
MENU 2026, October 22, 2026

Generalized TMDs at the Electron-Ion Collider 
and Partonic Orbital Angular Momentum 

Brandon Manley	
University of Connecticut

Based on:	
Bhattacharya, Boussarie, Hatta, PRL 128 (2022) 18 	
Bhattacharya, Zheng, Zhou, PRL 133 (2024) 5	
Bhattacharya et al, PRD 114 (2026) 5	
Kovchegov, BM, PRD 111 (2025) 5	
JAM small- , in preparationx



2

Overview

• Overview of GTMDs 	

• Proton spin puzzle	

• Observables for orbital angular momentum (OAM)	

• Connections to small  	

• Outlook for EIC

x
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Generalized TMDs

• GTMDs retain information about longitudinal and transverse structure 
of the target

Meissner, Metz, Schlegel (0906.5323)

GTMDs (x, ⃗k⊥, Δ)

GPDs (x, Δ)TMDs (x, ⃗k⊥)

PDFs (x) FFs (Δ)

Wigner (x, ⃗k⊥, b)
FT
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Generalized TMDs

• Decomposition of -dependent matrix element k⊥

Meissner, Metz, Schlegel (0906.5323)
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Generalized TMDs

• Decomposition of -dependent matrix element k⊥

Meissner, Metz, Schlegel (0906.5323)

Focus on  for OAMF1,4
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Proton spin puzzle

• Jaffe-Manohar decomposition of proton spin into helicity and OAM

<latexit sha1_base64="oJP/9MZiAReDh6GE5FMYIFiGQj0=">AAACDHicbZDLSgMxFIbPeK31VnXpJlgEQSgzRaoboejGRReV2gu0w5BJM21o5mKSEcrQB3Djq7hxoYhbH8Cdb2M6nYW2Hkj4+P9zSM7vRpxJZZrfxtLyyuraem4jv7m1vbNb2NtvyTAWhDZJyEPRcbGknAW0qZjitBMJin2X07Y7up767QcqJAuDOzWOqO3jQcA8RrDSklMoNpx7dIoazkDftZRrmi9RzxOYJNYkKU90l1ky00KLYGVQhKzqTuGr1w9J7NNAEY6l7FpmpOwEC8UIp5N8L5Y0wmSEB7SrMcA+lXaSLjNBx1rpIy8U+gQKperviQT7Uo59V3f6WA3lvDcV//O6sfIu7IQFUaxoQGYPeTFHKkTTZFCfCUoUH2vARDD9V0SGWKegdH55HYI1v/IitMolq1Kq3J4Vq1dZHDk4hCM4AQvOoQo3UIcmEHiEZ3iFN+PJeDHejY9Z65KRzRzAnzI+fwATz5iH</latexit>

Sq + Sg + Lq + Lg =
1

2

Jaffe and Manohar, Nucl. Phys. B337 509 (1990)
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Proton spin puzzle

• Jaffe-Manohar decomposition of proton spin into helicity and OAM

<latexit sha1_base64="oJP/9MZiAReDh6GE5FMYIFiGQj0=">AAACDHicbZDLSgMxFIbPeK31VnXpJlgEQSgzRaoboejGRReV2gu0w5BJM21o5mKSEcrQB3Djq7hxoYhbH8Cdb2M6nYW2Hkj4+P9zSM7vRpxJZZrfxtLyyuraem4jv7m1vbNb2NtvyTAWhDZJyEPRcbGknAW0qZjitBMJin2X07Y7up767QcqJAuDOzWOqO3jQcA8RrDSklMoNpx7dIoazkDftZRrmi9RzxOYJNYkKU90l1ky00KLYGVQhKzqTuGr1w9J7NNAEY6l7FpmpOwEC8UIp5N8L5Y0wmSEB7SrMcA+lXaSLjNBx1rpIy8U+gQKperviQT7Uo59V3f6WA3lvDcV//O6sfIu7IQFUaxoQGYPeTFHKkTTZFCfCUoUH2vARDD9V0SGWKegdH55HYI1v/IitMolq1Kq3J4Vq1dZHDk4hCM4AQvOoQo3UIcmEHiEZ3iFN+PJeDHejY9Z65KRzRzAnzI+fwATz5iH</latexit>

