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Founded in 1361, it is one of the oldest universities in the world

24000 students, 18 departments,  
85 different courses  
and 18 colleges

Hadron Physics Group  
at the Department of Physics: 
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1 PhD students 
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a large network of collaborators



Plan of lectures

0. Brief introduction 

1. Partonic interpretation of Generalized Parton Distributions (GPDs)  

2. Multidimensional picture of the proton in the 1+2D 

3. Sum rule for Angular Momentum  

4. Form Factors of Energy Momentum Tensor 

5. Observables for GPDs
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Eur. Phys. J A52 (2016)

Pedagogical lecture notes
Cédric Mezrag, “An Introductory Lecture on Generalised Parton Distributions”,  
Few. Body Syst. 63 (2022) 62 

Pedagogical intro to PDFs and their generalizations
Cédric Lorcé, Andreas Metz, BP, Peter Schweitzer, to appear in the arXiv by the end of July 
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Depend on

⇤, ⇤0, �: nucleon and quark polarizations
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finite PDFs
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Depend on

⇤, ⇤0, �: nucleon and quark polarizations

Parton Distribution Functions: 
1D+0D map 
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 Generalized Parton Distributions (GPDs)
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 Generalized Parton Distributions (GPDs)

non-diagonal  
matrix elements
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 Generalized Parton Distributions (GPDs)

non-diagonal  
matrix elements

Depend on

⇤, ⇤0, � : nucleon and quark polarizations

�: momentum transfer

: longitudinal momentum fractionx =
k+

p+
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1+2D maps

 Generalized Parton Distributions (GPDs)

non-diagonal  
matrix elements

Depend on

⇤, ⇤0, � : nucleon and quark polarizations

�: momentum transfer

: longitudinal momentum fractionx =
k+

p+
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How to access GPDs
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DVCS at leading-order
q q0
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In the Bjorken limit and at Leading Order (LO) in 1/Q: 
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longitudinal momentum transfer

t-channel momentum 
transfer squared

GPDs depend on two momentum fractions         and  
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Wilson line definition for GPDs

for convenience, choose light-cone gauge: A+ = 0  in which U = 1   
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Partonic interpretation



Evolve in  
ordinary time 

Evolve in  
light-front time 

x+ = t+z 

Instant Form

Hamiltonian

P.A.M. Dirac, Rev. Mod. Phys. 21, 392 (1949)

Light-Front Form

generators of Poincaré group interaction independent

6 7

coordinates

x1, x2, x3
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Good and bad components

• Decompose the four-component fermion field in bad (-) and good (+) components

 + = P+  � = P� with                and

• Projecting the Dirac equation and using the light-cone gauge

 =  + +  �

independent dynamical degree of freedomconstrained field

P� = 1
2�

+��P+ = 1
2�

��+• Properties of projector operators:

P+ + P� = I (P�)2 = P�(P+)2 = P+ P+P� = P�P+ = 0

A+ = 0

R. Jaffe, hep-ph/9602236

i�+D+ + = �~�? · ~D? � +m �
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•Unpolarized GPDs

annihilation and creation operator of quark

annihilation and creation operator of antiquark

with

bq, b
†
q
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❖Homework: derive the operator structure in the different regions using positivity condition  
                   and momentum conservation k+ − k′￼+ = p+ − p′￼+ = 2ξP+

k′￼+, k+ > 0



non-diagonal matrix elements of 
momentum-density matrix

 we loose the probabilistic 
interpretation of the PDF 

 we gain information on the  
quark-momentum correlation

b, b†

d, d†
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antiquarks

q q

DGLAP region
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<latexit sha1_base64="WhHPwpOlWB4r/k2yhPZkWWDlgYw=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSJUKyWpC10W3LisYB/QxDKZ3raDk0mcmYgh9Cfc+CtuXCjiVnDn3zh9LGrrgQuHc+7l3nuCmFGpHOfHyC0tr6yu5dfNjc2t7R1rd68ho0QQqJOIRaIVYAmMcqgrqhi0YgE4DBg0g7vLkd98ACFpxG9UGoMf4j6nPUqw0lLHOvUC6FOewT3HQuD0ZGgW3ZL3SI9rtyXTA96dsTpWwSk7Y9iLxJ2SApqi1rG+vW5EkhC4IgxL2XadWPkZFooSBkPTSyTEmNzhPrQ15TgE6Wfjr4b2kVa6di8Suriyx+rsRIZDKdMw0J0hVgM5743E/7x2onoXfkZ5nCjgZLKolzBbRfYoIrtLBRDFUk0wEVTfapMBFpgoHaSpQ3DnX14kjUrZPStXriuFqjONI48O0CEqIhedoyq6QjVURwQ9oRf0ht6NZ+PV+DA+J605Yzqzj/7A+PoFNwOeKA==</latexit>

