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Wigner Function - GPDs and TMDs 

X. Ji: Viewing the proton through “color” filters 25

above expression, one finds pair creations and annihila-
tion terms. However, this is also true for the usual charge
density. Therefore we can speak of S(k) as a distribution
of vector charges and currents, but not a particle den-
sity. In nuclear physics where the non-relativistic dynam-
ics dominates, the proton spectral function in the nucleus
is positive definite and can be regarded as a particle den-
sity. The nuclear spectral function is directly measurable
through pick-up and knock-out experiments, in which E
and k are called the missing energy and missing momen-
tum, respectively (see for example [9]).

It is now easy to see that in the rest frame of the
proton, the Feynman quark distribution is

q(x) =
√

2
∫

d4k

(2π)4
δ(k0 + kz − xMN )S(k) . (4)

The x variable is simply a special combination of the
off-shell energy k0 and momentum kz. The parton dis-
tribution is the spectral function of quarks projected
along a special direction in the four-dimensional energy-
momentum space. The quarks with different k0 and kz

can have the same x, and moreover, the both x > 0 and
x < 0 distributions contain contributions from quarks and
anti-quarks.

3 Quantum phase-space distributions

Suppose we have a one-dimensional quantum mechanical
system with wave function ψ(x), the Wigner distribution
is defined as

W (x, p) =
∫

dηeipηψ∗(x − η/2)ψ(x + η/2) , (5)

where we have set ! = 1. When integrating out the coor-
dinate x, one gets the momentum density |ψ(p)|2, which
is positive definite. When integrating out p, the positive-
definite coordinate space density |ψ(x)|2 follows. For ar-
bitrary p and x, the Wigner distribution is not positive
definite and does not have a probability interpretation.
Nonetheless, for calculating the physical observables, one
can just take averages over the phase-space as if it is a
classical distribution

〈Ô(x, p)〉 =
∫

dxdp W (x, p)O(x, p) (6)

where the operators are ordered according to the Weyl
association rule. For a single-particle system, the Wigner
distribution contains everything there is in the quantum
wave function. For a many-body system, the Wigner dis-
tribution can be used to calculate the averages of all one-
body operators. Sign changes in the phase-space are a hint
that it carries non-trivial quantum phase information.

In QCD, the single-particle wave function must be re-
placed by (gauge-invariant) quantum fields, and hence it
is natural to introduce the Wigner operator,

ŴΓ (r, k) =
∫

d4ηeik·ηΨ(r − η/2)ΓΨ(r + η/2) , (7)

where r is the quark phase-space position and k the phase-
space four-momentum conjugated to the spacetime sepa-
ration η. Γ is a Dirac matrix defining the types of quark
densities because the quarks are spin-1/2 relativistic par-
ticles. Depending on the choice of Γ , we can have vector,
axial vector, or tensor density.

For non-relativistic systems for which the center-of-
mass is well-defined and fixed, one can define the phase-
space distributions by taking the expectation value of the
above Wigner operators in the R = 0 state. For the pro-
ton for which the recoil effect cannot be neglected, the
rest-frame state cannot be uniquely defined. Here we fol-
low Sachs, defining a rest-frame matrix element as that in
the Breit frame, averaging over all possible 3-momentum
transfers. Therefore, we construct the quantum phase-
space quark distribution in the proton as,

WΓ (r, k)=
1

2MN

∫
d3q

(2π)3
〈
q/2

∣∣∣ŴΓ (r, k)
∣∣∣ − q/2

〉
(8)

=
1

2MN

∫
d3q

(2π)3
e−iq·r

〈
q/2

∣∣∣ŴΓ (0, k)
∣∣∣ − q/2

〉
,

where the plane-wave states are normalized relativisti-
cally. The most general phase-space distribution depends
on seven independent variables.