Sq + Sg + Lq + Lg =
1

2

Quark 	
helicity PDF

55

Gluon 	
helicity PDF

Jaffe and Manohar, Nucl. Phys. B337 509 (1990)
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Proton spin puzzle

• Jaffe-Manohar decomposition of proton spin into helicity and OAM

<latexit sha1_base64="oJP/9MZiAReDh6GE5FMYIFiGQj0=">AAACDHicbZDLSgMxFIbPeK31VnXpJlgEQSgzRaoboejGRReV2gu0w5BJM21o5mKSEcrQB3Djq7hxoYhbH8Cdb2M6nYW2Hkj4+P9zSM7vRpxJZZrfxtLyyuraem4jv7m1vbNb2NtvyTAWhDZJyEPRcbGknAW0qZjitBMJin2X07Y7up767QcqJAuDOzWOqO3jQcA8RrDSklMoNpx7dIoazkDftZRrmi9RzxOYJNYkKU90l1ky00KLYGVQhKzqTuGr1w9J7NNAEY6l7FpmpOwEC8UIp5N8L5Y0wmSEB7SrMcA+lXaSLjNBx1rpIy8U+gQKperviQT7Uo59V3f6WA3lvDcV//O6sfIu7IQFUaxoQGYPeTFHKkTTZFCfCUoUH2vARDD9V0SGWKegdH55HYI1v/IitMolq1Kq3J4Vq1dZHDk4hCM4AQvOoQo3UIcmEHiEZ3iFN+PJeDHejY9Z65KRzRzAnzI+fwATz5iH</latexit>

Sq + Sg + Lq + Lg =
1

2

Quark and gluon 	
orbital angular 

momentum (OAM) 
distributions

Jaffe and Manohar, Nucl. Phys. B337 509 (1990)
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• Current status of the puzzle (from a recent collinear hPDF extraction)

Proton spin puzzle: Current status

 
Borsa et al (2407.11635)

• Uncertainties large in 
small  region 
(inaccessible to 
experiment since 

)	

• No OAM extraction 
from experiments

x

x ∼ 1/energy
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GTMDs for OAM 

• OAM naturally defined in terms of Wigner distributions

Lorce, Pasquini (1106.0139) 
Hatta (1111.3547)

Ji, Xiong, Yuan (1207.5221)

• and GTMDs

<latexit sha1_base64="NHK+/gRQ2JbeNw9TdT4TJTVbBe4="></latexit>

L(x) = →
∫

d2k→
k2→
M2

F1,4(x, k→,! = 0)



Observables for OAM 
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Elastic processes probe OAM

12

• Probes of OAM use elastic processes

Conjugate to 	
momentum transfer Δ⊥

Δ⊥



OAM observable classes
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• Proposals to measure OAM: elastic dijet or elastic meson production 

Ji, Yuan, Zhou (1612.02438)
Bhattacharya, Boussarie, Hatta (2201.08709) 
Kovchegov, BM (2410.21260) 
Bhattacharya, Zheng, Zhou (2312.01309) 
Bhattacharya et al (2601.17506)



OAM observable classes
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• Higher twist collinear formalism: expand hard scattering in both  and k⊥ Δ⊥

Ji, Yuan, Zhou (1612.02438)
Bhattacharya, Boussarie, Hatta (2201.08709) 



OAM observable classes
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• Higher twist collinear formalism: expand hard scattering in both  and k⊥ Δ⊥

Ji, Yuan, Zhou (1612.02438)
Bhattacharya, Boussarie, Hatta (2201.08709) 

 moments 	
of GTMDs!

k⊥  integrated 
 GPDs! 

k⊥
→
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Experimental signatures
• OAM manifests via azimuthal correlations 	

 lepton/proton correlation in dijet double spin asymmetry (DSA)→

Gluon OAM 
Compton 

Form Factor

~ Gluon GPD 
 CFFsE, H

Ji, Yuan, Zhou (1612.02438)
Bhattacharya, Boussarie, Hatta (2201.08709) 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Experimental signatures

Bhattacharya et al (2601.17506)

• OAM manifests via azimuthal correlations 	
 lepton/meson correlation in SSA and unpolarized cross section→