(1� ⇠)P+
<latexit sha1_base64="KMtWx6MUM5rcoP4Ig/JXQ+Is2sk=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSLUV0nqQpcFNy4r2Ac0sUymt+3QySTOTMQS+hNu/BU3LhRxK7jzb5y2WVTrgQuHc+7l3nuCmFGpHOfbyC0sLi2v5FfNtfWNzS1re6cuo0QQqJGIRaIZYAmMcqgpqhg0YwE4DBg0gsHl2G/cg5A04jdqGIMf4h6nXUqw0lLbOvEC6FGewh3HQuDh0cgsuqfeAz2s3h6bHvDOjNW2Ck7JmcCeJ25GCihDtW19eZ2IJCFwRRiWsuU6sfJTLBQlDEaml0iIMRngHrQ05TgE6aeTr0b2gVY6djcSuriyJ+rsRIpDKYdhoDtDrPryrzcW//Naiepe+CnlcaKAk+mibsJsFdnjiOwOFUAUG2qCiaD6Vpv0scBE6SBNHYL79+V5Ui+X3LNS+bpcqDhZHHm0h/ZREbnoHFXQFaqiGiLoET2jV/RmPBkvxrvxMW3NGdnMLvoF4/MHOjmeKg==</latexit>

(x̄+ ⇠)P+
<latexit sha1_base64="vPAo1N/ZdZHTTvTXhRR8ME077M0=">AAACG3icbVC7SgNBFJ31GddX1NJmMQhqIOzGQsuAjWUE84BsDHcnN3HI7Ow6MysJS/7Dxl+xsVDESrDwb5w8iph4YOBwzrncuSeIOVPadX+speWV1bX1zIa9ubW9s5vd26+qKJEUKzTikawHoJAzgRXNNMd6LBHCgGMt6F2N/NojSsUicasHMTZD6ArWYRS0kVrZoh9gl4kUHwRICYOzoX3iByDT/jDv99lp+S5v+yjaM4FWNucW3DGcReJNSY5MUW5lv/x2RJMQhaYclGp4bqybKUjNKMeh7ScKY6A96GLDUAEhqmY6vm3oHBul7XQiaZ7QzlidnUghVGoQBiYZgr5X895I/M9rJLpz2UyZiBONgk4WdRLu6MgZFeW0mUSq+cAQoJKZvzr0HiRQbeq0TQne/MmLpFoseOeF4k0xV3KndWTIITkiJ8QjF6RErkmZVAglT+SFvJF369l6tT6sz0l0yZrOHJA/sL5/AdEsoTQ=</latexit>

(x̄� ⇠)P+
<latexit sha1_base64="gCor/0kjhZMhFQPEjJJEDedN1pE=">AAACG3icbVC7SgNBFJ31GddX1NJmMQhRMezGQsuAjWUE84BsDHcnN8ng7Ow6MysJS/7Dxl+xsVDESrDwb5zEFDHxwMDhnHO5c08Qc6a0635bC4tLyyurmTV7fWNzazu7s1tVUSIpVmjEI1kPQCFnAiuaaY71WCKEAcdacHc58msPKBWLxI0exNgMoStYh1HQRmpli36AXSZSvBcgJQyOh3beD0Cm/eGp32dH5dsT20fRngq0sjm34I7hzBNvQnJkgnIr++m3I5qEKDTloFTDc2PdTEFqRjkObT9RGAO9gy42DBUQomqm49uGzqFR2k4nkuYJ7YzV6YkUQqUGYWCSIeiemvVG4n9eI9Gdi2bKRJxoFPR3USfhjo6cUVFOm0mkmg8MASqZ+atDeyCBalOnbUrwZk+eJ9ViwTsrFK+LuZI7qSND9skByROPnJMSuSJlUiGUPJJn8krerCfrxXq3Pn6jC9ZkZo/8gfX1A9RioTY=</latexit>

hN, (1� ⇠)P+|b†�0 [(x̄� ⇠)P+]b�[(x̄+ ⇠)P+]|N, (1 + ⇠)P+i

<latexit sha1_base64="gbnnZq7RaXNKuKKEhE46are/6b4="></latexit>

❖Homework: derive the operator structure in the different regions using positivity condition  
                   and momentum conservation k+ − k′￼+ = p+ − p′￼+ = 2ξP+

q q

DGLAP region

(1 + ⇠)P+
<latexit sha1_base64="WhHPwpOlWB4r/k2yhPZkWWDlgYw=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSJUKyWpC10W3LisYB/QxDKZ3raDk0mcmYgh9Cfc+CtuXCjiVnDn3zh9LGrrgQuHc+7l3nuCmFGpHOfHyC0tr6yu5dfNjc2t7R1rd68ho0QQqJOIRaIVYAmMcqgrqhi0YgE4DBg0g7vLkd98ACFpxG9UGoMf4j6nPUqw0lLHOvUC6FOewT3HQuD0ZGgW3ZL3SI9rtyXTA96dsTpWwSk7Y9iLxJ2SApqi1rG+vW5EkhC4IgxL2XadWPkZFooSBkPTSyTEmNzhPrQ15TgE6Wfjr4b2kVa6di8Suriyx+rsRIZDKdMw0J0hVgM5743E/7x2onoXfkZ5nCjgZLKolzBbRfYoIrtLBRDFUk0wEVTfapMBFpgoHaSpQ3DnX14kjUrZPStXriuFqjONI48O0CEqIhedoyq6QjVURwQ9oRf0ht6NZ+PV+DA+J605Yzqzj/7A+PoFNwOeKA==</latexit>

