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I will look at exclusive ep processes unless otherwise stated
(EIC early science matrix: Years 2-4)
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FFs

TMDs GPDs

GTMDs

Generalized Transverse Momentum-dependent Distributions

(Meissner, Metz, Schlegel, 2009) 

Wigner function - 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)

Wigner function - The “mother function”
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Spin of proton

Jaffe-Manohar spin decomposition

An incomplete story:
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Jaffe-Manohar spin decomposition

An incomplete story:

Spin of proton

So far, no experimental constraints on OAM of quarks & gluons
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Wigner functions in Quantum Mechanics

• Calculate from wave functions:

(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)
/
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Probing quark OAM through double Drell-Yan

Example of an observable sensitive to OAM & spin-orbit correlation :

2404.04208
See also: 

Lorce, Pasquini, 2011
/
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Probing quark OAM through double Drell-Yan

Challenges:

• Low count rate (Amplitude            )

• Sensitivity to GTMDs only in the ERBL region                        
      

OAM density:

OAM:

The challenge lies in extrapolating the distribution to the forward limit, where the 
OAM equation is applicable
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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

4 leading-order Feynman diagrams



Scattering amplitude
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Probing quark OAM through         production in ep collisions

Scattering amplitude:

Hard part Soft part from 
proton

Pion Distribution 
Amplitude 
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Probing quark OAM through         production in ep collisions

Scattering amplitude:

Collinear twist-expansion of hard part:
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Probing quark OAM through         production in ep collisions

Scattering amplitude:

Collinear twist-expansion of hard part:

Twist 2 term vanishes
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Probing quark OAM through         production in ep collisions

Scattering amplitude:

Collinear twist-expansion of hard part:

Twist 3 term
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Probing quark OAM through         production in ep collisions

Scattering amplitude:

Collinear twist-expansion of hard part:

vv
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Probing quark OAM through         production in ep collisions

Scattering amplitude:

Collinear twist-expansion of hard part:

vv
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Probing quark OAM through         production in ep collisions

Scattering amplitude:

Collinear twist-expansion of hard part:

Consequently, the scattering amplitudes are a convolution of moments of GTMDs and GPDs and are 
of twist-3 nature 
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Probing quark OAM through         production in ep collisions

Scattering amplitudes depend on different angular correlations:
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Probing quark OAM through         production in ep collisions

Scattering amplitudes depend on different angular correlations:

Compton Form Factors:



Angular correlations
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Probing quark OAM through         production in ep collisions

Scattering amplitudes depend on different angular correlations:

Sensitivity to quark OAM
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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
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Probing quark OAM through         production in ep collisions

EIC

EicC

Kinematics:
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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

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:



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

Unpolarized cross section:



Numerical results
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Probing quark OAM through         production in ep collisions

Comparison with CLAS data

Findings:

• Our theoretical model is in reasonable 
     agreement with experimental data
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Selected works on gluon GTMDs

Probing gluon OAM through exclusive di-jet production

Jet 2

Jet 1

Main result: Single spin asymmetry as a probe of gluon OAM
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Probing gluon OAM through exclusive di-jet production

Main result (double spin asymmetry):

Jet 2

Jet 1

Selected works on gluon GTMDs
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Probing gluon OAM through exclusive di-jet production

Main result (double spin asymmetry):

Jet 2

Jet 1

Helicity GPD
(intrinsic spin)

Selected works on gluon GTMDs
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Probing gluon OAM through exclusive di-jet production

Main result (double spin asymmetry):

Jet 2

Jet 1

Selected works on gluon GTMDs
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Selected works on gluon GTMDs

Interplay between OAM and helicity at small x
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Schematic structure of our observable: Cancellation expected between
 helicity & OAM at small x

Interplay between OAM and helicity at small x

Selected works on gluon GTMDs

Boussarie, Hatta, Yuan (2019)
Kovchegov, Manley (2023, 2024)
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Contribution from spin-orbit correlation at small x?

Spin-orbit correlation:

Another non-negligible contribution to the process: 

Selected works on gluon GTMDs
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Contribution from spin-orbit correlation at small x?

First insight into the small-x behavior of spin-orbit correlation:

(SB, Boussarie, Hatta,  
2404.04208, 2404.04209)

Selected works on gluon GTMDs

For a complete twist structure of spin-orbit correlation, see Hatta, Schoenleber, 2404.18872

Another non-negligible contribution to the process: 
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Probing gluon OAM & spin-orbit correlation at small x

Spin-orbit correlation is more accurately constrained than OAM because the latter necessitates the 
precise determination of both unpolarized and polarized gluon distributions

Selected works on gluon GTMDs

Updated numerical results (SB, Boussarie, Hatta, 2404.04209):
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Probing gluon OAM through Semi Inclusive Diffractive Deep Inelastic Scattering 

• Tag hadron species out of the diffractively produced system

• Measure invariant mass of diffractively produced system instead of 
     reconstructing jets

Selected works on gluon GTMDs

Hatta, Xiao, Yuan (2022)
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Probing gluon OAM through Semi Inclusive Diffractive Deep Inelastic Scattering 

Challenging, yet there is no requirement to reconstruct jets & we still maintain sensitivity to OAM

Numerical results (SB, Boussarie, Hatta, 2404.04209):

Selected works on gluon GTMDs
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• Generalized TMDs/Wigner functions are the holy grail of spin physics
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• Longitudinal single-target spin asymmetry is not power 
suppressed

• Asymmetry is substantial & thus exclusive       production 
in ep collisions maybe a promising route to constrain 
quark OAM

• Generalized TMDs/Wigner functions are the holy grail of spin physics



Summary
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Jet 2

Jet 1

• Probe gluon OAM via double spin asymmetry in exclusive di-jet production/ SIDDIS in ep collisions
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