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Diquark correlations 
in GPDs: exploring 
momentum and spatial
configurations

Extracting GPDs from 
data is becoming a 
reality:  the Center for 
Nuclear Femtography
effort



Diquark
structures 
in GPDs

3

d5�

dxBjdQ2d|t|d�d�S
=

↵3

16⇡2(s�M2)2
p

1 + �2

⇥
|TBH|2 + |TDVCS|2 + I

⇤

DV CS
p p′

q

q′ = q +∆k

k′ = k + q

BH
p p′

∆

k

k′

q′ k

k′

∆

p
BH

q′

p′

+

§ The Bethe-Heitler cross section is 
exactly calculable using the 
electromagnetic form factors at low four-
momentum transfer squared, t

§ The pure Q2 dependent DVCS and the 
BH-DVCS Interference term need to be 
separated from one another
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Diquark structures in GPDs



Diquark structures in GPDs

k+=Xp+

p+

k’+=(X-ζ)p+

p’T= pT - 𝚫 T

Ø Intermediate X region
The dominant soft factor is dominated by proton splitting into a valence 
quark and a diquark spectator 

Ø Low X
1. Gluons and sea quarks become important 
2. For gluons the spectator is a color octet baryon
3. For sea quarks the spectator is a tetraquark/excited diquark pair

kTk

p

(kX)T= -kTkX+=(1-X)p+
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p’+=(1- ζ)p+p’=p- 𝚫

kX



9/24/19

6Spin-isospin structure in SU(4)

quark

diquark

S → 𝑠𝑝𝑖𝑛 0, 𝑖𝑠𝑜𝑠𝑝𝑖𝑛 0
T → 𝑠𝑝𝑖𝑛 1, 𝑖𝑠𝑜𝑠𝑝𝑖𝑛 1
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Matrix element for unpolarized case 
(assuming recoiling particles are in S-wave)

Knowing the diquark spin allows to separate out the u and d quark 
contributions
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Scalar diquark Axial Vector diquark

The diquark has structure



Parameters 9

P, Λ

k, λ

kX, ΛX=0,1 

diquark mass

monopole mass

quark mass

normalization

d quark

u quark



These 
parameters were 

fixed by taking 
the forward limit 

of GPDs
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𝐻, 𝑥, 0,0; 𝑄0 = 𝑞(𝑥, 𝑄0)
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Parameters 11

P, Λ

k, λ

kX, ΛX=0,1 

Regge slope
Regge interactions

Regge intercept
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without flavor separated form factors with flavor separated form factors 

G.Cates et al, Phys. Rev. Lett. 106, 252003 (2011) 

Parameters fixed by integrating GPDs to form factors
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Γ 𝑘 = 𝑔
𝑘0 − 𝑚0
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Diquark Form Factor
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ud uu 𝑟0 = 0.56 𝑓𝑚

𝑟0 = 0.77 𝑓𝑚DSE, Maris 

𝑟0 = 0.48 𝑓𝑚

Proton charge radius 𝑟0 = 0.87 𝑓𝑚



9/24/19 14
Probing Spatial Correlations

z- zo

z3

z+

Surface of z+=0

p± = po ± p3

2

(pz) = p+z− + p−z+ − pT ⋅ zT

Fourier transform

p+ is conjugate to z- and p- is conjugate to z+



The Proton Relativistic Wave Function: Poincaré Invariance
9/24/19 15

P+

xP+ Center of P+

Ø “The subgroup of the Poincaré group that leaves the surface z+=const
invariant, is isomorphic to the Galilean group in 2D”    

rT= b

Ø P+ plays the role of mass 

~RT =
1

P+

X

i

(xiP
+)~r i

T

Ø We can disentangle the transverse components from the time 
components in boosts è boosts in transverse plane are kinematical

p+=
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p’p

x,kT’

bin

GPD

ΔT = k 'T − kT ↔
F
b = bin + bout

2

bout

x,kT

zT

p’p

bout

bin

kT =
kT + k 'T
2

↔
F
zT = bin − bout

TMD x,kT

x,kT

Correlation Functions
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Probing diquark transverse spatial correlations

𝑏
𝑥

1 − 𝑥

𝑏

interquark distance

diquark distance from CoM

quark distance from CoM
𝑦 =

𝑏
1 − 𝑥 quark-diquark distance
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Once we know the 
quark position, we 
can establish the 
diquark position: 

a form of color 
entanglement?
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Dirac

