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FFs

TMDs GPDs

GTMDs

Generalized Transverse Momentum-dependent Distributions

(Meissner, Metz, Schlegel, 2009) 

GTMDs - The “mother function”
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FFs

TMDs GPDs

GTMDs(Meissner, Metz, Schlegel, 2009) 

2-D Fourier Transform

Wigner functions (Belitsky, Ji, Yuan, 2003)

GTMDs/Wigner functions - The “mother function”



OAM of quarks & gluonsQuark helicity Gluon helicity

Best known How well do we know? ???????
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Jaffe-Manohar spin decomposition

An incomplete story:

Spin of proton

So far, no experimental constraints on OAM of quarks & gluons



7

Wigner functions in Quantum Mechanics

(Wigner, 1932)

• Expectation value of observables:

Wigner functions in parton physics

(Belitsky, Ji, Yuan, 2003)

• Calculate from fourier transform of GTMD correlator:

• Application: Orbital Angular Momentum (OAM)

(Lorce, Pasquini, 2011 / Hatta, 2011)
/

Wigner functions & Orbital Angular Momentum
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Wigner functions in Quantum Mechanics

(Wigner, 1932)

Wigner functions in parton physics

(Belitsky, Ji, Yuan, 2003)

• Calculate from fourier transform of GTMD correlator:

• Application:

(Lorce, Pasquini, 2011 / 
SB, Boussarie, Hatta, 2024)

/

GTMDs & Orbital Angular Momentum

Relation between GTMD            &
spin-orbit correlations

• Expectation value of observables:

2404.04208
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Wigner functions in Quantum Mechanics

(Wigner, 1932)

Wigner functions in parton physics

(Belitsky, Ji, Yuan, 2003)

• Calculate from fourier transform of GTMD correlator:

• Application:

(Lorce, Pasquini, 2011 / 
SB, Boussarie, Hatta, 2024)

/

GTMDs & Orbital Angular Momentum

Relation between GTMD            &
spin-orbit correlations

• Expectation value of observables:

2404.04208
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arXiv: 1612.02438 (2016)

Developments

Jet 2

Jet 1
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arXiv: 1612.02438 (2016)
arXiv: 1702.04387 (2017)

Developments
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Developments

arXiv: 1612.02438 (2016)
arXiv: 1702.04387 (2017)

arXiv: 1802.10550 (2018)
arXiv: 1807.08697 (2018)

arXiv: 1912.08182 (2019)

arXiv: 2201.08709 (2022/2024)

arXiv: 2106.13466 (2021)

arXiv: 2205.00045 (2022)

Opportunities through 
exclusive meson production?
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Our work

Interference between different virtual-photon 
polarizations leads to distinct azimuthal modulations, 
including cos 2ϕ and sin 2ϕ terms, that are sensitive 
to gluon OAM and spin-orbit correlations

Main Observable:

ArXiv: 2601.17506 (accepted in PRD)
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

6 leading-order Feynman diagrams
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

6 leading-order Feynman diagrams

Scattering amplitude: Hard part

Soft part from 
proton

Meson 
Distribution Amplitude 
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

6 leading-order Feynman diagrams

Scattering amplitude: Hard part

Soft part from 
proton

Meson 
Distribution Amplitude

(No transverse-momentum 
dependence here –

I will comment on this later) 
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

6 leading-order Feynman diagrams

Scattering amplitude: Hard part

Let us now unpack the calculation of the hard scattering 
kernel step by step.



Sketch of calculation
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Collinear twist-expansion of hard part:

Probing gluon OAM & spin-orbit correlations via vector-mesons
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Collinear twist-expansion of hard part:

Probing gluon OAM & spin-orbit correlations via vector-mesons

Twist 2 term

Sketch of calculation



28

Collinear twist-expansion of hard part:

Probing gluon OAM & spin-orbit correlations via vector-mesons

Twist 3 term

Sketch of calculation
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Collinear twist-expansion of hard part:

vv

Probing gluon OAM & spin-orbit correlations via vector-mesons

Sketch of calculation
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Collinear twist-expansion of hard part:

vv

Probing gluon OAM & spin-orbit correlations via vector-mesons

Sketch of calculation
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Collinear twist-expansion of hard part:

