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Abstract	
  
•  Spin	
  and	
  transverse	
  momentum	
  dependent	
  Generalized	
  Parton	
  QCD-­‐

DistribuKons	
  (GPDs)	
  exist	
  at	
  the	
  interface	
  between	
  the	
  non-­‐perturbaKve	
  
regime	
  of	
  QCD	
  hadron	
  structure	
  and	
  observable	
  quanKKes.	
  The	
  QCD-­‐
DistribuKons	
  appear	
  as	
  linear	
  superposiKons	
  and	
  convoluKons	
  within	
  
helicity	
  amplitudes	
  for	
  parton-­‐nucleon	
  scaSering	
  processes,	
  which,	
  in	
  
turn,	
  occur	
  in	
  amplitudes	
  for	
  leptoproducKon	
  processes.	
  We	
  have	
  
developed	
  a	
  "flexible	
  model"	
  of	
  quark	
  and	
  gluon	
  GPDs	
  that	
  incorporates	
  
diquark	
  and	
  other	
  spectators,	
  Regge	
  behavior	
  and	
  evoluKon.	
  Chiral	
  even	
  
GPDs	
  determine	
  deeply	
  virtual	
  Compton	
  scaSering	
  amplitudes	
  and	
  are	
  
compared	
  with	
  cross	
  secKon	
  and	
  polarizaKon	
  data.	
  The	
  chiral	
  odd	
  GPDs	
  
can	
  be	
  generated	
  from	
  these	
  via	
  parity	
  relaKons.	
  Those	
  chiral	
  odd	
  GPDs,	
  
including	
  "transversity",	
  lead	
  to	
  predicKons	
  for	
  pseudoscalar	
  
leptoproducKon.	
  We	
  will	
  present	
  relaKons	
  between	
  crucial	
  quark-­‐nucleon	
  
or	
  gluon-­‐nucleon	
  GPDs	
  and	
  the	
  rich	
  array	
  of	
  angular	
  QCD-­‐DistribuKons	
  in	
  
Deeply	
  Virtual	
  ScaSering	
  processes.	
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Collaborators: S. Liuti, O. Gonzalez Hernandez, A. Rajan, J. Poage  
	
  



OUTLINE	
  

•  GPDs,	
  Models	
  to	
  guide–	
  Reggeized	
  spectator	
  
“flexible”	
  

•  Valence	
  quarks:	
  Chiral	
  Even	
  
•  	
  Valence	
  quarks:	
  Chiral	
  Odd	
  
•  Gluons	
  &	
  sea	
  quarks	
  -­‐	
  Reggeized	
  spectator	
  
“flexible”	
  

•  Helicity	
  amplitudes	
  	
  
•  Observable	
  quan**es	
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Compare Gluon form factor via QCD sum rules 
Braun, Gornicki, Mankiewicz, Schaefer, Phys.Lett.B302, 291 (1993) 

Preview: Gluons 
Spectator t-dependence w/o Regge small x behavior:  
hybrid Regge-Spectator model combines  
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courtesy	
  F.	
  SabaKe	
  &	
  M.	
  DeFurne	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Hall	
  A	
  @	
  CIPANP	
  

Dashed	
  curve:	
  GGL	
  .	
  .	
  	
  Solid	
  curve:	
  G&K	
  
CLAS:	
  Bedlinskiy,	
  et	
  al.,	
  PRL	
  109,	
  112001	
  (2012)	
  	
  
	
  

G.	
  R.	
  Goldstein,	
  J.	
  O.	
  Gonzalez	
  Hernandez,	
  and	
  S.	
  LiuK,	
  	
  
Phys.	
  Rev.	
  D	
  84,	
  034007	
  (2011).	
  
S.	
  V.	
  Goloskokov	
  and	
  P.	
  Kroll,	
  Eur.	
  Phys.	
  J.	
  A	
  47,	
  112	
  (2011).	
  

Preview:Why	
  consider	
  chiral-­‐odd	
  GPDs?	
  Why	
  go	
  beyond	
  leading	
  twist?	
  