Pauli
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(using constraints from Jlab flavor separated form factor data, G. Cates et al, 2011)

Transverse coordinate density distributions 

PauliDirac

d

d

u

u

GPD

What do we obtain (or wish to obtain) from experiment



Connection with Regge 
theory
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Reggeization

Brodsky, Close, Gunion è DIS (‘70s)

Diquark spectral functionρ

MX
2

≈ (MX
2)α

δ(MX
2-MX

2)

Gorshteyn & Szczepaniak (PRD, 2010)
Brodsky, Llanes, Szczepaniak arXiv:0812.0395 



Reggeization: varying mass of the outgoing diquark system

Simonetta Liuti
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Landshoff, Polkinghorn, Short ‘71
Brodsky, Close, Gunion ’71
Applied to GPDs: Ahmad et al. ’07, ‘09
Brodsky, Llanes Estrada ‘07 

MX
2 → kX

2

The mass dependence is regulated by a Spectral function
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X≈0Regge behavior

Convolution of GPD with mass spectral function
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u-channel diquark exchange≈Reggeon exchange

diquark



Simonetta Liuti
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Full x and t dependence of Regge exchanges
O. Gonzalez Hernandez et al.
arXiv 1206.1876
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Regge exchange/diquark correlationRegge exchange

P.D.B.Collins and Kearney
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Diquark correlations in GPDs

diquark correlation

Large tSmall t
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diquark correlation
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• The ratio                    vs. 𝑄0 is linear, at variance with the proton and 
neutron ones.

• The ratio             vs. 𝑄0 shows a ``two components" behavior:

Steeply decreasing  at 𝑄0 <1.5 GeV2

Flattens out at 𝑄0 >1.5 GeV2

(this behavior is more pronounced for the u quark, the d-quark has an                         
overall flatter behavior).

𝐹0
,/ 𝐹I

,

𝑄0𝐹0
,/ 𝐹I

,

We are able to reproduce this behavior with diquark correlations, although we 
have no ”cute” simple mechanism!
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AX
++,++ + A

X
+−,+− + A

X
−+,−+ + A

X
−−,−−( )+ AX

++,++ + A
X
+−,+− − A

X
−+,−+ − A

X
−−,−−( )

≈ H − iΔ2E

The net b corresponds to net 
kT in the opposite direction 
(attractive color force due to 
FSI) (M. Burkardt) 

kT

Note on Orbital Angular Momentum: for F2 it works analogously to GPD E….
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Analytic Formulation of Cross Section

Machine Learning

correlated work

Several groups 

working on pilot 

projects

Center for Nuclear Femtography will play an essential role for extracting 3D 
structure of the proton from data

Interdisciplinary 

effort with data 

science



Evaluate Observables
d5σDVCS ALU, ALL, AUT,…

Constraint 2
PDFs

u(x,Q2), u(x,Q2), …
Δu(x,Q2), Δd(x,Q2), G(x, 

Q2)

Data
DVCS,TCS,DVMP

Constraint 1
Nucleon Form Factors

F1, F2,GA, GV

Evaluate 
CFFs

2nd partial parameters 
fix

Evaluate 
Estimato

r

Solve pQCD Evolution

Fit Result

1st partial parameter 
fix

Generate Wigner/GPD forms @ Qo
2

Hi=u,d,..({a}), Ei=u,d,..({a}),…

Flowchart/roadmap from data/observables to GPDs 

ML TensorFlow (logo)
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Strategy: 
1. A fully connected neural 

network maps input 
kinematic data to a vector 
of eight form factors (see 
diagram).

Femtography Imaging with Neural Networks (FINN)

We translate the x-sec. code into TensorFlow

èAutomatically differentiable

èAt variance with other efforts we can train CFF 
extraction network with backpropagation and 
variants of stochastic gradient descent. 

1.
2. Use a code developed by      

our Data Analysis Team to 
evaluate the cross 
sections and in terms of 
the CFFs.
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NEW 
IDEAS/OBSERVATIONS

DIQUARK FORM 
FACTOR INSERTED IN 
PDF MODELS SERVES 

AS A REGULATOR 

PHYSICAL 
IDENTIFICATION OF A 

REGULATOR

TOMOGRAPHY OF THE 
DIQUARK FORM 

FACTOR  
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Back up
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H = A++,++ + A+−,+−

Δ
M
E = A

++ ,++

Ty + A
+ −,+−

Ty

GPDs in terms of quark-parton helicity amplitudes