(1� ⇠)P+
<latexit sha1_base64="KMtWx6MUM5rcoP4Ig/JXQ+Is2sk=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSLUV0nqQpcFNy4r2Ac0sUymt+3QySTOTMQS+hNu/BU3LhRxK7jzb5y2WVTrgQuHc+7l3nuCmFGpHOfbyC0sLi2v5FfNtfWNzS1re6cuo0QQqJGIRaIZYAmMcqgpqhg0YwE4DBg0gsHl2G/cg5A04jdqGIMf4h6nXUqw0lLbOvEC6FGewh3HQuDh0cgsuqfeAz2s3h6bHvDOjNW2Ck7JmcCeJ25GCihDtW19eZ2IJCFwRRiWsuU6sfJTLBQlDEaml0iIMRngHrQ05TgE6aeTr0b2gVY6djcSuriyJ+rsRIpDKYdhoDtDrPryrzcW//Naiepe+CnlcaKAk+mibsJsFdnjiOwOFUAUG2qCiaD6Vpv0scBE6SBNHYL79+V5Ui+X3LNS+bpcqDhZHHm0h/ZREbnoHFXQFaqiGiLoET2jV/RmPBkvxrvxMW3NGdnMLvoF4/MHOjmeKg==</latexit>

(�x̄� ⇠)P+
<latexit sha1_base64="wttg0t2v123h/yiCewvGUPEXj6E=">AAACHHicbVDLSsNAFJ34rPEVdekmWAQftCTtQpeCG5cVbBWaWm4mt+3QySTOTMQS+iFu/BU3LhRx40Lwb5zWLrR6YOBwzrncuSdMOVPa8z6tmdm5+YXFwpK9vLK6tu5sbDZUkkmKdZrwRF6FoJAzgXXNNMerVCLEIcfLsH868i9vUSqWiAs9SLEVQ1ewDqOgjdR2qkGIXSZyvBEgJQwOhvZeKQhB5nfDUnDH9mvXh3aAIvqRaDtFr+yN4f4l/oQUyQS1tvMeRAnNYhSaclCq6XupbuUgNaMch3aQKUyB9qGLTUMFxKha+fi4obtrlMjtJNI8od2x+nMih1ipQRyaZAy6p6a9kfif18x057iVM5FmGgX9XtTJuKsTd9SUGzGJVPOBIUAlM391aQ8kUG36tE0J/vTJf0mjUvar5cp5pXjiTeookG2yQ/aIT47ICTkjNVInlNyTR/JMXqwH68l6td6+ozPWZGaL/IL18QVKlaFt</latexit>

hN, (1� ⇠)P+|d†�0 [(�x̄� ⇠)P+]d�[(�x̄+ ⇠)P+]|N, (1 + ⇠)P+i

<latexit sha1_base64="iBlm6zWjdjo5CQuXB1ars/r4X80="></latexit>

k′￼+, k+ > 0



non-diagonal matrix elements of 
momentum-density matrix

 we loose the probabilistic 
interpretation of the PDF 

 we gain information on the  
quark-momentum correlation

b, b†

d, d†
quarks
antiquarks

q q

DGLAP region

(1 + ⇠)P+
<latexit sha1_base64="WhHPwpOlWB4r/k2yhPZkWWDlgYw=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSJUKyWpC10W3LisYB/QxDKZ3raDk0mcmYgh9Cfc+CtuXCjiVnDn3zh9LGrrgQuHc+7l3nuCmFGpHOfHyC0tr6yu5dfNjc2t7R1rd68ho0QQqJOIRaIVYAmMcqgrqhi0YgE4DBg0g7vLkd98ACFpxG9UGoMf4j6nPUqw0lLHOvUC6FOewT3HQuD0ZGgW3ZL3SI9rtyXTA96dsTpWwSk7Y9iLxJ2SApqi1rG+vW5EkhC4IgxL2XadWPkZFooSBkPTSyTEmNzhPrQ15TgE6Wfjr4b2kVa6di8Suriyx+rsRIZDKdMw0J0hVgM5743E/7x2onoXfkZ5nCjgZLKolzBbRfYoIrtLBRDFUk0wEVTfapMBFpgoHaSpQ3DnX14kjUrZPStXriuFqjONI48O0CEqIhedoyq6QjVURwQ9oRf0ht6NZ+PV+DA+J605Yzqzj/7A+PoFNwOeKA==</latexit>

