2s−1 with 85% polarized beam

Statistical uncertainties from 1 % (low Q2) to 10 % (high Q2)
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Proton DVCS ALU

80 days @ L = 1035 cm−2s−1 with 85% polarized beam

Statistical uncertainties from 1 % (low Q2) to 10 % (high Q2)
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Proton DVCS ALU

80 days @ L = 1035 cm−2s−1 with 85% polarized beam

Dotted curve : no D-term, dashed-dotted : factorized t-dependence
Q2 = 3.3 GeV2, xB = 0.2 (left and middle), −t = 0.45 GeV2 (left and right)
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Proton DVCS ALU
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Proton DVCS ALU

Extracted H(ξ, ξ, t) and corresponding transverse profile
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Proton DVCS TSA AUL

120 days @ L = 2× 1035 cm−2s−1 with 80% polarized NH3

Statistical uncertainties from 2 % (low Q2) to 10 % (high Q2)
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Proton DVCS TSA AUL

120 days @ L = 2× 1035 cm−2s−1 with 80% polarized NH3
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Proton DVCS TSA AUL

120 days @ L = 2× 1035 cm−2s−1 with 80% polarized NH3

Red solid line : E = Ẽ = 0, blue dashed line : H̃ = 0
Q2 = 4.1 GeV2, xB = 0.36 (left and middle), −t = 0.52 GeV2 (left and right)
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GPD program

Neutron DVCS
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GPD program

Other highlights
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Transverse target asymmetries AUT , DVCS & DVMP
More on angular momentum

DVCS with frozen HD-ice

xB ≈ 0.25

Q2 ≈ 2.6 GeV2

February 5, 2008 4:41 WSPC - Proceedings Trim Size: 9in x 6in talk
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Fig. 3. Projected transverse target asymmetry AUT for DVCS production off protons
at 11 GeV beam energy. The curves represent different assumptions on the u-quark
contributions to J(t).
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Fig. 4. The u-quark distribution in transverse space as extracted from projected DVCS
data with CLAS12.

A measurement of all 3 asymmetries will allow a separate determination
of GPDs H, H̃ and E at the above specified kinematics. Through a Fourier
transformation the t-dependence of GPD H can be used to determine the

Exclusive ρ0 production (hydrogen target)

AUT ∼ ∆⊥ImAB∗

A ∼ 2Hu + Hd

B ∼ 2Eu + Ed
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GPD Extraction
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Efforts towards GPD extraction

H. Moutarde, PRD 79 (2009) 094021 M. Guidal PLB 689 (2010) 156

K. Kumericki & D. Mueller, arXiv:1008.2762

August 18, 2010 0:57 WSPC - Proceedings Trim Size: 9in x 6in JLABproc
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Fig. 2. !mH/π obtained from different strategies: our model fits31 (dashed (solid)
curve excludes (includes) Hall A data), seven-fold CFF fit42 with boundary conditions
(squares),H, H̃ CFF fit41 (diamonds), smeared conformal partial wave model fit43 within
H GPD (circles). Circles (diamonds) are slightly shifted to the left (right) hand side.
The triangles result from our neural network fit, cf. Fig. 3 (left).

Again we took some local minimum with χ2/d.o.f. ≈ 1, giving

rval = 1.11 , bval = 2.4 , d = −6.0 , M sub = 1.5 GeV . (16)

One observes a slight increase of rval and a larger value of bval, i.e., the
enhancement of the GPD H in the resonance region diminishes. In agree-
ment with a chiral quark soliton model estimate,40 the subtraction constant
remains negative and is now sizable; however, at present a positive sign
cannot be excluded. A closer look reveals that our first fit fails to describe
Hall A beam spin sums and underestimates the beam spin differences by
about 50%, while our second one still underestimates all the cross sections
by about 25%. For the latter we find a rather large remainder, effectively
parameterized by H̃ , which is roughly five times bigger than expected. Lon-
gitudinally polarized target data provide a handle on H̃ ,11 where CFF fits41

in JLAB kinematics provide at the means a two to three times bigger H̃

contribution compared to our expectations (rH̃ # 1, bH̃ # 2). These findings
are one to two standard deviations away from our big H̃ ad hoc scenario.

So far we did not study model uncertainties or experimental error
propagation, since both tasks might be rather intricate. To illuminate
this, we compare in Fig. 2 our outcomes for $mH(xB, t)/π versus xB at
t = −0.28 GeV2 (left) and for Hall A kinematics xB=0.36 versus −t (right)
with results that do provide error estimates. The squares arise from con-
strained least squares fits42 at given kinematic means of HERMES and
JLAB measurements on unpolarized proton, where the imaginary and real
parts of twist-two CFFs are taken as parameters. Note that $mẼ and the
other remaining eight CFFs are set to zero, however, all available observ-
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Medium energy Electron Ion Collider
JLab’s design
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Interplay between spin and flavor decompositions

Process Flavor q/q̄/g

H,E,H̃,Ẽ
pDVCS 4u + d + s q + q̄ , αsg

nDVCS 4d + u + s q + q̄ , αsg (polarized) deuteron

H,E

ρ+ u − d q + q̄ , g

Im(HE∗ ) in AUT

ρ0 2u + d q + q̄ , g

ω 2u − d q + q̄ , g

φ s q + q̄ , g

J/ψ , Υ g

(π+π−)L=0 2u − d q − q̄ interfere with (π+π−)L=1

K∗0Σ+ , K∗+Σ0 d − s 2q − q̄ SU(3)

K∗+Λ 2u − d − s 2q − q̄ SU(3)

H̃,Ẽ

π+ ∆u − ∆d 2q − q̄

π0 2∆u + ∆d q − q̄

η 2∆u − ∆d + 2∆s q − q̄

K∗0Σ+ , K∗+Σ0 d − s 2q + q̄ SU(3)

K∗+Λ 2u − d − s 2q + q̄ SU(3)

M. Diehl, "Which GPDs in which processes", INT workshop Nov. 10th 2010
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Interplay between spin and flavor decompositions

• Spin asymmetries have sensitivities to the imaginary parts of CFFs

• Real parts can be reconstructed from unitarity : long Q2 lever arm
• Also : large acceptance, high luminosity
• Unpolarized cross-sections give access to real parts of CFFs
• Lepton charge asymmetries also give access to real parts of CFFs
• sensitivity to E from AUT or from neutron
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Nucleon structure for hadron-hadron colliders

• Multiple hard processes in pp indicate
substantial correlations

• CDF 3 jet + γ consistent with ρ ∼ 0.3 fm
• Forward dipion production at RHIC
• Crucial at LHC
• Very hard to tune MC generators (many

parameters)
• Also underlying event physics
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Summary

In the late 1970’s, one could say “QED is 30 years old”
In 2002 we cannot but state that “QCD is 30 years young”

Yu.L. Dokshitzer, QCD phenomenology, Lectures at the CERN-Dubna School, Pylos, August 2002.

• Long program of extraction of GPDs and TMDs
• Flagship of NSAC long-range plan for both 12 GeV and (M)EIC
• Interplay between spin and flavor decompositions
• A positron option would be the most beneficial, polarization is essential
• Also crucial for QCD backgrounds at LHC and beyond
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