𝜋0	
  	
  electroproducKon	
  data	
  dictate	
  	
  necessity	
  of	
  transverse	
  photons	
  

CLAS;	
  Hall	
  A	
  separated	
  cross	
  secKons	
  ;	
  Asymmetries	
  disKnguish	
  models	
  



This paper Q2 = 1 GeV Q2 = 4 GeV
Bacchetta et al. Q2= 1 GeV2, exp. x range full x range
Anselmino et al. (2012) Q2=2 GeV2

He and Ji (Bag model, 1997)
Gamberg and Goldstein (GVMD, 2003) Q2=1 GeV2

Wakamatsu (CSQM, 2008) Q2=1 GeV2

Lattice (2005) Q2= 4 GeV2

Lattice (2012) Q2= 4 GeV2
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We	
  look	
  at	
  Chiral	
  odd	
  GPDs	
  -­‐	
  why?	
  à	
  HT(x,ξ,t)→	
  
	
  	
  	
  	
  h1(x)	
  Transversity	
  à	
  tensor	
  charges	
  𝛿q	
  	
  
to	
  get	
  complete	
  picture	
  of	
  spin	
  decomposiKon	
  

GG,	
  Gonzalez,	
  Liu*,	
  	
  
PRD91,	
  114013	
  (2015)	
  )	
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Gluon distributions 

•  What	
  to	
  expect	
  for	
  Hg	
  ,	
  Eg(x,ξ,t)	
  ,	
  .	
  .	
  .	
  	
  ?	
  
•  Begin	
  with	
  normalizaKon	
  
•  Hg(x,0,0)	
  à	
  xG(x)|Q2	
  	
  unpolarized	
  
•  Parametrize	
  via	
  “spectator”	
  model	
  by	
  pdf’s	
  
•  Follow	
  procedure	
  for	
  valence	
  quark	
  chiral	
  
even	
  GPDs	
  &	
  then	
  chiral	
  odd	
  	
  	
  

•  Review	
  procedure:	
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Recursive	
  Fit	
  

“model”	
  

S=0,1	
  

readjust	
  

O.	
  Gonzalez	
  Hernandez	
  et	
  al.,	
  Phys.	
  Rev.	
  C88;	
  arXiv:1206.1876	
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Momentum space nucleon matrix elements of quark field correlators  
see, e.g. M. Diehl, Eur. Phys. J. C 19, 485 (2001). 

Chiral even GPDs 
-> Ji sum rule 
talks by Mueller, Kumericki, 
Guidal. 
Liuti, et al. à “flexible  
parameterization”  

Chiral odd GPDs  
-> transversity 
How to measure  
and/or  
parameterize them?  

Jq
x
= 1

2 dx H (x, 0, 0)+ E(x, 0, 0)[ ]x∫
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Hq (x,ξ,t)dx = F1
q (t),    Hq (x,0,0) = q(x)

0

1

∫

Eq (x,ξ,t)dx = F2
q (t)

0

1

∫

 
Eq (x,ξ,t)dx = gP

q (t)
0

1

∫

Normalizing quark GPDs – Chiral even 

Form factor,                Forward limit 

 
Hq (x,ξ,t)dx = gA

q (t)
0

1

∫ ,    Hq (x,0,0) = Δq(x) = q⇒
→(x)− q⇒

←(x)

Integrates to charge 

Integrates to axial charge 

àAnomalous magnetic moments 
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The	
  Model	
  –	
  Reggeized	
  Diquarks	
  

The	
  Model	
  –	
  first	
  for	
  Chiral	
  Even	
  –	
  	
  
	
  	
  	
  	
  	
  Reggeized	
  Diquark	
  Spectator	
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A	
  

g	
  
q,Λγ	



k’= k –Δ. λ’	


 	



q'=q+Δ, Λγ’	


	



k, λ	



P’= P-Δ,  Λ’	


 	



P, Λ	



Factorization in exclusive processes (DVCS, DVMP…)   

γ *p→ γ (M ) ′p

k, λ	

 k’= k –Δ. λ’	


	



Convolution of “hard part” with quark-proton Helicity amplitudes  

t	
  

λ=	
  +(-­‐)	
  λ’ chiral even (odd)	

 see Ahmad, GG, Liuti, PRD79, 054014, (2009)  
for first chiral odd GPD parameterization 

Gonzalez, GG, Liuti PRD84, 034007 (2011) chiral even GPD
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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,ξ, t;Qo
2 ) = Nq x

− αq+α 'q (1−x )
p t⎡⎣ ⎤⎦Ga1a2a3...a1 (x,ξ, t)

a1 = mq, a2 = MX
q , a3 = MΛ

q ,...

From DIS 

to DVCS, DVMP  

q(x,Qo
2 ) = Aq x

−αq (1− x)βqF(x,cq,dq,...)