(1� ⇠)P+
<latexit sha1_base64="KMtWx6MUM5rcoP4Ig/JXQ+Is2sk=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSLUV0nqQpcFNy4r2Ac0sUymt+3QySTOTMQS+hNu/BU3LhRxK7jzb5y2WVTrgQuHc+7l3nuCmFGpHOfbyC0sLi2v5FfNtfWNzS1re6cuo0QQqJGIRaIZYAmMcqgpqhg0YwE4DBg0gsHl2G/cg5A04jdqGIMf4h6nXUqw0lLbOvEC6FGewh3HQuDh0cgsuqfeAz2s3h6bHvDOjNW2Ck7JmcCeJ25GCihDtW19eZ2IJCFwRRiWsuU6sfJTLBQlDEaml0iIMRngHrQ05TgE6aeTr0b2gVY6djcSuriyJ+rsRIpDKYdhoDtDrPryrzcW//Naiepe+CnlcaKAk+mibsJsFdnjiOwOFUAUG2qCiaD6Vpv0scBE6SBNHYL79+V5Ui+X3LNS+bpcqDhZHHm0h/ZREbnoHFXQFaqiGiLoET2jV/RmPBkvxrvxMW3NGdnMLvoF4/MHOjmeKg==</latexit>

(x̄+ ⇠)P+
<latexit sha1_base64="vPAo1N/ZdZHTTvTXhRR8ME077M0=">AAACG3icbVC7SgNBFJ31GddX1NJmMQhqIOzGQsuAjWUE84BsDHcnN3HI7Ow6MysJS/7Dxl+xsVDESrDwb5w8iph4YOBwzrncuSeIOVPadX+speWV1bX1zIa9ubW9s5vd26+qKJEUKzTikawHoJAzgRXNNMd6LBHCgGMt6F2N/NojSsUicasHMTZD6ArWYRS0kVrZoh9gl4kUHwRICYOzoX3iByDT/jDv99lp+S5v+yjaM4FWNucW3DGcReJNSY5MUW5lv/x2RJMQhaYclGp4bqybKUjNKMeh7ScKY6A96GLDUAEhqmY6vm3oHBul7XQiaZ7QzlidnUghVGoQBiYZgr5X895I/M9rJLpz2UyZiBONgk4WdRLu6MgZFeW0mUSq+cAQoJKZvzr0HiRQbeq0TQne/MmLpFoseOeF4k0xV3KndWTIITkiJ8QjF6RErkmZVAglT+SFvJF369l6tT6sz0l0yZrOHJA/sL5/AdEsoTQ=</latexit>

(x̄� ⇠)P+
<latexit sha1_base64="gCor/0kjhZMhFQPEjJJEDedN1pE=">AAACG3icbVC7SgNBFJ31GddX1NJmMQhRMezGQsuAjWUE84BsDHcnN8ng7Ow6MysJS/7Dxl+xsVDESrDwb5zEFDHxwMDhnHO5c08Qc6a0635bC4tLyyurmTV7fWNzazu7s1tVUSIpVmjEI1kPQCFnAiuaaY71WCKEAcdacHc58msPKBWLxI0exNgMoStYh1HQRmpli36AXSZSvBcgJQyOh3beD0Cm/eGp32dH5dsT20fRngq0sjm34I7hzBNvQnJkgnIr++m3I5qEKDTloFTDc2PdTEFqRjkObT9RGAO9gy42DBUQomqm49uGzqFR2k4nkuYJ7YzV6YkUQqUGYWCSIeiemvVG4n9eI9Gdi2bKRJxoFPR3USfhjo6cUVFOm0mkmg8MASqZ+atDeyCBalOnbUrwZk+eJ9ViwTsrFK+LuZI7qSND9skByROPnJMSuSJlUiGUPJJn8krerCfrxXq3Pn6jC9ZkZo/8gfX1A9RioTY=</latexit>

hN, (1� ⇠)P+|b†�0 [(x̄� ⇠)P+]b�[(x̄+ ⇠)P+]|N, (1 + ⇠)P+i

<latexit sha1_base64="gbnnZq7RaXNKuKKEhE46are/6b4="></latexit>

❖Homework: derive the operator structure in the different regions using positivity condition  
                   and momentum conservation k+ − k′￼+ = p+ − p′￼+ = 2ξP+

q q

DGLAP region

(1 + ⇠)P+
<latexit sha1_base64="WhHPwpOlWB4r/k2yhPZkWWDlgYw=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSJUKyWpC10W3LisYB/QxDKZ3raDk0mcmYgh9Cfc+CtuXCjiVnDn3zh9LGrrgQuHc+7l3nuCmFGpHOfHyC0tr6yu5dfNjc2t7R1rd68ho0QQqJOIRaIVYAmMcqgrqhi0YgE4DBg0g7vLkd98ACFpxG9UGoMf4j6nPUqw0lLHOvUC6FOewT3HQuD0ZGgW3ZL3SI9rtyXTA96dsTpWwSk7Y9iLxJ2SApqi1rG+vW5EkhC4IgxL2XadWPkZFooSBkPTSyTEmNzhPrQ15TgE6Wfjr4b2kVa6di8Suriyx+rsRIZDKdMw0J0hVgM5743E/7x2onoXfkZ5nCjgZLKolzBbRfYoIrtLBRDFUk0wEVTfapMBFpgoHaSpQ3DnX14kjUrZPStXriuFqjONI48O0CEqIhedoyq6QjVURwQ9oRf0ht6NZ+PV+DA+J605Yzqzj/7A+PoFNwOeKA==</latexit>

