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Motivation I 

This paper Q2 = 1 GeV2 Q2 = 4 GeV2

Bacchetta et al. (2012), exp. x range full x range
Anselmino et al. (2012)
Gamberg and Goldstein (GVMD, 2003)
Wakamatsu (CSQM, 2008)
He and Ji (Bag model, 1997)
Lorce et al.

Lattice (2012) Q2= 4 GeV2
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OAM: The “naive” picture 

kT 
b 

Lz = b×kT 

Lq,z
can = d 2bd! 2kT
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kT( )

z
WLC (x,

!
b,
!
kT )

Leading twist 
Wigner distribution 
with gauge link in 
LC direction 

Motivation II 
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! ij!
j "
!
SL #
!
!

In arXiv:1310.5157 (PLB 2/2014) we asked what is the spin configuration  
corresponding to quark OAM in QCD?  

Analysis done using twist 3 GTMDs 

G2 G2 
~ 

G2 This is no longer Parity odd but it has a 
transverse component, OAM is associated 
with a transverse spin component in the 
proton 
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DVCS on a longitudinally polarized target 

sin 2φ term is tw 3! 

WW, small ξ    

Jlab data analysis in progress! 
Avakian, Pisano 



 
1)  State of the art of global fit for GPDs  

2)  Angular Momentum and OAM 

3)  Chiral odd sector 

4)  Self Organizing Maps as a future tool for GPDs/TMDs 
analyses 

 
 
 

Outline 
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Collaborations 

GPDs Fit 
Aurore Courtoy, Gary Goldstein, Osvaldo Gonzalez Hernandez, S.L., 
Silvia Pisano, Jon Poage, Abha Rajan 
 
Angular Momentum/OAM 
Aurore Courtoy, Gary Goldstein, Osvaldo Gonzalez Hernandez, S.L., Abha 
Rajan 
 
Extension to Chiral Odd Sector 
Gary Goldstein, Osvaldo Gonzalez Hernandez, S.L. 
 
Self Organizing Maps Fit  
Evan Askanazi, Katherine Holcomb, S.L. 
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e e’ 

p 

X } 

Observable 

PDFs F2 (x,Q
2 ) = x eq

2 q(x,Q2 )
q!
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Global Analyses Basic Points 

  Select experimental data sets 

  Factorization theorems: choose a parametric form for PDFs at an 
initial Qo

2 

 

  q(x,Qo
2) is the input for QCD evolution equations (choose the 

factorization scheme), solve and obtain q(x,Qexp
2) 

  Construct observable   

  Calculate χ2  

  Select an algorithm to minimize χ2 (this fixes the initial parameters)  
 
   

q(x,Qo
2 ) = Aq x

!q (1! x)"qF(x,cq,dq,...)

F2 (x,Qexp
2 ) = x eq

2 q(x,Qexp
2 )

q!
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q, Λγ	



k’= k –Δ. λ’	


 	



q'=q+Δ, Λγ’	


	



k, λ	



P’= P-Δ,  Λ’	


 	



P, Λ	



Factorization in exclusive processes (DVCS, DVMP…)   

! *p! ! (M ) "p

Simonetta Liuti 

k, λ	

 k’= k –Δ. λ’	


	



Convolution of “hard part” with quark-proton amplitudes  

t 



2/26/14 13 

Observables 

A! '±,!! " HT ,ET , "HT , "ETA! '±,!± " H,E, !H, !E

Chiral Odd Chiral Even 

H(!, t;Q2 ) = dx 1
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1
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"

#
$
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) P.V. dx(
H (x,!, t;Q2 )

x !!
+ i!H (!,!, t;Q2 )

*
+,
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./
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Compton Form Factors 
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Re H	





2/26/14 14 

0

2

4

0
2
4

5
10
15

2
4
6
8

-20

-10

0

-20

-10

0

-2

0

2

0 0.5 1 1.5

Im HT
Q2= 1.1 GeV2 
xBj=0.13 

Re HT

Im 2 H
~

T+ET

Re 2 H
~

T+ET

Im H
~

T Re H
~

T

Im E
~

T

-t (GeV2)

Re E
~

T

-t (GeV2)

0

2

4

0 0.5 1 1.5



2/26/14 15 

0

2

4

0

2

4

0
2
4

-7.5
-5

-2.5
0

0

2

4

-1.5
-1

-0.5
0

0
2
4
6
8

0.2 0.4 0.6 0.8

Hu Hd

Eu

Ed

H
~

u H
~

d

=0.13, Q2=1.1 GeV2

-t = 0.1 - 1.1 GeV2

 E
~

u

X

 E
~

d

X

-6
-4
-2
0

0.2 0.4 0.6 0.8

Chiral even GPDs (u and d valence only) 

t 



Example: e p e’πop’ 
 
GPDs  
in helicity 
amplitudes 
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How do we perform a global fit  
 

-- given the enhanced complexity –  
 

how do we choose the “initial parametrization”? 
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Advantage: control over the number of parameters to be fitted at 
different stages so that it can be optimized  

Hq (x,!, t;Qo
2 ) = Nq x

! "q+" 'q (1!x )
p t"# $%Ga1a2a3...a1 (x,!, t)

a1 = mq, a2 = MX
q , a3 = M&

q ,...