The only way we know how to probe the single-particle
distributions is through high-energy processes, in which
the light-cone energy k− = (k0 − kz)/

√
2 is difficult to

measure, where the z-axis refers to the momentum direc-
tion of a probe. Moreover, the leading observables in these
processes are associated with the “good” components of
the quark (gluon) fields in the sense of light-cone quantiza-
tion [10], which can be selected by Γ = γ+, γ+γ5, or σ+⊥

where γ+ = (γ0 + γz)/
√

2. The direction of the gauge
link, nµ, is then determined by the trajectories of high-
energy partons traveling along the light-cone (1, 0, 0, −1)
[11,12]. Therefore, from now on, we restrict ourselves to
the reduced Wigner distributions by integrating out k−,

WΓ (r,k) =
∫

dk−

(2π)2
WΓ (r, k) , (9)

with a light-cone gauge link is now implied. Unfortunately,
there is no known experiment at present capable of mea-
suring this 6-dimensional distribution which may be called
the master or mother distribution.

Further phase-space reductions lead to measurable
quantities. Integrating out the transverse momentum of
partons, we obtain a 4-dimensional quantum distribution

f̃Γ (r, k+) =
1

2MN

∫
d3q

(2π)3
e−iq·r

∫
dη−

2π
eiη−k+

×
〈
q/2

∣∣Ψ(−η−/2)ΓΨ(η−/2)
∣∣ − q/2

〉
. (10)

The matrix element under the integrals is what defines
the GPDs. More precisely, if one replaces k+ by Feyn-
man variable xp+ (p+ = Eq/

√
2, proton energy Eq =√

M2 + q2/4 ) and η− by λ/p+, the reduced Wigner dis-
tribution becomes the Fourier transformation of the GPD
FΓ (x, ξ, t)
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(Quantum phase-space quark distribution in the nucleon)  
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Physical content of GPDs H, E 
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d4σ 
dQ2dxBdtdφ ~ |TDVCS + TBH|2 

DVCS BH Eo = 11 GeV Eo = 6 GeV Eo = 4 GeV 

BH 

DVCS 

TBH : given by elastic form factors 
TDVCS: determined by GPDs 

BH-DVCS interference generates  
beam and target polarization 
asymmetries that encode the nucleon 
structure content.  

DVCS and Bethe-Heitler Process  



    Transversity 2011 – Veli-Losinj, Croatia, 8/28-9/2   Page 7 

A = Δσ	


2σ	



σ+ - σ-	



σ+ + σ-	


= 

A path towards extracting GPDs  

ΔσLU ~ sinφ {F1H + ξ(F1+F2)H +kF2E}dφ   ~ 
Polarized beam, unpolarized target: 

H(ξ,t) 

Unpolarized beam, longitudinal target: 

  ~           H(ξ,t) ~ 

ξ ~ xB/(2-xB)  

k = t/4M2  

Unpolarized beam, transverse target: 

ΔσUT ~ cosφsin(φs-φ){k(F2H – F1E)}dφ E(ξ,t) 

Unpolarized total cross section:	
  
Separates h.t. contributions to DVCS 

Re(TDVCS) 
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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  
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~

F.X. Girod et al. (CLAS),  Phys.Rev.Lett100:162002,2008  

Beam asymmetry 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
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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
-0.2

-0.1

0
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0.3

0.4

0.5

2
/c

2
-t    GeV

!
s
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A

0.15 0.2 0.25
"

FIG. 6: The left panel shows the −t dependence of the sin φ-
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
was supported in part by the U.S. Department of Energy
(DE-FG02-92ER40735) and the National Science Foun-
dation, the Italian Istituto Nazionale di Fisica Nucleare,
the French Centre National de la Recherche Scientifique,
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

S. Chen et al. (CLAS), Phys.Rev.Lett97:072002,2006  

Long. Target asymmetry 

M. Guidal, Phys.Lett.B689, 156-162,2010  
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CLAS DVCS/BH cross sections 

preliminary	
  

Large	
  kinema?cal	
  
range	
  in	
  Q2,	
  xB,	
  t	
  	
  

Full	
  exclusivity	
  by	
  detec?ng	
  all	
  
par?cles	
  (e,	
  p,	
  γ)	
  in	
  the	
  final	
  state.	
  	