Probing gluon OAM & spin-orbit correlations via vector-mesons

The scattering amplitudes are a linear combination of moments of GTMDs and GPDs

• This interplay is itself physically significant, as it connects two 
complementary descriptions of hadron structure 

• An opportunity to simultaneously constrain both GTMD and GPD 
dynamics within a unified exclusive framework

Sketch of calculation
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

6 leading-order Feynman diagrams

Scattering amplitude:

• Upon performing the collinear twist expansion of 
the hard scattering kernel, we find contributions 
from both twist-2 and twist-3 terms.
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Scattering amplitude

6 leading-order Feynman diagrams

Scattering amplitude:

• Upon performing the collinear twist expansion of 
the hard scattering kernel, we find contributions 
from both twist-2 and twist-3 terms.

• Calculated scattering amplitudes for specific 
polarization configurations of the virtual photon and 
the vector meson.

Notation:



Scattering amplitude
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Proton helicity-conserving amplitudes (z=1/2):

CFFs:



Scattering amplitude
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Proton helicity-conserving amplitudes (z=1/2):

Gluon OAM

Gluon’s spin-orbit correlations

CFFs:



Scattering amplitude

36

Probing gluon OAM & spin-orbit correlations via vector-mesons

Proton helicity-conserving amplitudes (z=1/2):

CFFs:

See Bakur’s slides from yesterday



Scattering amplitude
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Probing gluon OAM & spin-orbit correlations via vector-mesons

CFFs:

Proton helicity-non conserving amplitudes (z=1/2):



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Unpolarized leptonic tensor: 



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Unpolarized leptonic tensor: 

Hadronic tensor 
(photon-helicity amplitudes): 



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Next, expand the hadronic tensor into 9 linearly-independent tensor structures (Koike, Nagashima, 2003):



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Virtual-photon polarization states:

L polarized T polarized 
(positive/negative helicity)

Linearly
independent 
tensor structures 

Next, expand the hadronic tensor into 9 linearly-independent tensor structures (Koike, Nagashima, 2003):



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Virtual-photon polarization states:

L polarized T polarized 
(positive/negative helicity)

Linearly
independent 
Inverse tensor 
structures 

Next, expand the hadronic tensor into 9 linearly-independent tensor structures (Koike, Nagashima, 2003):



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Using the hadronic decomposition, we can write our cross-section as: 



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Using the hadronic decomposition, we can write our cross-section as: 

Contraction of leptonic tensor with 
linearly-independent tensors yields 

distinct angular modulations



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Using the hadronic decomposition, we can write our cross-section as: 

Contraction of hadronic tensor 
with 

linearly-independent 
Inverse tensors

Transversely-polarized 
photon cross-section 



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Using the hadronic decomposition, we can write our cross-section as: 

Contraction of hadronic tensor 
with 

linearly-independent 
Inverse tensors

Longitudinally-polarized 
photon cross-section 



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Using the hadronic decomposition, we can write our cross-section as: 

Contraction of hadronic tensor 
with 

linearly-independent 
Inverse tensors

Interference terms 
between 

different photon 
polarizations



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

With transversely-polarized mesons, 
the cross section is 

only sensitive to GPDs 

Remarks:

1) For definite circular polarization of the meson, only one term survives:



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Remarks:

2) For the longitudinally polarized vector meson case, the cross section can be expressed in terms of GTMDs. 
    In general, all structure functions contribute; here, we present two representative examples.



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

Remarks:

2) Examples of longitudinally-polarized vector meson cross section:

Gluon OAM

Gluon’s spin-orbit 
correlations



Cross section
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Probing gluon OAM & spin-orbit correlations via vector-mesons

The cos 2ϕ modulation stands out as a particularly striking signal: it can be measured with an 
unpolarized proton. Thus, this signal provides a clean laboratory signal for probing the 
gluon OAM and gluon spin–orbit correlations.

Remarks:

2) Examples of longitudinally-polarized vector meson cross section:



Brief remarks:
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Axial-vector production

• For the vector meson results, we assumed that the quark anti-quark pair shared an equal amount of 
the meson’s momentum (z=1/2). 
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Axial-vector production

• For the vector meson results, we assumed that the quark anti-quark pair shared an equal amount of 
the meson’s momentum (z=1/2). However, for the axial-vector case, both the twist-2 and twist-3 
contributions vanish at the symmetric point z = 1/2. Thus, obtaining a nonvanishing result requires 
working away from this point (see Appendix of arXiv: 2601.17506).