From DIS 

to DVCS, DVMP  

q(x,Qo
2 ) = Aq x

!!q (1! x)"qF(x,cq,dq,...)

“Flexible” parameterization based on the reggeized quark-diquark model.  

Our method: Recursive fit 

Functional form: 
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! a1,a2,a3,...
!" (k,P) AS=0,S=1

!±!±

data F2
p,d, G1,...

f1
S=0,S=1, g1

S=0,S=1

Q
2  e

vo
lu

tio
n 

f1
u,d, g1

u,d

PDFs from same helicity amps. 
based analysis with reggeized 
diquark model 

First step: DIS cross section  

d 2!
dxdQ2 =

4!"
2xQ4 1+ (1! y)2( )F2 (x,Q2 )! y2FL (x,Q

2 )"# $%

LC functions Helicity amps. Structure fcns. 

SU(4)  flavor 
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Now GPDs… 
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! a1,a2,a3,...
!" (k,P) AS=0,S=1

!±!±

DVCSdata
AUL (!, t),ALU (!, t),ALL (!, t),...

f1
S=0,S=1, g1

S=0,S=1 f1
u,d, g1

u,d

fix remaining N-(n1+ n2) parameters 

Total	
  number	
  of	
  parameters	
  =	
  N	
  

DISdata
F2

p,d, G1,...

t=ξ=0   
fix n1< N parameters 

form factor data
F1(t), F2 (t),GA,GP

  Switch on t: Hq(x,0,t; Q2)     

  Switch on ξ: Hq(x, ξ,t; Q2)    

fix n2 parameters n1+ n2< N Q
2  e

vo
l 

Q
2  e

vo
l 

   Hq(x,0,0; Q2) = f1
q(x,Q2), … 
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Summary so far 

Reggeized diquark model 

S=0,1 



We asked the question: “What is the minimal number of parameters  
necessary to fit X, ξ and t ?” It can be addressed with Recursive Fit 
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New set of parameters using flavor separated data of Cates et al. (2012) 
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Chiral Odd Sector 
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CFFs

φΛλ(k, P )

ChiralEven

ChiralOdd

F1(2),GA(V)

DIS
Fix n parameters → DVCS, DVMPFix remaining parameters →

Parity relations

Q2evolution

A
(0,1)
Λ±,Λ′,±

A
(0,1)
Λ±,Λ′,∓

H(0,1), E(0,1)
ζ = 0

Hu,d, Eu,d
SU(4)

H̃
(0,1)
T , Ẽ
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S=0,1 
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In the diquark model the chiral odd  
helicity amps are related to the chiral even 
ones through Parity 



S=1 
Even 

Odd 

Odd 

Even 
S=0 

2/26/14 
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In terms of GPDs 

Even Odd 
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Final step: use SU(4) 
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State of the art 
After these preliminary studies we are now attacking a global fit  
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Finally…. 



We can attack the problem from a different perspective:  
                                      

$ $ $ $%

$ $ $       
 
Study the behavior of multi-particle systems as they evolve from a 
large and varied number of initial conditions 
 
This goal is at reach with HPC 



NNPDF including LHC data, JHEP(2012) 
NNPDF before LHC data 



Unsupervised Learning  

Supervised Learning  

No a priori examples are given.  
The goal is to minimize the cost function 
by similarity relations, or by finding how 
the data cluster or self-organize  
 global optimization problem   
 

A set of examples is given.  
The goal is to force the data 
To match the examples as closely as 
possible. 
The cost function includes information 
about the domain  

Important for PDF  
analysis! 
If data are missing  
it is not possible  
to determine the  
output!  

Most NNs (including NNPDFs) learn with supervised learning  
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Minimizing χ2 

 0

 1

 2

 3

 4

 5

 6

 7

 8

 9

 10

 0  20  40  60  80  100  120  140  160  180  200

!2

Iteration #

6x6
1x1 36



2/27/14 46 

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 0.0001  0.001  0.01  0.1  1

PD
Fs

Uv + Dv Q
2 = 2.5 GeV2 SOM and Collaboration PDFs

x

NNPDF
CT10
AMB

MSTW
6x6

1x1 36

 0

 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 1.6

 0.0001  0.001  0.01  0.1  1

PD
Fs

x

Uv + Dv Q
2 = 150 GeV2 SOM and Collaboration PDFs

NNPDF
CT10
AMB

MSTW
6x6

1x1 36
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Conclusions 

We got a usable GPDs parameterization that satisfies all 
theoretical requirements (polynomiality, positivity, forward limit, 
…), and that is ‘’flexible”: it is physically motivated (based on 
reggeized diquark model), but, most importantly, it allows us to 
monitor the various parameters.  

There are several papers on arXiv… 
 
sl4y@virginia.edu 
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•  GPDs from flavor separated form factors arXiv:1206.1876 
•    %
•  Chiral odd approach arXiv:1311.0483 
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