  

2009	
  data	
  will	
  double	
  sta?s?cs	
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CLAS  Exclusive vector mesons  
ρ0 helps the flavor separation of GPDs: 2u + d 

Gluon-­‐GPD	
  handbag	
  works	
  for	
  φ’s	
  	
  	
  

CLAS	
  

Cornell	
  

Longitudinal	
  cross-­‐sec?on	
  separated	
  by	
  angular	
  analysis	
  in	
  the	
  C.O.M.	
  
Missing	
  strength	
  at	
  low	
  W	
  :	
  higher-­‐twist	
  or	
  missing	
  contribu?on	
  in	
  the	
  D-­‐term	
  

Also longitudinal cross section data for ρ+ production. 
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GPDs	
  in	
  DVCS	
  experiments	
  at	
  JLab12	
  

H, H, E 
~ 

H, H, E ~ 

E, H 

SensiHvity	
  
to	
  GPDs	
  

Nucleon	
  
polariza?on	
  

The JLab DVCS program will be carried out in 
two experimental Halls: A & B (CLAS12)  

UP	
  

LP	
  

TP	
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Hall A DVCS at 12 GeV 

ΔσLU ~ sinφ {F1H + ξ(F1+F2)H +kF2E}dφ   ~ E12-06-114 

C. Hyde 
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DVCS/BH ALU projections on protons 
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With large acceptance 
measure large Q2, xB, t 
ranges simultaneously. 

 ALU(Q2,xB,t)  
  Δσ(Q2,xB,t) 
  σ(Q2,xB,t)  

ALU 

ΔσLU ~ sinφ {F1H + ξ(F1+F2)H +kF2E}dφ   ~ 

E12-­‐06-­‐119/CLAS12	
  
E12-­‐06-­‐114/Hall	
  A	
  

F. Sabatié, C. Hyde 
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GPDs	
  from	
  simulated	
  CLAS12	
  data	
  

extrapolate to ξ=0 

GPD	
  H	
  only	
  contribu?on	
  	
  

E12-­‐06-­‐119	
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 CLAS12	
  DVCS/BH	
  AUL	
  on	
  protons	
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A AUL 

e p          epγ   

L = 1x1035 cm-2s-1 

T = 2000 hrs 
ΔQ2 = 1GeV2 

Δx = 0.05 
Dynamically 
polarized target 
NH3, ND3 

E = 11 GeV 

•  Polarization: 0.8 
•  Dilution factor: 0.15  
  (fraction of events  
  from polarized material) 
•  Magnetic field: 5T 

  ~ 

E12-­‐06-­‐119	
  

F.	
  Saba?é	
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  CLAS12	
  AUL	
  sinφ	
  moment	
  on	
  protons	
  
Spin asymmetry with longitudinally polarized proton target E12-­‐06-­‐119	
  

si
nφ

	
  

F.	
  Saba?é	
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Extraction of H  & H  from ALU and AUL  

Im
(H

)	
  

-t (GeV2) 
0.5	
   1.0	
  0.5	
   1.0	
  

M. Guidal: Model-independent analysis in leading twist  

E12-­‐06-­‐119	
  

Q2=1.5-7.5 GeV2 

~ 

3% of 
expected 
statistics 
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CLAS12	
  Target	
  spin	
  asymmetry	
  AUT	
  

AUT and ALT are sensitive to the u and d-quark helicity content of the proton spin 

x
y

z

φS

φ
"q2

"S⊥

"k
"k′

"q1

Figure 4: The DVCS kinematics

proton
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Figure 5: The Acosφ
UT for a proton target for different values of Ju and Jd (x = 0.35,Q2 =

2.5, t = −0.55).

14

4.4 Projected results

The measurements with transversely polarized target offer a variety of observables
sensitive to different combinations of GPDs. The wide phase space coverage of CLAS
will allow us to bin observables in different bins for relevant kinematical variable, so
shown below are few projections for representative measurements. The corresponding
projections for CLAS data set based on 80 days of HD data taking are shown in
Fig. 13 and Fig. 14, respectively, and for few different values of the total quark
angular momenta Ju, Jd.

neutron x=0.25,Q2=2.0

-0.4
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-0.2
-0.1
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0.1
0.2
0.3
0.4
0.5