     

Brief remarks:
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Axial-vector production

• For the vector meson results, we assumed that the quark anti-quark pair shared an equal amount of 
the meson’s momentum (z=1/2). However, for the axial-vector case, both the twist-2 and twist-3 
contributions vanish at the symmetric point z = 1/2. Thus, obtaining a nonvanishing result requires 
working away from this point.

     Example: Diagram “a”

Notation:

Brief remarks:
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Axial-vector production

• For the vector meson results, we assumed that the quark anti-quark pair shared an equal amount of 
the meson’s momentum (z=1/2). However, for the axial-vector case, both the twist-2 and twist-3 
contributions vanish at the symmetric point z = 1/2. Thus, obtaining a nonvanishing result requires 
working away from this point.

• Complementary opportunities in axial-vector meson production

Brief remarks:
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1) A fully transverse-momentum-dependent treatment of the meson side would more naturally be 
formulated in terms of a meson light-front wave function rather than a purely collinear 
distribution amplitude. 

Recall:

Opportunities (My wish list)
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Opportunities (My wish list)

1) A fully transverse-momentum-dependent treatment of the meson side would more naturally be 
formulated in terms of a meson light-front wave function rather than a purely collinear 
distribution amplitude. 

2) In particular, for light vector meson production, phenomenological approaches often retain the 
quark transverse momentum in the meson wave function and in the hard subprocess, together 
with Sudakov suppression (to handle end-point singularities): Kornelija’s talk
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1) A fully transverse-momentum-dependent treatment of the meson side would more naturally be 
formulated in terms of a meson light-front wave function rather than a purely collinear 
distribution amplitude. 

2) The heavy-quarkonium side is represented at leading order in the velocity expansion by the 
appropriate NRQCD matrix element (or, equivalently, the wave function at the origin), leaving 
relativistic corrections for future work.

Opportunities (My wish list)
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1) A fully transverse-momentum-dependent treatment of the meson side would more naturally be 
formulated in terms of a meson light-front wave function rather than a purely collinear 
distribution amplitude. 

2) The heavy-quarkonium side is represented at leading order in the velocity expansion by the 
appropriate NRQCD matrix element (or, equivalently, the wave function at the origin), leaving 
relativistic corrections for future work.

3) Here we focused on the nucleon-side kinematic twist-3 effects that gave access to gluon GTMD 
moments, leaving genuine twist-3 effects for future work.

Opportunities (My wish list)
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4) Comparison between theory and data

Opportunities (My wish list)
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4) Comparison between theory and data

      Example:

Opportunities (My wish list)
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4) Comparison between theory and data

      Example of a prediction:

Opportunities (My wish list)
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4) Comparison between theory and data: 

Data from COMPASS and CLAS are needed to pursue exciting opportunities and test theory 
across a wide range of vector meson channels.

Opportunities (My wish list)
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• Probe gluon OAM and spin-orbit correlations via exclusive heavy (axial-) vector production
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Summary

The cos 2ϕ modulation stands out as a striking signal: it can be measured with an unpolarized proton  

• Rich prospects with COMPASS and CLAS data



Backup slides
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Our work

Main Observable:

Longitudinal single-target spin
asymmetry
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Probing quark OAM through         production in ep collisions

Cross section

Unpolarized

Single spin asymmetry
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Probing quark OAM through         production in ep collisions

Cross section

Distinguished experimental signature of 
quark OAM
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Probing quark OAM through         production in ep collisions

Cross section

Surprise!