(1� ⇠)P+
<latexit sha1_base64="KMtWx6MUM5rcoP4Ig/JXQ+Is2sk=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSLUV0nqQpcFNy4r2Ac0sUymt+3QySTOTMQS+hNu/BU3LhRxK7jzb5y2WVTrgQuHc+7l3nuCmFGpHOfbyC0sLi2v5FfNtfWNzS1re6cuo0QQqJGIRaIZYAmMcqgpqhg0YwE4DBg0gsHl2G/cg5A04jdqGIMf4h6nXUqw0lLbOvEC6FGewh3HQuDh0cgsuqfeAz2s3h6bHvDOjNW2Ck7JmcCeJ25GCihDtW19eZ2IJCFwRRiWsuU6sfJTLBQlDEaml0iIMRngHrQ05TgE6aeTr0b2gVY6djcSuriyJ+rsRIpDKYdhoDtDrPryrzcW//Naiepe+CnlcaKAk+mibsJsFdnjiOwOFUAUG2qCiaD6Vpv0scBE6SBNHYL79+V5Ui+X3LNS+bpcqDhZHHm0h/ZREbnoHFXQFaqiGiLoET2jV/RmPBkvxrvxMW3NGdnMLvoF4/MHOjmeKg==</latexit>

(�x̄� ⇠)P+
<latexit sha1_base64="wttg0t2v123h/yiCewvGUPEXj6E=">AAACHHicbVDLSsNAFJ34rPEVdekmWAQftCTtQpeCG5cVbBWaWm4mt+3QySTOTMQS+iFu/BU3LhRx40Lwb5zWLrR6YOBwzrncuSdMOVPa8z6tmdm5+YXFwpK9vLK6tu5sbDZUkkmKdZrwRF6FoJAzgXXNNMerVCLEIcfLsH868i9vUSqWiAs9SLEVQ1ewDqOgjdR2qkGIXSZyvBEgJQwOhvZeKQhB5nfDUnDH9mvXh3aAIvqRaDtFr+yN4f4l/oQUyQS1tvMeRAnNYhSaclCq6XupbuUgNaMch3aQKUyB9qGLTUMFxKha+fi4obtrlMjtJNI8od2x+nMih1ipQRyaZAy6p6a9kfif18x057iVM5FmGgX9XtTJuKsTd9SUGzGJVPOBIUAlM391aQ8kUG36tE0J/vTJf0mjUvar5cp5pXjiTeookG2yQ/aIT47ICTkjNVInlNyTR/JMXqwH68l6td6+ozPWZGaL/IL18QVKlaFt</latexit>

hN, (1� ⇠)P+|d†�0 [(�x̄� ⇠)P+]d�[(�x̄+ ⇠)P+]|N, (1 + ⇠)P+i

<latexit sha1_base64="iBlm6zWjdjo5CQuXB1ars/r4X80="></latexit>

q
q

ERBL region

(1 + ⇠)P+
<latexit sha1_base64="WhHPwpOlWB4r/k2yhPZkWWDlgYw=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSJUKyWpC10W3LisYB/QxDKZ3raDk0mcmYgh9Cfc+CtuXCjiVnDn3zh9LGrrgQuHc+7l3nuCmFGpHOfHyC0tr6yu5dfNjc2t7R1rd68ho0QQqJOIRaIVYAmMcqgrqhi0YgE4DBg0g7vLkd98ACFpxG9UGoMf4j6nPUqw0lLHOvUC6FOewT3HQuD0ZGgW3ZL3SI9rtyXTA96dsTpWwSk7Y9iLxJ2SApqi1rG+vW5EkhC4IgxL2XadWPkZFooSBkPTSyTEmNzhPrQ15TgE6Wfjr4b2kVa6di8Suriyx+rsRIZDKdMw0J0hVgM5743E/7x2onoXfkZ5nCjgZLKolzBbRfYoIrtLBRDFUk0wEVTfapMBFpgoHaSpQ3DnX14kjUrZPStXriuFqjONI48O0CEqIhedoyq6QjVURwQ9oRf0ht6NZ+PV+DA+J605Yzqzj/7A+PoFNwOeKA==</latexit>