0 0.2 0.4 0.6 0.8 1 1.2 1.4
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Ju   Jd
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Ju   Jd
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Ju   Jd

0 0.6

Ju   Jd
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Ju   Jd

0.6 0

Ju   Jd

0.6 0.6

HERMES

t

A
U

T

Figure 13: Expected DVCS TTSA amplitudes Asin (φ−φS) cosφ
UT as a function of t, as

predicted by the dual parametrization for GPDs H and E [26] (H̃ = Ẽ = 0). The
projected statistical error for 80 days with hydrogen polarization 75% is shown. The
solid line (extending to t=1.3) on the left plot corresponds to the case E=0. The
systematic error is expected to not exceed the statistical one.

The variation of the asymmetries (TTSA and TDSA) as a function of the relevant
kinematic variables according to different models of GPDs [24] are shown in the
following figures:

• Figure 15 shows the φ dependence of the target SSA.

• Figure 16 shows the t dependence of the double spin asymmetries (DSA or
ALT ).

High precision data over a large phase space will allow us to constrain the quark an-
gular momentum in the proton, Jq. While not fully model–independent, this method

30

co
sφ

 

Δσ ~ cosφsin(φ-φs)Im{k1(F2H – F1E)}dφ 

Pp=0.75	
  
L=1034cm-­‐2s-­‐1	
  
2000	
  hrs	
  

x=0.25,	
  
Q2=2	
  GeV2	
  
t=-­‐0.55	
  GeV2	
  LOI12-­‐11-­‐105	
  

HD	
  Frozen	
  
Spin	
  Target	
  	
  

L.	
  Elouadrhiri	
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CLAS12	
  DVCS/BH	
  Beam	
  asymmetries	
  ALU	
  neutrons	
  	
  
nDVCS with CLAS12 + CND: count-rate estimate

t = 0.3 GeV2, Q2 =1.5 GeV2, 

xB = 0.15, = 30°

• L = 1035cm-2s-1 per nucleon     

• Time = 80 days

• Racc= bin-by-bin acceptance for e (10%-40%)

• Eeff = neutron detection efficiency (10%)

N = 2 L Time Racc Eeff

Count rates computed with nDVCS+BH
event generator 

+ CLAS12 acceptance from FastMC
+ CND efficiency from GEANT4 simulation

<t> - 0.35 GeV2

<Q2> 2

<x> 0.225 

Beam-spin asymmetry for nDVCS

VGG predictions

N
AP

PA

211

• 4 bins in Q2 1.5, 2.75,  4.25, 7.5 GeV2

• 4 bins in 2

• 4 bins in xB 0.1, 0.225, 0.375, 0.575
• 12 bins in each 30o wide

588
accessible

bins

Ju=.3, Jd=.1
Ju=.1, Jd=.1
Ju=.3, Jd=.3
Ju=.3, Jd=-.1

t=-­‐0.35GeV2	
  	
  
Q2=2.75GeV2	
  
xB=0.225	
  

ALU is highly sensitive to d-quark helicity content of the neutron. 

A
U

L 

E12-­‐11-­‐003	
  
Total	
  of	
  588	
  bins	
  
in	
  t,	
  Q2,	
  xB,	
  φ	
  	
  

S.	
  Niccolai	
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π,K 
e 

e’ 

SIDIS	
  and	
  Transverse	
  Momentum	
  DistribuHon	
  
SIDIS cross section in leading twist: 

momentum PT ∼ k⊥.
The JLab 12-GeV upgrade will provide the unique combination of wide kinematic cov-

erage, high beam intensity (luminosity), high energy, high polarization, and advanced de-
tection capabilities necessary to study the transverse momentum and spin correlations in
semi-inclusive processes both in the target and current fragmentation regions for variety of
hadron species. In this proposal we focus on observables related to kaon production in DIS,
accessible with unpolarized targets and new information on the structure of nucleon they can
provide. Measurements of spin-orbital structure of hadrons with unpolarized hydrogen and
deuterium targets will use the beam time of already approved electroproduction experiment
to study the Neutron Magnetic Form-Factor at High Q2 [34].

