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Spin-orbit correlation in atoms
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nuclei frame electron frame magnetic field from
nuclei motion

Fine structure of hydrogen atom



  

Spin decomposition
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● Jaffe-Manohar spin sum rule:
(infinite momentum frame, light-cone gauge)

● Ji's spin sum rule:
(gauge invariant)

Can quark spin and OAM couple in hadrons?
● quark spin ∆Σ ∼ 30%
● quark orbital angular momentum (OAM) Lq

(measurable in EIC and EicC)

[Ji:1996ek]

[Jaffe:1989jz]
[Accardi:2012qut]



  

Spin-orbit correlation in QCD
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[Meissner:2009ww]

● GTMD contains information from GPD, TMD and beyond

● Quark orbit angular momentum and spin-orbit correlation

[Lorce:2011kd]
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● Gluon spin-orbit correlations are non-negligible in exclusive di-jet production and SIDDIS

Spin-orbit correlation in experiments [Bhattacharya:2024sck]



  

Parity-odd energy-momentum tensor
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where qR/qL denotes the contribution of right/left-hand fermion and N̂  is the quark number operator

● Spin-orbit correlation (SOC) defined from parity-odd energy-momentum tensor (EMT):

[Lorce:2014mxa, Lorce:2025ayr]

quark spin

quark OAM

quark spin-orbit correlation



  

Light-front quantization
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equal time quantization light-front quantization

✔   Time:

✔   Hamiltonian:

✔   Dispersion relation:

light-front coordinates

Light-front quantization is a Hamiltonian method of the quantum field theory

[Dirac:1949cp]

[Review: Brodsky:1997de]



  

Light-front wave functions
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● Light-front physics  measures hadron structures in high-energy scattering experiments
● Light-front wave functions (LFWFs) provide full information about the hadron structure
● LFWF representation offers simple microscopic interpretations

[Lorce:2011kd]



  

Microscopic interpolation of form factors
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● Drell-Yan-West formula for charge form factor:

● Brodsky-Hwang-Ma-Schmidt formula for gravitational form factor A:

[Drell:1969km, West:1970av, Brodsky:1980zm]

[Brodsky:2000ii]

Matter density A(r⊥) mainly samples the valence partons xj ∼ O(1); wee parton xj ≪ 1 contributions
supressed

[Hackett:2023nkr]



  

Microscopic interpolation of spin-orbit correlation
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● Spin-orbit correlation defined from quantum many-body formula

● The orbit angular momentum operator Lz
j = −(r⃗j⊥ × i

←→
∇ j⊥)z/2

● The quantum average is defined as



  

Heavy meson on the light front
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● Effective Hamiltonian in the qq̄ Fock sector

● Two/three parameters (mq,mq̄, κ) are fixed by fitting the mass spectrum

kinetic energy confinement

one gluon exchange

[Li:2017mlw, Tang:2018myz]



  

Light-front wave functions of heavy mesons
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[Li:2021ejv, Tang:2018myz]



  

Covariant light-front decomposition
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● Hadron matrix elements for spin-0 hadrons:

● Ãi(∆
2) and S̃i(∆

2) are spurious form factors appears due to the violation of the full Lorentz symmetry
● SOC receives contributions from both physical + spurious form factors

where P = (p+ p′)/2, ∆ = p′ − p, εµν∆P = εµνρσ∆ρPσ. M is the hadron mass. ωµ = (1, 0, 0,−1) is a null
vector indicating the light-front direction

[Carbonell:1998rj, Cao:2024rul]

[Lorce:2025ayr]



  

Light-front wave function representation
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● SOC density:

● Light-front wave function representation for quark sectors:

ηj = ±1 for quarks/antiquarks

● Parity-odd EMT density:



  

Spin-orbit correlation: ηc
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● Quark spin and OAM are anti-aligned in spin-0 hadrons
● Cq

z (0) = 0 is enforced by charge conjugation (C) symmetry
● Magnitude of SOC decreases as the radial excitation increases
● The SOC form factor is defined as:



  

Spin-orbit correlation: Bc
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● b quark dominates at small r⊥, while c̄ quark dominates at large r⊥
● The global spin and OAM are parallel
● Spin-0 hadrons have non-zero spin-orbit correlations



  

Summary of SOC in heavy mesons
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angular
excitations



  

Summary
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● Spin-orbit correlations provide a novel probe of hadron spin structures

● We obtain a non-perturbative quantum many-body formula for spin-orbit correlations under 
the light-front Hamiltonian method

● We apply this formula to heavy mesons solved from an effective Hamiltonian

● This formula can be further extended to proton and other hadrons

Thank you!Based on: arXiv: 2606.06263
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Spin structure of spin-0 mesons

Longitudinal spin structure is trivial

Nonzero spin-orbit correlation (twist-3 GPD)

Pion Spin: S = 0

A new probe of the spin structure in spin-0 hadrons

[QCDSF:2007ifr, Lorce:2025ayr]



  

Spin-orbit correlation: P-wave
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Parton distribution
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Parton distribution

4/6SPIN-ORBIT CORRELATIONX.H. Cao (USTC)



  

How to access SOC
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[Lorce:2025ayr]● Relation with other form factors:

● Relation with leading-twist GPDs:



  

Model parameters
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