(1� ⇠)P+
<latexit sha1_base64="KMtWx6MUM5rcoP4Ig/JXQ+Is2sk=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSLUV0nqQpcFNy4r2Ac0sUymt+3QySTOTMQS+hNu/BU3LhRxK7jzb5y2WVTrgQuHc+7l3nuCmFGpHOfbyC0sLi2v5FfNtfWNzS1re6cuo0QQqJGIRaIZYAmMcqgpqhg0YwE4DBg0gsHl2G/cg5A04jdqGIMf4h6nXUqw0lLbOvEC6FGewh3HQuDh0cgsuqfeAz2s3h6bHvDOjNW2Ck7JmcCeJ25GCihDtW19eZ2IJCFwRRiWsuU6sfJTLBQlDEaml0iIMRngHrQ05TgE6aeTr0b2gVY6djcSuriyJ+rsRIpDKYdhoDtDrPryrzcW//Naiepe+CnlcaKAk+mibsJsFdnjiOwOFUAUG2qCiaD6Vpv0scBE6SBNHYL79+V5Ui+X3LNS+bpcqDhZHHm0h/ZREbnoHFXQFaqiGiLoET2jV/RmPBkvxrvxMW3NGdnMLvoF4/MHOjmeKg==</latexit>

(x̄+ ⇠)P+
<latexit sha1_base64="vPAo1N/ZdZHTTvTXhRR8ME077M0=">AAACG3icbVC7SgNBFJ31GddX1NJmMQhqIOzGQsuAjWUE84BsDHcnN3HI7Ow6MysJS/7Dxl+xsVDESrDwb5w8iph4YOBwzrncuSeIOVPadX+speWV1bX1zIa9ubW9s5vd26+qKJEUKzTikawHoJAzgRXNNMd6LBHCgGMt6F2N/NojSsUicasHMTZD6ArWYRS0kVrZoh9gl4kUHwRICYOzoX3iByDT/jDv99lp+S5v+yjaM4FWNucW3DGcReJNSY5MUW5lv/x2RJMQhaYclGp4bqybKUjNKMeh7ScKY6A96GLDUAEhqmY6vm3oHBul7XQiaZ7QzlidnUghVGoQBiYZgr5X895I/M9rJLpz2UyZiBONgk4WdRLu6MgZFeW0mUSq+cAQoJKZvzr0HiRQbeq0TQne/MmLpFoseOeF4k0xV3KndWTIITkiJ8QjF6RErkmZVAglT+SFvJF369l6tT6sz0l0yZrOHJA/sL5/AdEsoTQ=</latexit>

(�x̄+ ⇠)P+
<latexit sha1_base64="U3nSDvMBYl57KgyD7PbEgTAxdag=">AAACHHicbVBNS8NAFNzUrxq/oh69BIugFkvSHvQoePFYwVahqeVl89oubjZxdyOW0B/ixb/ixYMiXjwI/hu3tQetDiwMM/N4+yZMOVPa8z6twszs3PxCcdFeWl5ZXXPWN5oqySTFBk14Ii9DUMiZwIZmmuNlKhHikONFeH0y8i9uUSqWiHM9SLEdQ0+wLqOgjdRxakGIPSZyvBEgJQz2h/buQRCCzO+G5eCO7dWvynaAIvqR6Dglr+KN4f4l/oSUyAT1jvMeRAnNYhSaclCq5XupbucgNaMch3aQKUyBXkMPW4YKiFG18/FxQ3fHKJHbTaR5Qrtj9edEDrFSgzg0yRh0X017I/E/r5Xp7lE7ZyLNNAr6vaibcVcn7qgpN2ISqeYDQ4BKZv7q0j5IoNr0aZsS/OmT/5JmteLXKtWzaunYm9RRJFtkm+wSnxySY3JK6qRBKLknj+SZvFgP1pP1ar19RwvWZGaT/IL18QVHX6Fr</latexit>