1.1 Spin and Azimuthal Asymmetries in SIDIS

The SIDIS cross section at leading twist has eight contributions related to different combi-
nations of the polarization state of the incoming lepton and the target nucleon [35, 2, 12, 3].
The lepton-hadron cross section can then be parametrized as [3]

dσ

dx dy dz dφS dφh dP 2
h⊥

=
α2

xQ2

y

2 (1 − ε)

×
{

FUU,T + ε cos(2φh) F cos 2φh

UU + SL ε sin(2φh) F sin 2φh

UL

+ SLλe

√
1 − ε2 FLL + |ST |

[

sin(φh − φS) F sin(φh−φS)
UT,T

+ ε sin(φh + φS) F sin(φh+φS)
UT + ε sin(3φh − φS) F sin(3φh−φS)

UT

]

+ |ST | λe

[√
1 − ε2 cos(φh − φS) F cos(φh−φS)

LT

]}

, (1)

where α is the fine structure constant and ε the ratio of longitudinal and transverse photon
flux,

ε =
1 − y

1 − y + y2/2
. (2)

The kinematic variables x, y are defined as: x = Q2/2(P1q), and y = (P1q)/(P1k1). The
variable q = k1 − k2 is the momentum of the virtual photon, Q2 = −q2, φh is the azimuthal
angle between the scattering plane formed by the initial and final momenta of the electron
and the production plane formed by the transverse momentum of the observed hadron and
the virtual photon (see Fig. 1), and φS is the azimuthal angle of the transverse spin in
the scattering plane. The subscripts in FUL, FLL,etc., specify the beam (first index) and
target(second index) polarizations, longitudinal (L), transverse (T ), and unpolarized (U).

Structure functions factorize into TMD parton distributions, fragmentation functions,
and hard parts [12, 3]

7

σUU ∝ FUU ∝ f1 (x, k⊥)D1 (zh, p⊥) HUU (Q2)

σLL ∝ FLL ∝ g1L (x, k⊥)D1 (zh, p⊥) HLL (Q2)

σUL ∝ FUL ∝ h⊥
1L (x, k⊥)H⊥

1 (zh, p⊥) HUL (Q2), (3)

where z = (P1Ph)/(P1q), k⊥ and p⊥ are quark transverse momenta before and after scatter-
ing, and P1 and Ph are the four momenta of the initial nucleon and the observed final-state
hadron respectively.

The unpolarized D1 and polarized H⊥
1 fragmentation functions depend in general on the

transverse momentum of the fragmenting quark.
SL and ST are longitudinal and transverse components of the target polarization with

respect to the direction of the virtual photon. The different hard factors (HUU , HLL,etc.),
which are calculable in pQCD, in the SIDIS cross section are similar at one-loop order [12]
and may cancel to a large extent in asymmetry observables.

In the case of the polarized beam and unpolarized or longitudinally polarized target the
cross section in the leading order has only two contributions that depend on the azimuthal
angle of the final state hadron, appearing as cos 2φ and sin 2φ modulations, involving four
leading twist TMD distribution functions [2, 36, 35].

y

z

x

hadron plane

lepton plane

l
l S

Ph

Ph
!h

!S

Figure 1: SIDIS kinematics. For a longitudinally polarized target, φS=0 or 180o for negative and
positive helicities of the proton, respectively.

During the last few years, first results on transverse SSAs have become available [25, 27].
Pioneering measurements by the HERMES Collaboration for the first time directly indicated
significant azimuthal moments generated both by Collins (F sin(φ+φS)

UT ) and Sivers (F sin(φ−φS)
UT )

effects. Significant differences were observed between charged pion and kaon, both for Sivers
and Collins effects (see Fig.2). Currently no satisfactory explanation exists for these observed
differences.
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significant azimuthal moments generated both by Collins (F sin(φ+φS)
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effects. Significant differences were observed between charged pion and kaon, both for Sivers
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Integrals	
  over	
  transverse	
  
momentum	
  of	
  ini?al	
  and	
  
sca'ered	
  parton	
  	
  

A	
  full	
  program	
  to	
  extract	
  L.T.	
  TMDs	
  from	
  measurements	
  requires	
  separa?on	
  of	
  the	
  structure	
  func?on	
  using	
  polariza?on,	
  
and	
  coverage	
  of	
  a	
  large	
  range	
  in	
  x,	
  z,	
  PT	
  	
  along	
  with	
  sensi?vity	
  to	
  Q2,	
  and	
  the	
  flavor	
  separa?on	
  in	
  u,	
  d,	
  s	
  quarks.	
  	