• Probe quark Sivers function through an unpolarized target

(Similar to the gluon GTMD         , as discussed in Boussarie, Hatta, Szymanowski, Wallon, 2019)
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Probing quark OAM through         production in ep collisions

Cross section

• Probe quark Sivers function through an unpolarized target

• Probe quark worm gear function through an unpolarized target

Surprise!
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Probing quark OAM through         production in ep collisions

Cross section

Helicity flip terms persist even when 
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Probing quark OAM through         production in ep collisions

Cross section

Since both unpolarized and polarized cross sections contribute at twist-3, 
the magnitudes of the asymmetries are not power-suppressed
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Probing quark OAM through         production in ep collisions

Theoretical complications
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Probing quark OAM through         production in ep collisions

End-point singularity & discontinuity:

Model-dependent method:

S. V. Goloskokov and P. Kroll, 2005

determined based on a fit to CLAS data

Theoretical complications
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Probing quark OAM through         production in ep collisions

End-point singularity & discontinuity:

Model-dependent method:

S. V. Goloskokov and P. Kroll, 2005 I. V. Anikin, O. V. Teryaev, 2003

Theoretical complications



Numerical results
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Probing quark OAM through         production in ep collisions

EIC

EicC

Kinematics:



Numerical results
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Probing quark OAM through         production in ep collisions

EIC

EicC

• We focus on large skewness (   ) region to suppress gluon contribution

Kinematics:



Numerical results
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Probing quark OAM through         production in ep collisions

EIC

EicC

• We focus on large skewness (   ) region to suppress gluon contribution

• We focus on large momentum transfer (  ) region to suppress 
     contribution from Primakoff process

Kinematics:



Remark:
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Probing quark OAM through         production in ep collisions

The same azimuthal asymmetry, precisely mirroring what we observe in this study, also emerges from the 
interference between the Primakoff process and the contribution from the gluon GTMD 
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Probing quark OAM through         production in ep collisions

Model input for numerical estimations
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Probing quark OAM through         production in ep collisions

Model input for numerical estimations

Ingredients for non-perturbative functions:

• Model                     according to the Double distribution approach (see Radyushkin, 9805342)

Example:

2022 PDFs 
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Probing quark OAM through         production in ep collisions

Model input for numerical estimations

Ingredients for non-perturbative functions:

• Model                     according to the Double distribution approach (see Radyushkin, 9805342)

Example:

The t-dependence is determined based on a fit to CLAS data
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Probing quark OAM through         production in ep collisions

Model input for numerical estimations

Ingredients for non-perturbative functions:

• Model                     according to the Double distribution approach (see Radyushkin, 9805342)

• Model for OAM:

genuine twist-three

1. “OAM density”: (Hatta, Yoshida, 1207.5332)
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Probing quark OAM through         production in ep collisions

Model input for numerical estimations

Ingredients for non-perturbative functions:

• Model                     according to the Double distribution approach (see Radyushkin, 9805342)

• Model for OAM:

genuine twist-three

1. “OAM density”: (Hatta, Yoshida, 1207.5332)

WW
approx
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Probing quark OAM through         production in ep collisions

Model input for numerical estimations

Ingredients for non-perturbative functions:

• Model                     according to the Double distribution approach (see Radyushkin, 9805342)

• Model for OAM:

1. “OAM density”: (Hatta, Yoshida, 1207.5332)

genuine twist-three

2. Use the Double distribution approach to construct                              from                
       

WW
approx
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Probing quark OAM through         production in ep collisions

Model input for numerical estimations

Ingredients for non-perturbative functions:

• Pion distribution amplitude:

Asymptotic form



Numerical results
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Probing quark OAM through         production in ep collisions

Unpolarized cross section

• The unpolarized cross section exhibits a 
notable magnitude at EicC energy

• Relatively small at EIC energy

Findings:

This strong suppression with increasing 
suggests that it may be particularly 
interesting to study this reaction in the 
kinematic range accessible at JLab.



Numerical results
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Probing quark OAM through         production in ep collisions

Asymmetry

Findings:

The asymmetries are substantial for both EIC 
& EicC kinematics



Numerical results
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Probing quark OAM through         production in ep collisions

Comparison with CLAS data (I. Bedlinskiy et al., Phys. Rev. C 90, 025205 (2014))

Unpolarized cross section:



Numerical results
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Probing quark OAM through         production in ep collisions

Findings:

• Our theoretical model is in reasonable 
     agreement with experimental data

More opportunities with CLAS’s recent data
on single spin asymmetry

Comparison with CLAS data (I. Bedlinskiy et al., Phys. Rev. C 90, 025205 (2014))
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CFFs:
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Twist nature:



Final cross section: longitudinal meson

First ever results for 
heavy vector DVMP 

cross section in terms of 
GTMDs
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