OAM at small x
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Polarized scattering at small x

• Described in terms of polarized dipole amplitudes

∂Y
1
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0

0
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2

2

2

2

Kovchegov, Pitonyak, Sievert, JHEP 10 (2017) 198  
Kovchegov, Sievert, Phys.Rev.D 99 (2019) 5  

Cougoulic, Kovchegov, Tarasov, Tawabutr, JHEP 07 (2022) 095



OAM and Moment Amplitudes
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• First impact-parameter moments of polarized amplitudes 	
 moment amplitudes→

<latexit sha1_base64="03GAVb7zQNLAJYdEwGhSV5se82I=">AAAB+XicbVBNS8NAFNzUr1q/oh69LBbBU0lEqseiF48VbC20IWw2L+3SzSbsbool9J948aCIV/+JN/+NmzYHbR1YGGbe8N5OkHKmtON8W5W19Y3Nrep2bWd3b//APjzqqiSTFDo04YnsBUQBZwI6mmkOvVQCiQMOj8H4tvAfJyAVS8SDnqbgxWQoWMQo0UbybXuQiRBkEc+fZr6DfbvuNJw58CpxS1JHJdq+/TUIE5rFIDTlRKm+66Tay4nUjHKY1QaZgpTQMRlC31BBYlBePr98hs+MEuIokeYJjefq70ROYqWmcWAmY6JHatkrxP+8fqajay9nIs00CLpYFGUc6wQXNeCQSaCaTw0hVDJzK6YjIgnVpqyaKcFd/vIq6V403GajeX9Zb92UdVTRCTpF58hFV6iF7lAbdRBFE/SMXtGblVsv1rv1sRitWGXmGP2B9fkDgyCTlw==</latexit>x0

<latexit sha1_base64="qE/+TUnt1yk/1GhwUwXQ2s+WrYo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0EyyCq5KIVJdFNy4r2Ae0IUwm03boZBLmIdbQL3HjQhG3foo7/8ZJm4W2Hhg4nHMP984JU0alct1vq7S2vrG5Vd6u7Ozu7Vftg8OOTLTApI0TloheiCRhlJO2ooqRXioIikNGuuHkJve7D0RImvB7NU2JH6MRp0OKkTJSYFcHmkdE5PHscRZ4gV1z6+4czirxClKDAq3A/hpECdYx4QozJGXfc1PlZ0goihmZVQZakhThCRqRvqEcxUT62fzwmXNqlMgZJsI8rpy5+juRoVjKaRyayRipsVz2cvE/r6/V8MrPKE+1IhwvFg01c1Ti5C04ERUEKzY1BGFBza0OHiOBsDJdVUwJ3vKXV0nnvO416o27i1rzuqijDMdwAmfgwSU04RZa0AYMGp7hFd6sJ+vFerc+FqMlq8gcwR9Ynz8o5JNu</latexit>x1

<latexit sha1_base64="RpXuRJLg/sJhBLG5//9gQUD7Ugg=">AAAB9HicbVBNS8NAFHypX7V+VT16CRbBU0lEqseiF48VbC20oWw2L+3SzSbubgol9Hd48aCIV3+MN/+NmzYHbR1YGGbe8N6On3CmtON8W6W19Y3NrfJ2ZWd3b/+genjUUXEqKbZpzGPZ9YlCzgS2NdMcu4lEEvkcH/3xbe4/TlAqFosHPU3Qi8hQsJBRoo3k9VMRoMzDmTMbVGtO3ZnDXiVuQWpQoDWofvWDmKYRCk05UarnOon2MiI1oxxnlX6qMCF0TIbYM1SQCJWXzY+e2WdGCewwluYJbc/V34mMREpNI99MRkSP1LKXi/95vVSH117GRJJqFHSxKEy5rWM7b8AOmESq+dQQQiUzt9p0RCSh2vRUMSW4y19eJZ2LutuoN+4va82boo4ynMApnIMLV9CEO2hBGyg8wTO8wps1sV6sd+tjMVqyiswx/IH1+QMT7JJR</latexit>

0
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BM, Kovchegov (2310.18404)
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• Start with operator definition, simplify for , result:x ≪ 1