  



    Transversity 2011 – Veli-Losinj, Croatia, 8/28-9/2   Page 22 

JLab TMD Proton Program @ 12 GeV 

Leading twist TMD parton distributions: 
information on correlations between 
quark orbital motion and spin  

N
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Quark spin polarization 

HMS	
  	
  
SHMS	
  

H2, NH3, HD 

The TMD program will map the 4D phase space in Q2, x, z, PT   

CLAS12 Hall C Hall A 

NH3 H2 

Solid	
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CLAS12	
  AUU	
  for	
  pions	
  on	
  unpolarized	
  protons.	
  

Measures momentum distribution of trans. pol. quarks in unpol. nucleon 

4	
  <Q2<	
  5	
  GeV2	
  

Wide x and PT range needed to map out phase space in longitudinal and transverse quark momentum 

E12-06-112 H.	
  Avakian	
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SIDIS pion/kaon on unpolarized protons. 

CLAS12	
  
E12-­‐09-­‐008	
  

Hall C: Precise measurement in small PT range 

E12-­‐09-­‐017	
  	
  

E12-­‐09-­‐008	
   H.	
  Avakian,	
  P.	
  Rossi	
  

E12-­‐09-­‐017	
  	
   R.	
  Ent	
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ExtracHon	
  of	
  f1	
  (x,z2,bT2)	
  	
  
Project	
  x-­‐sec?on	
  onto	
  bT-­‐space	
  to	
  avoid	
  convolu?on	
  +	
  Bessel	
  weigh?ng	
  

Boer,	
  Gamberg,	
  Musch,	
  
Prokudin,	
  	
  arXiv:1107.5294	
  

•	
  provides	
  a	
  model	
  independent	
  way	
  to	
  
	
  	
  	
  study	
  kinema?cal	
  dependences	
  of	
  TMDs	
  

•	
  requires	
  wide	
  range	
  in	
  hadron	
  PT	
  

Example	
  of	
  simulated	
  data	
  with	
  CLAS12	
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 CLAS12 AUL on longitudinally polarized target  
The	
  Kotzinian-­‐Mulders	
  func?on	
  measures	
  the	
  momentum	
  
distribu?on	
  of	
  	
  transversely	
  polarized	
  quarks	
  in	
  a	
  longitudinally	
  
polarized	
  nucleon.	
  

  This is the only leading twist azimuthal moment for longitudinally 
polarized target. The sin2φ moment is sensitive to spin-orbit correlations. 

Target spin �

Quark spin �

E12-­‐09-­‐008	
   H.	
  Avakian	
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CLAS12 ALL in double polarization 

 M.Anselmino et al Phys.Rev.D74:074015,2006 

Transverse momentum dependence of longitudinally 
polarized quarks in longitudinally polarized protons.  

The double polarization 
asymmetry is sensitive to 
the  difference in the kT 
distribution of quarks with 
spin orientation parallel and 
anti-parallel to proton spin. 

E12-­‐07-­‐107	
   H.	
  Avakian	
  
P.	
  Rossi	
  

H.	
  Avakian	
  et	
  al,	
  (CLAS),	
  Phys.Rev.Le'.	
  105	
  (2010)	
  262002	
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Collins	
  

CLAS12 AUT with transverse proton target  

C12-­‐11-­‐111	
  

Sivers	
  

The	
  high	
  sta?s?cs	
  allows	
  for	
  x-­‐P	
  	
  bins	
  T	
  	
  

M.	
  Contalbrigo	
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SOLID AUT with transverse proton target  

5T	
  magnet	
  

E12-­‐11-­‐108	
  

K.	
  Allada	
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JLab TMD 3He Program @ 12 GeV 

Leading twist TMD parton distributions: 
information on correlations between 
quark orbital motion and spin  
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SOLID  AUL on 3He  