hN, (1� ⇠)P+|b�0 [(x̄+ ⇠)P+]d�[(�x̄+ ⇠)P+]|N, (1 + ⇠)P+i

<latexit sha1_base64="vruCs9qEX7igAl2nbK6A8ZC+ITQ="></latexit>

k′￼+, k+ > 0



b†"b" + b†#b# b†!b! + b† b 

b†!b � b† b!b†"b" � b†#b#

Spin projection

helicity space transverse-spin space

non-diagonal matrix elements of 
momentum-density matrix

 we loose the probabilistic 
interpretation of the PDF 

 we gain information on the  
quark-momentum correlation

b, b†

d, d†
quarks
antiquarks

q q

DGLAP region

(1 + ⇠)P+
<latexit sha1_base64="WhHPwpOlWB4r/k2yhPZkWWDlgYw=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSJUKyWpC10W3LisYB/QxDKZ3raDk0mcmYgh9Cfc+CtuXCjiVnDn3zh9LGrrgQuHc+7l3nuCmFGpHOfHyC0tr6yu5dfNjc2t7R1rd68ho0QQqJOIRaIVYAmMcqgrqhi0YgE4DBg0g7vLkd98ACFpxG9UGoMf4j6nPUqw0lLHOvUC6FOewT3HQuD0ZGgW3ZL3SI9rtyXTA96dsTpWwSk7Y9iLxJ2SApqi1rG+vW5EkhC4IgxL2XadWPkZFooSBkPTSyTEmNzhPrQ15TgE6Wfjr4b2kVa6di8Suriyx+rsRIZDKdMw0J0hVgM5743E/7x2onoXfkZ5nCjgZLKolzBbRfYoIrtLBRDFUk0wEVTfapMBFpgoHaSpQ3DnX14kjUrZPStXriuFqjONI48O0CEqIhedoyq6QjVURwQ9oRf0ht6NZ+PV+DA+J605Yzqzj/7A+PoFNwOeKA==</latexit>

(1� ⇠)P+
<latexit sha1_base64="KMtWx6MUM5rcoP4Ig/JXQ+Is2sk=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSLUV0nqQpcFNy4r2Ac0sUymt+3QySTOTMQS+hNu/BU3LhRxK7jzb5y2WVTrgQuHc+7l3nuCmFGpHOfbyC0sLi2v5FfNtfWNzS1re6cuo0QQqJGIRaIZYAmMcqgpqhg0YwE4DBg0gsHl2G/cg5A04jdqGIMf4h6nXUqw0lLbOvEC6FGewh3HQuDh0cgsuqfeAz2s3h6bHvDOjNW2Ck7JmcCeJ25GCihDtW19eZ2IJCFwRRiWsuU6sfJTLBQlDEaml0iIMRngHrQ05TgE6aeTr0b2gVY6djcSuriyJ+rsRIpDKYdhoDtDrPryrzcW//Naiepe+CnlcaKAk+mibsJsFdnjiOwOFUAUG2qCiaD6Vpv0scBE6SBNHYL79+V5Ui+X3LNS+bpcqDhZHHm0h/ZREbnoHFXQFaqiGiLoET2jV/RmPBkvxrvxMW3NGdnMLvoF4/MHOjmeKg==</latexit>

(x̄+ ⇠)P+
<latexit sha1_base64="vPAo1N/ZdZHTTvTXhRR8ME077M0=">AAACG3icbVC7SgNBFJ31GddX1NJmMQhqIOzGQsuAjWUE84BsDHcnN3HI7Ow6MysJS/7Dxl+xsVDESrDwb5w8iph4YOBwzrncuSeIOVPadX+speWV1bX1zIa9ubW9s5vd26+qKJEUKzTikawHoJAzgRXNNMd6LBHCgGMt6F2N/NojSsUicasHMTZD6ArWYRS0kVrZoh9gl4kUHwRICYOzoX3iByDT/jDv99lp+S5v+yjaM4FWNucW3DGcReJNSY5MUW5lv/x2RJMQhaYclGp4bqybKUjNKMeh7ScKY6A96GLDUAEhqmY6vm3oHBul7XQiaZ7QzlidnUghVGoQBiYZgr5X895I/M9rJLpz2UyZiBONgk4WdRLu6MgZFeW0mUSq+cAQoJKZvzr0HiRQbeq0TQne/MmLpFoseOeF4k0xV3KndWTIITkiJ8QjF6RErkmZVAglT+SFvJF369l6tT6sz0l0yZrOHJA/sL5/AdEsoTQ=</latexit>

(x̄� ⇠)P+
<latexit sha1_base64="gCor/0kjhZMhFQPEjJJEDedN1pE=">AAACG3icbVC7SgNBFJ31GddX1NJmMQhRMezGQsuAjWUE84BsDHcnN8ng7Ow6MysJS/7Dxl+xsVDESrDwb5zEFDHxwMDhnHO5c08Qc6a0635bC4tLyyurmTV7fWNzazu7s1tVUSIpVmjEI1kPQCFnAiuaaY71WCKEAcdacHc58msPKBWLxI0exNgMoStYh1HQRmpli36AXSZSvBcgJQyOh3beD0Cm/eGp32dH5dsT20fRngq0sjm34I7hzBNvQnJkgnIr++m3I5qEKDTloFTDc2PdTEFqRjkObT9RGAO9gy42DBUQomqm49uGzqFR2k4nkuYJ7YzV6YkUQqUGYWCSIeiemvVG4n9eI9Gdi2bKRJxoFPR3USfhjo6cUVFOm0mkmg8MASqZ+atDeyCBalOnbUrwZk+eJ9ViwTsrFK+LuZI7qSND9skByROPnJMSuSJlUiGUPJJn8krerCfrxXq3Pn6jC9ZkZo/8gfX1A9RioTY=</latexit>