OAM Distributions at Small x

<latexit sha1_base64="5hJ/IzsmEQcQBt3JoBFVAfDAS10="></latexit>

Lq(x,Q
2) =

∫
d2b→ d2k→

(
b→ k

)
<latexit sha1_base64="5hJ/IzsmEQcQBt3JoBFVAfDAS10="></latexit>

Lq(x,Q
2) =

∫
d2b→ d2k→

(
b→ k

)

BM, Kovchegov (2310.18404) 
Becker et al (2608.25120)



proton

Elastic Dijet DSA 
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• Expand numerator of DSA to linear order in  to access moment 
amplitudes:

Δ⊥/p⊥ ≪ 1

Depend on moment amplitudes!	
(very messy expressions though)

<latexit sha1_base64="5uO/b8KQGge7IstanjevAZbwkD0=">AAACJHicbVDLSgMxFM3UV62vqks3wSJUhDIjooIbURfurGC10Kklk95pg5mZkNwRytCPceOvuHHhAxdu/BbTWkStBwKHc+7l5pxASWHQdd+d3MTk1PRMfrYwN7+wuFRcXrk0Sao51HgiE10PmAEpYqihQAl1pYFFgYSr4OZ44F/dgjYiiS+wp6AZsU4sQsEZWqlVPNiifsSwy5nMzvq+hBDLfqgZz/wTkMhavgKtrrf7mfqm1Nei08XNVrHkVtwh6DjxRqRERqi2ii9+O+FpBDFyyYxpeK7CZsY0Ci6hX/BTA4rxG9aBhqUxi8A0s2HIPt2wSpuGibYvRjpUf25kLDKmFwV2chDI/PUG4n9eI8Vwv5mJWKUIMf86FKaSYkIHjdG20MBR9ixhXAv7V8q7zFaEtteCLcH7G3mcXG5XvN3K7vlO6fBoVEeerJF1UiYe2SOH5JRUSY1wckceyBN5du6dR+fVefsazTmjnVXyC87HJ4RxpWA=</latexit>

+O

(
!2

→
p2→

)

Kovchegov, BM (2410.21260)
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Elastic dijet DSA: Feasibility

• Fit pseudo-data for dijet DSA and extract OAM distributions

JAM smallx	
preliminary
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Conclusions
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•GTMDs provide a natural description of OAM and OAM-
sensitive observables	

•Azimuthal correlations in elastic dijet and meson 
production probe OAM 	

•Complementary small-  treatment accesses OAM via 
same observables

x

For first time ever, 	
EIC will measure orbital motion of partons & 	
access all contributions to proton spin!



Backup

25



• Multiple operators exist at sub-eikonal order 

26

Polarized Wilson Lines

Can often simplify 

Kovchegov, Pitonyak, Sievert, JHEP 10 (2017) 198  
Kovchegov, Sievert, Phys.Rev.D 99 (2019) 5  

Cougoulic, Kovchegov, Tarasov, Tawabutr, JHEP 07 (2022) 095
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• Polarized dipole amplitudes in large-  or large-  limits:Nc Nc & Nf

