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Outline
• Brief Overview

• Selected topics: 
• Pseudoscalar meson production
• toward higher CoM energies: charmed mesons
• Scale dependence

• What I will not cover:
• Specifics of vector mesons
• Nuclear targets
•

a framework with benchmarks for ML and DNN analyses  of deeply virtual exclusive scattering cross 
sections
M.Almaeen, J.Grigsby, J.Hoskins, B.Kriesten, Y. Li, H. W. Lin and SL, arXiv:2207.10766
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• Quark and Gluon Imaging

• What generates the proton spin, mass and its 
internal forces (dynamics) 

• Mechanisms of flavor dependence in nucleons 
and nuclei and BSM explorations
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G. Cates et al. (2010)

M. Defurne
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GPD

Common thread 
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Proton spin: quark longitudinal angular momentum, 𝐽𝑧
𝑞

𝐽𝑧
𝑞
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Local Operator 
Ô
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X. Ji (1997)

𝑇33
𝑇23

𝑇13



What we know from measurements and lattice
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q=u-d

mπ = 320 MeV

Engelhardt et al., Phys. Rev. D102, (2020)

DVCS data



• Do we need to measure a GTMD to learn about OAM?
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Connecting the two pictures using QCD Equations of Motion  and Lorentz symmetry

*Twist 3 GPD notation from Meissner, Metz and Schlegel, JHEP(2009)
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Quark Spin Orbit: 𝐿 ∙ 𝑆

𝑆𝑧𝑆𝑧𝐽𝑧𝑆𝑧 𝐿𝑧𝑆𝑧
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A closer look to  𝐽𝑧𝑆𝑧

Quark transverse anomalous magnetic moment
(M. Burkardt, PRD72 (2005)
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A closer look to  𝐽𝑧𝑆𝑧

Quark transverse anomalous magnetic moment
(M. Burkardt, PRD72 (2005)



Transverse Angular Momentum Sum Rule
O. Alkassasbeh, M. Engelhardt, SL and A. Rajan, (2022) soon on arXiv
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Twist 3 GPDs Physical Interpretation

1/Q correction to E: OAM, LT

1/Q correction to  ෩H

1/Q correction to H

1/Q correction to ෩E

(*) T-odd

NEW!!    

NEW!!   OAM Lz

[1] Meissner, Metz and Schlegel, JHEP(2009)

1

L ∙S



Measuring All This: 

from Jlab@12 GeV, 
Jlab@12+ GeV, COMPASS to

the EIC
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Role of meson production

𝐴 = 0׬
1
𝑑𝑧 1−׬

1
𝑑𝑥 ( )



Hypothesis of factorization Final state interactions 
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Factorization Theorem for meson production 
Collins, Frankfurt & Strikman (PRD, 1997)   

1) When the virtual photon is longitudinally polarized the end-point 
contributions in the meson wave function are power suppressed.
(Due to helicity conservation polarization transfers directly from  the photon to the 

produced vector meson)

3) g*
L singles out small size configurations compared to g*

T.  

4) “Non small size” configurations are less likely to factorize and are 
power suppressed. 

This is the underlying physics idea that has all to be proven! 
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In this working hypothesis …



Beyond 
longitudinally 

polarized 
photon

• G. R. Goldstein, J. O. Gonzalez 
Hernandez and S. Liuti, 

[arXiv:1401.0438 [hep-ph]]. 

• Courtoy, S. Baessler, M. Gonzalez-
Alonso and S. Liuti, 

Phys. Rev. Lett. 115 , 162001 (2015) 

• G.R. Goldstein, J. O. Gonzalez 
Hernandez and S. Liuti, 

Phys. Rev. D 91114013 (2015)

• G. R. Goldstein, J. O. Gonzalez 
Hernandez and S. Liuti, 

J. Phys. G 39, 115001 (2012)

• S. Liuti and G. R. Goldstein, 

[arXiv:1009.1334 [hep-ph]]. 