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

Recursive fit 

Functional form: 

pdf’s	
  
Form	
  Factors	
  
d𝝈	
  /	
  dΩ	
  
Asymmetries	
  

GRG,	
  Gonzalez	
  Hernandez,	
  LiuK,	
  	
  PRD84	
  (2011)	
  

Sea	
  quarks	
  and	
  gluon	
  parametriza*on,	
  work	
  in	
  progress	
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EM Form Factors (t dependence) 

14	
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O.Gonzalez,	
  GRG,	
  S.LiuK,	
  K.Kathuria	
  PRC88,	
  065206(2013)	
  
	
  	
  	
  	
  	
  	
  data:	
  G.D.	
  Cates,	
  et	
  al.	
  PRL106,252003	
  (2011).	
  

Transversity2014  GR.Goldstein  



𝛌, k+=XP+ 

PX
+=(1-X)P+ P+ 

Λ	



𝛌’ , k’+=(X-ζ)P+ 

P’+=(1- ζ)P+ Λ’ 

S=0 or 1 

Product of diquark l.c.w.f.’s →AΛλ;Λ´λ´=λ 

AΛλ;Λ´λ	
  →	
  chiral	
  even	
  GPDs	
  +	
  EvoluKon	
  

 g ⊗ A → exclusive process helicity amps 

pdf’s, FF’s, d𝝈/dΩ & Asymmetries: parameters & predictions 

vertex	
  parity→AΛλ;-­‐Λ´-­‐λ´	
  →	
  chiral	
  odd	
  GPDs→pdf’s,	
  …	
  
 QCD-­‐Evol'n	
  2016	
  	
  G.R.	
  Goldstein	
  

Procedure	
  to	
  construct	
  Chiral	
  Odd	
  GPDs	
  &	
  observables	
  
Spectator	
  diquark	
  model	
  &	
  ReggeizaKon	
  



Reggeizing	
  diquark	
  model	
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Diquark+quark	
  &	
  fixed	
  masses	
  (e.g.	
  at	
  ξ=0)	
  

Diquark	
  mass	
  “spectrum”	
  
as	
  in	
  Brodsky,	
  Close	
  &	
  Gunion	
  
Phys.	
  Rev.	
  D8,	
  3678	
  (1973)	
  	
  

R✖Dq 	
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Chiral	
  even	
  GPDs	
  

t	
   From	
  GPDs	
  	
  
with	
  evoluKon	
  
to	
  Compton	
  	
  
Form	
  Factors	
  
	
  
CFFs	
  to	
  helicity	
  
amps	
  
	
  
helicity	
  amps	
  to	
  
observables	
  
	
  
<-­‐>	
  parameters	
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Momentum space nucleon matrix elements of quark field correlators  
see, e.g. M. Diehl, Eur. Phys. J. C 19, 485 (2001). 

Chiral even GPDs 
-> Ji sum rule 
talks by Mueller, et al. 
Liuti, et al. à “flexible  
parameterization”  

Chiral odd GPDs  
-> transversity 
Measure and/or  
parameterize them?  

Jq
x
= 1

2 dx H (x, 0, 0)+ E(x, 0, 0)[ ]x∫

G.	
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  Goldstein	
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DVCS:	
  paradigma*c	
  GPDs	
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DV CS
p p′

q

q′ = q +∆k

k′ = k + q

BH
p p′

∆

k

k′

q′ k

k′

∆

p
BH

q′

p′

++	
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Some	
  results	
  –	
  GG,	
  Gonzalez	
  Hernandez,	
  LiuK,	
  PRD84,	
  034007	
  (2011)	
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Some	
  more	
  results	
  –	
  GG,	
  Gonzalez	
  Hernandez,	
  LiuK,	
  PRD84,	
  034007	
  (2011)	
  



𝛌, k+=XP+ 

PX
+=(1-X)P+ P+ 

Λ	



𝛌’ , k’+=(X-ζ)P+ 

P’+=(1- ζ)P+ Λ’ 

S=1/2 or 3/2 

Product of baryon l.c.w.f.’s →AΛλ;Λ´λ´=λ 

AΛλ;Λ´λ	
  →	
  gluon	
  GPDs	
  

 g ⊗ A → exclusive process helicity amps 

pdf’s, FF’s, d𝝈/dΩ & Asymmetries: parameters & predictions 

vertex	
  parity→AΛλ;-­‐Λ´-­‐λ´	
  →	
  chiral	
  odd	
  GPDs→pdf’s,	
  …	
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Procedure	
  to	
  construct	
  Gluon	
  GPDs	
  &	
  observables	
  