Large-   limitNc & NfLarge-   limitNc
<latexit sha1_base64="uqoyRm/PJ0tq5xfBbCBH+iGxrUk=">AAACK3icbVDLTgIxFO34RHyhLt00EhMXhswQgi4JLnAJiTwSBkinc4GGziNtR0Mm8z9u/BUXuvARt/6H5aFR8CRNTs+5J+09TsiZVKb5Zqysrq1vbKa20ts7u3v7mYPDh gwiQaFOAx6IlkMkcOZDXTHFoRUKIJ7DoemMriZ+8xaEZIF/o8YhdDwy8FmfUaK01MuUa73YMhNs2zhd6bLpZcIL9jm275gLinEX4kry4+S1U+nGLPkO9jJZM2dOgZeJNSdZNEe1l3my3YBGHviKciJl2zJD1YmJUIxySNJ2JCEkdEQG0NbUJx7ITjzdNcGnWnFxPxD6+ApP1d+JmHhSjj1HT3pEDeWiNxH/89qR6l92YuaHkQKfzh7qRxyrAE+Kwy4TQBUfa0KoYPqvmA6JIFTpetO6BGtx5WXSyOesYq5YK2RL5XkdKXSMTtAZstAFKqFrVEV1RNE9ekQv6NV4MJ6Nd+NjNrpizDNH6A+Mzy95fqQ5</latexit>
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2Gi
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<latexit sha1_base64="D2N/6HygKzKXxxF6de/+sdFQF4c=">AAACH3icbVDLSsNAFJ3UV42vqEs3g0VwISUppbosuqjLCvYBTVom00k7dPJgZiKU0D9x46+4caGIuOvfOEmjaOuBgXPOvZc797gRo0Ka5lwrrK1vbG4Vt/Wd3b39A+PwqC3CmGPSwiELeddFgjAakJakkpFuxAnyXUY67uQmrXceCBc0DO7lNCKOj0YB9ShGUlkDo9YYJJY5g7YN9UafZiLlVfsCNn5UJVX9hM6+mwdGySybGeAqsXJSAjmaA+PTHoY49kkgMUNC9Cwzkk6CuKSYkZlux4JECE/QiPQUDZBPhJNk983gmXKG0Au5eoGEmft7IkG+EFPfVZ0+kmOxXEvN/2q9WHpXTkKDKJYkwItFXsygDGEaFhxSTrBkU0UQ5lT9FeIx4ghLFamuQrCWT14l7UrZqpVrd9VS/TqPowhOwCk4Bxa4BHVwC5qgBTB4BM/gFbxpT9qL9q59LFoLWj5zDP5Am38B/RyeqA==</latexit>

G10

Gi
10

4G10

2Gi
10

Polarized Dipole Amplitudes

•  =  without contribution from 	

•  =  with  where 

G10 Q10 Vq[1]
x

G̃ 10 Q10 Vpol[1]
x → Wpol[1]

x

Large-   limitNc & NfLarge-   limitNc

Cougoulic, Kovchegov, Tarasov, Tawabutr, JHEP 07 (2022) 095



Polarized Small-  Evolutionx
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• Closed, coupled, linear system in the large-  limit:Nc

“Neighbor” dipole 
amplitudes: 

auxiliary functions 
needed to enforce 
lifetime ordering

Kovchegov, Pitonyak, Sievert, JHEP 10 (2016) 072  
Cougoulic, Kovchegov, Tarasov, Tawabutr, JHEP 07 (2022) 095



Longitudinal Spin Asymmetries
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• Consider both double and single spin asymmetries (DSA & SSA)

<latexit sha1_base64="3fHT4EuvVcVzqzdAWz2M6NLYuKc="></latexit>

dω = dωunpol. + SL dωSSA + SL ωe dω
DSA

• Under a parity & time-reversal (PT) transformation, 

<latexit sha1_base64="dLCmLpLPrW7pzbmSWrv76LTzjTk=">AAACV3icdVHLTgIxFO0MqDi+QJduGonGjWTGGHSJj4VLDPJImJF0SoGGtjNpOyZkwk8aN/yKGy0wiQp6kyYn59yTe+9pGDOqtOvOLDuX39jcKmw7O7t7+wfF0mFLRYnEpIkjFslOiBRhVJCmppqRTiwJ4iEj7XB8P9fbr0QqGolnPYlJwNFQ0AHFSBuqVxR9X9EhRy+pz5EeSZ42GrfTKTzzdQQv4D+q4/vQWdMevp3rxqXYK5bdirsouA68DJRBVvVe8c3vRzjhRGjMkFJdz411kCKpKWZk6viJIjHCYzQkXQMF4kQF6SKXKTw1TB8OImme0HDB/nSkiCs14aHpnG+pVrU5+ZfWTfTgJkipiBNNBF4OGiQMmsvnIcM+lQRrNjEAYUnNrhCPkERYm69wTAje6snroHVZ8aqV6tNVuXaXxVEAx+AEnAMPXIMaeAR10AQYvIMPK2flrZn1aW/ahWWrbWWeI/Cr7NIX+gm0eA==</latexit>

dωSSA → ↑dωSSA

dωDSA → dωDSA
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z

1 − z

Δ = p
1

+ p
2

• Depends on 6 kinematic variables 	
+ 2 azimuthal angles	
 

Elastic Dijet Production in  Collisionsep