1	
  of	
  48	
  Q2-­‐z	
  bins	
  

E12-­‐11-­‐007	
  

e3He-­‐>eπ-­‐X	
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SOLID AUT on 3He Target  

1/48 bins 
in Q2,z 



    Transversity 2011 – Veli-Losinj, Croatia, 8/28-9/2   Page 33 

SBS/BB AUT on 3He Target 
3He(e,e’π+,-­‐,o),	
  3He(e,eK+,-­‐)	
  	
  

Si
ve
rs
	
  a
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m
m
et
ry
	
  

n(e,e’π+) 

B.	
  Wojtsekhowski	
  
C12-­‐09-­‐018	
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JLab TMD D2 Program @ 12 GeV 

Leading twist TMD parton distributions: 
information on correlations between 
quark orbital motion and spin  
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The JLab TMD program will chart the 4D phase space in Q2, x, z, PT   

CLAS12 Hall C 

D2 
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CLAS12 Kaon AUU on unpolarized D2 

CLAS12 acceptance P.	
  Rossi	
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CLAS12 PDFs in π/K SIDIS 

Extraction of the individual 
contributions of quarks and 
anti-quarks to the nucleon 
spin. Use polarized & 
unpolarized proton and 
deuteron targets.  

K.	
  Hafidi	
  

E12-­‐09-­‐002	
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Conclusions 

•  Several	
  detectors	
  under	
  construc?on	
  or	
  proposed	
  –	
  CLAS12,	
  SBS,	
  SOLID	
  to	
  
carry	
  out	
  3D	
  nucleon	
  imaging	
  program	
  

•  Jlab12	
  has	
  a	
  well	
  defined	
  and	
  broad	
  experimental	
  program	
  to	
  measure	
  DVCS	
  in	
  
the	
  full	
  phase	
  space	
  available	
  at	
  12	
  GeV:	
  Q2	
  <	
  9GeV2,	
  0.5<xB<	
  0.7,	
  	
  -­‐t	
  <	
  2.5GeV2.	
  	
  

•  CLAS12	
  is	
  the	
  major	
  detector	
  system	
  to	
  measure	
  DVCS	
  cross	
  sec?on	
  and	
  target	
  
polariza?on	
  observables	
  

•  High	
  sta?s?cs	
  data	
  are	
  expected	
  from	
  Hall	
  A	
  for	
  DVCS	
  cross	
  sec?ons	
  in	
  reduced	
  
kinema?cs	
  

•  JLab12	
  has	
  a	
  broad	
  program	
  defined	
  to	
  measure	
  TMDs	
  in	
  4D	
  phase	
  space	
  Q2,	
  
xB,	
  z,	
  PT	
  	
  

•  Use	
  of	
  full	
  acceptance	
  detectors	
  with	
  excellent	
  Kaon	
  iden?fica?on	
  essen?al	
  for	
  
complete	
  program	
  

•  Use	
  of	
  polarized	
  proton	
  (NH3)	
  	
  and	
  neutron	
  (ND3,	
  3He)	
  	
  targets	
  with	
  longitudinal	
  
and	
  transverse	
  polariza?on	
  are	
  available	
  for	
  complete	
  program	
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Promise of GPDs & TMDs: Imaging of the Proton 

Cat scan of the �
   human brain �

∫ d2Δ 
(2π)2 eiΔ  b  Eq(x,Δ   )  T    ε(x,b  ) = T T 

T 
T 

  dX(x,b  )   T       uX(x,b ) T    

Target polarization �

Flavor dipole�

Shift 
depends 
on ε(x,b  ) �T    

TMDs extend 
the image to 
include the 
quarks orbital 
motion. 
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12 GeV Upgrade Schedule 

Two short parasitic installation  
     periods in FY10 

6-month installation 
     May – Oct 2011 

12-month installation 
     May 2012 – May 2013 

Hall A commissioning start 
     October 2013 

Hall D commissioning start 
     April 2014 

Halls B/C commissioning start 
     October 2014 

Project Completion 
     June 2015 