Spectator	
  color	
  octet	
  “nucleon”	
  model	
  &	
  ReggeizaKon	
  



The	
  Model	
  Extension–	
  Sea	
  Quarks	
  &	
  Gluons	
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•  Gluon & Sea quark distributions  
         – generalize Regge-spectator model 

•  Nà g + “color octet N” spectator 
•  Nà anti-u + color 3 “tetraquark”uuud 

•  How to normalize? 
•  Let Hg(x,ξ,t)Q2 àHg(x,0,0)Q2 =xG(x) Q2 

•  Sea quark distributions Hanti-u(x,0,0) . . . 
   
•  Use pdf’s to fix x dependence 

•  Small x ~ Pomeron 
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Gluon-­‐spectator	
  light-­‐front	
  variable	
  verKces	
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Gluon-­‐spectator	
  light-­‐front	
  variable	
  GPDs	
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Fitting gluon pdf’s 
 
c.f. Alekhin, .. etc. 
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pdf’s fix x dependence 
 

Gluon          anti-u 
 	
  

Single	
  Q2	
  value	
  shown	
  -­‐-­‐-­‐	
  fit	
  known	
  pdf’s	
  all	
  Q2	
  

	
   	
   	
   	
  from J. Poage  	
  



Gluon	
  &	
  sea	
  distribu*ons	
  	
  	
  J.	
  Poage	
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Q2=3	
  GeV2	
  

Q2=3	
  GeV2	
  

Q2=10	
  GeV2	
  

Q2=10	
  GeV2	
  

Gluon	
  

Sea	
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•  Gluon & Sea quark distributions  
         – generalize spectator model 
•  Nà g + “color octet N” spectator 
•  Nà anti-u + “tetraquark”uuud color3 

•  How to normalize? 
•  Let Hg(x,ξ,t)Q2 àHg(x,0,0)Q2 =xG(x) Q2 

   
•  Use pdf’s to fix x dependence 

•  How to fix t-dependence? For valence quarks 
  used EM form factors: 

 ∫dx Hq(x,0,t) = F1
q (t), etc. . . .  
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Compare Gluon form factor via QCD sum rules 
Braun, Gornicki, Mankiewicz, Schaefer, Phys.Lett.B302, 291 (1993) 

Spectator t-dependence w/o Regge small x behavior:  
hybrid Regge-Spectator model combines  
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Compare Gluon form factor via QCD sum rules 
Braun, Gornicki, Mankiewicz, Schaefer, Phys.Lett.B302, 291 (1993) 

Spectator t-dependence w/o Regge small x behavior:  
hybrid Regge-Spectator model combines  
(connecting the dots) 
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Preliminary: x and t dependence of Hg(x, 0, t) for input scale 
	
   	
   	
   	
   	
   	
   	
   	
  J.	
  Poage	
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H
T
(x,0,0) = q⇑

↑(x) − q⇑
↓(x) = h

1
(x)

Forward limit 

E
T
(x,ξ,t)dx∫ = 0

  
H

q

T
(x,ξ,t)dx∫ = δq(t)

   
E

q

T
(x,ξ,t)dx∫ = 2 Hq

T
+ E

q

T( )dx∫ = κ q

T
(t)

No direct interpretation of ET . 

Form Factors Integrates to tensor charge 𝛿q 

“transverse moment” 𝞳T
q	
  T
q	
  

Transversity 
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Chiral odd quark GPDs 
One question is: how do we normalize chiral-odd GPDs?  

 
The only Physical constraints on the various chiral-odd GPDs are 



6	
  helicity	
  amps	
  for	
  π0	
  
a~er	
  Compton	
  Form	
  Factors	
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SelecKng	
  transversity	
  

Compare	
  also	
  f	
  longodd	
  &	
  with	
  chiral	
  even	
  flongeven	
  

+	
  +	
  

-­‐	
  -­‐	
  

-­‐	
  

t0 − t
2M(	
  	
  	
  	
  	
  )2	
  

 2 HT + ET ≡ ET
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Chiral	
  odd	
  GPDs	
  à	
  	
  
	
  	
  	
  	
  	
  Transversity	
  à	
  pdf’s:	
  h1q(x,Q2)	
  

GG,	
  Gonzalez,	
  Liu*,	
  	
  
arXiv:1311.0483	
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  of	
  tensor	
  charge–	
  	
  
	
   	
   	