• S. Ahmad, G. R. Goldstein and S. Liuti, 

Phys. Rev. D 79, 054014 (2009)
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Focus on pseudoscalar mesons
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Pseudoscalar meson production gives access to: 
➢ the tensor charge, gT

➢ the  tensor anomalous magnetic moment, kT
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Opportunity for BSM studies

Courtoy, Baessler, 
Gonzalez Alonso, Liuti 
(PRL, 2015)
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QCD factorization

g5 →

chiral-odd structure
~

~

GPDs: HT, ET, HT, ET…

~

~

JPC=1--

JPC=1+-

g, , , .. 

b1, h1

0  

hg5

New! Charmed mesons
D0 

hc
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LHCb measurement of Z-boson production in association with 
charm-tagged jets



Heavy  quark pseudoscalar meson exclusive electroproduction to access intrinsic charm

LHC processes are sensitive to charm content of the proton 
 Higgs production: SM Higgs, charged Higgs, 
 Precision physics (CKM matrix elements, Vtb ….): single top production, …

C.P Yuan et al. (2010)



Most data are at very low x where they cannot 
discriminate whether IC is there 

10-2

x

10-3

IC/no-IC

(see also P. Di Nezza’s talk)
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-
In exclusive electroproduction hc, D

o, and Do is governed by chiral-odd soft 
matrix elements which cannot evolve from gluons

hc, D
o, and Do    can be used as triggers of “intrinsic charm content” 

-

-



Gold plated signal: hc exclusive production
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HT, ET  …
p’p

q’

hc

p → c + (c-bar uud ) + c → p flavor content of string

c c

c𝛾∗ p → hc p



Other interesting channel

8/31/2022 29

HT, ET  …

Λ𝑐p

q’

p → u + (ud) + c →flavor content of string

u c

u

ഥ𝐷0

𝛾∗

Λ𝑐

𝛾∗ 𝑝 → ഥ𝐷0 Λ𝑐
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Cross Section 

Helicity
amplitudes

G.R. Goldstein, J. O. Gonzalez Hernandez and SL, Phys. Rev. D 91114013 (2015)
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kT

kT

gT



Unpolarized Cross Section initial data

Phys.Rev.D 91 (2015)

G. Goldstein, O. Gonzalez-Hernandez, SL

sLT
sT + e sL

sTT
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Asymmetries for Longitudinally polarized beam/target 

A. Kim, A. Avakian et al, Phys.Lett.B 768 (2017)

G.Goldstein, J. O. Gonzalez Hernandez and SL 

Phys. Rev. D 91114013 (2015)

Compounded chiral odd and even effects





• New data from Hall A seem to 
indicate that the “standard” 
Q^2 dependence picture does 
not fit the data

M. Dlamini et al. [Jefferson Lab Hall A], Phys. Rev. Lett. 127, 152301 (2021) 



View DVMP vertex as pseudoscalar-meson transition form factor

, 

b1, h1

o
JPC=1

--
(3S1)

JPC=1
+-

(1P1)
JPC=0

-+



Distinction between , (vector) and b1,h1 (axial-vector)exchanges

JPC=1
--

JPC=1
+-

transition from ,(S=1 L=0) to o(S=0 L=0) L =0

transition from b1,h1 (S=0 L=1) to o(S=0 L=0) L =1

“Vector” exchanges  no change in OAM

“Axial-vector” exchanges  change 1 unit of OAM!



This yields configurations of larger “radius” in b space (suppressed with Q2) 

Because of OAM axial vector transition involves Bessel J1



Q2 dependence at pion vertex 

Helicity Amplitudes

Hard scattering



These are the form 
factors for the different 
configurations

Quantitative calculations 
are in progress



Conclusions

• Pseudoscalar and vector meson production are both essential channels to pin down 
chiral even and chiral odd GPDs

• There is lots of interesting physics to keep discovering  (Q2 dependence, BSM,  
charm …)

• More synergy between theory and experiment!   