  	
  GRG,	
  O.	
  Gonzalez-­‐Hernandez,	
  S.LiuK,	
  arXiv:1401.0438	
  	
  

	
  



QCD-­‐Evol'n	
  2016	
  	
  G.R.	
  Goldstein	
  

-0.1
0

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8

Q2= 2 GeV2 
This paper
BCR
Torino

x 
h 1u

x

x 
h 1d

-0.15
-0.125

-0.1
-0.075
-0.05

-0.025
0

0.025

10 -1 1

ExtracKon	
  of	
  tensor	
  charge-­‐-­‐	
  	
  GRG,	
  O.	
  Gonzalez-­‐Hernandez,	
  S.LiuK,	
  arXiv:1401.0438	
  	
  
	
  

Anselmino,	
  Boglione,	
  et	
  al.,	
  
Phys.Rev.	
  D87	
  (2013)	
  094019	
  
δu	
  =	
  0.31-­‐0.12+0.16	
  	
  δd=-­‐0.27-­‐0.10+0.10	
  
	
  
From	
  our	
  Reggeized	
  form	
  
δu	
  ≈	
  	
  1.2	
  	
  	
  	
  	
  	
  	
  	
  	
  δd	
  	
  	
  ≈-­‐0.08	
  
Closer	
  to	
  QCD	
  sum	
  rule	
  values	
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  109,	
  112001	
  (2012)	
  

QCD-­‐Evol'n	
  2016	
  	
  G.R.	
  Goldstein	
  

How well do the parameters fixed with DVCS data reproduce πo 

electroproduction data? 



Beam spin asymmetry 
shows importance of H chiral even (CLAS data –DeMasi, et al. ) ~	
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Hall	
  A	
  data	
  	
  xB=0.36	
  
courtesy	
  F.	
  SabaKe	
  &	
  M.	
  Defurne	
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RaKo	
  of	
  unpolarized	
  η	
  /	
  π0	
  	
  for	
  flavor	
  decomposiKon	
  
(CLAS	
  data	
  in	
  progress,	
  Andrey	
  Kim,	
  Harut	
  Avakian)	
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Summary	
  
•  Flexible	
  parameterizaKon	
  for	
  chiral	
  even	
  valence	
  quarks	
  from	
  

form	
  factors,	
  pdfs	
  &	
  DVCS	
  	
  	
  R✖Dq 	
  
•  Extended	
  R✖Dq to chiral odd sector!
•  DVMP – π0 many dσ ‘s & Asymmetries!
   measure Transversity !
•  Compared to new Hall A data – showed agreement 

within error bands.!
•  New Extension to gluons & the sea!
•  More phenomenology!
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Spectral	
  distribuKon	
  
of	
  form	
  ρ(MX

2,k2)≈	
  ρ(MX
2)	
  β(k2)	
  

	
  
ρ(MX

2)	
  =(MX
2/M0

2)	
  β/(1+MX
2/M0

2)β-­‐α+1	
  
	
  
β(k2)	
  chosen	
  to	
  give	
  large	
  
	
  kT2	
  falloff	
  behavior	
  

ρ(MX
2)	
  	
  

QCD-­‐Evol'n	
  2016	
  	
  G.R.	
  Goldstein	
  



47	
  

Eu	
  &	
  Ed	
  ,	
  etc.	
  
Gonzalez	
  Hernandez,	
  GG,	
  LiuK	
  
&	
  GG,	
  LiuK	
  -­‐	
  QCD-­‐Evol'np.Rel’n	
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Compton	
  Form	
  Factors	
  	
  
à	
  Real	
  &	
  Imaginary	
  Parts	
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Gonzalez	
  Hernandez,	
  LiuK,	
  GRG,	
  Kathuria	
  

Improved	
  precision	
  based	
  on	
  EM	
  Form	
  Factor	
  measurements	
  
G.	
  D.	
  Cates,	
  et	
  al,,	
  Phys.	
  Rev.	
  LeS.	
  106,	
  252003	
  (2011).	
  	
  	
  

Valence quark angular momenta – from “flexible” chiral even model  
applied to EM form factors, pdf’s & some cross section & asymmetry data 



Observables	
  expressed	
  in	
  bilinears	
  of	
  helicity	
  amps	
  –	
  	
  
6	
  amps	
  for	
  π0	
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Compton Form Factors 
 
 
Couplings g 𝜋V &/or A(Q2) 

Also Chiral Even CFFs 
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Asymmetries	
  &	
  helicity	
  amps	
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