hN, (1� ⇠)P+|b†�0 [(x̄� ⇠)P+]b�[(x̄+ ⇠)P+]|N, (1 + ⇠)P+i

<latexit sha1_base64="gbnnZq7RaXNKuKKEhE46are/6b4="></latexit>

❖Homework: derive the operator structure in the different regions using positivity condition  
                   and momentum conservation k+ − k′￼+ = p+ − p′￼+ = 2ξP+

q q

DGLAP region

(1 + ⇠)P+
<latexit sha1_base64="WhHPwpOlWB4r/k2yhPZkWWDlgYw=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSJUKyWpC10W3LisYB/QxDKZ3raDk0mcmYgh9Cfc+CtuXCjiVnDn3zh9LGrrgQuHc+7l3nuCmFGpHOfHyC0tr6yu5dfNjc2t7R1rd68ho0QQqJOIRaIVYAmMcqgrqhi0YgE4DBg0g7vLkd98ACFpxG9UGoMf4j6nPUqw0lLHOvUC6FOewT3HQuD0ZGgW3ZL3SI9rtyXTA96dsTpWwSk7Y9iLxJ2SApqi1rG+vW5EkhC4IgxL2XadWPkZFooSBkPTSyTEmNzhPrQ15TgE6Wfjr4b2kVa6di8Suriyx+rsRIZDKdMw0J0hVgM5743E/7x2onoXfkZ5nCjgZLKolzBbRfYoIrtLBRDFUk0wEVTfapMBFpgoHaSpQ3DnX14kjUrZPStXriuFqjONI48O0CEqIhedoyq6QjVURwQ9oRf0ht6NZ+PV+DA+J605Yzqzj/7A+PoFNwOeKA==</latexit>

(1� ⇠)P+
<latexit sha1_base64="KMtWx6MUM5rcoP4Ig/JXQ+Is2sk=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSLUV0nqQpcFNy4r2Ac0sUymt+3QySTOTMQS+hNu/BU3LhRxK7jzb5y2WVTrgQuHc+7l3nuCmFGpHOfbyC0sLi2v5FfNtfWNzS1re6cuo0QQqJGIRaIZYAmMcqgpqhg0YwE4DBg0gsHl2G/cg5A04jdqGIMf4h6nXUqw0lLbOvEC6FGewh3HQuDh0cgsuqfeAz2s3h6bHvDOjNW2Ck7JmcCeJ25GCihDtW19eZ2IJCFwRRiWsuU6sfJTLBQlDEaml0iIMRngHrQ05TgE6aeTr0b2gVY6djcSuriyJ+rsRIpDKYdhoDtDrPryrzcW//Naiepe+CnlcaKAk+mibsJsFdnjiOwOFUAUG2qCiaD6Vpv0scBE6SBNHYL79+V5Ui+X3LNS+bpcqDhZHHm0h/ZREbnoHFXQFaqiGiLoET2jV/RmPBkvxrvxMW3NGdnMLvoF4/MHOjmeKg==</latexit>

(�x̄� ⇠)P+
<latexit sha1_base64="wttg0t2v123h/yiCewvGUPEXj6E=">AAACHHicbVDLSsNAFJ34rPEVdekmWAQftCTtQpeCG5cVbBWaWm4mt+3QySTOTMQS+iFu/BU3LhRx40Lwb5zWLrR6YOBwzrncuSdMOVPa8z6tmdm5+YXFwpK9vLK6tu5sbDZUkkmKdZrwRF6FoJAzgXXNNMerVCLEIcfLsH868i9vUSqWiAs9SLEVQ1ewDqOgjdR2qkGIXSZyvBEgJQwOhvZeKQhB5nfDUnDH9mvXh3aAIvqRaDtFr+yN4f4l/oQUyQS1tvMeRAnNYhSaclCq6XupbuUgNaMch3aQKUyB9qGLTUMFxKha+fi4obtrlMjtJNI8od2x+nMih1ipQRyaZAy6p6a9kfif18x057iVM5FmGgX9XtTJuKsTd9SUGzGJVPOBIUAlM391aQ8kUG36tE0J/vTJf0mjUvar5cp5pXjiTeookG2yQ/aIT47ICTkjNVInlNyTR/JMXqwH68l6td6+ozPWZGaL/IL18QVKlaFt</latexit>

hN, (1� ⇠)P+|d†�0 [(�x̄� ⇠)P+]d�[(�x̄+ ⇠)P+]|N, (1 + ⇠)P+i

<latexit sha1_base64="iBlm6zWjdjo5CQuXB1ars/r4X80="></latexit>

q
q

ERBL region

(1 + ⇠)P+
<latexit sha1_base64="WhHPwpOlWB4r/k2yhPZkWWDlgYw=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSJUKyWpC10W3LisYB/QxDKZ3raDk0mcmYgh9Cfc+CtuXCjiVnDn3zh9LGrrgQuHc+7l3nuCmFGpHOfHyC0tr6yu5dfNjc2t7R1rd68ho0QQqJOIRaIVYAmMcqgrqhi0YgE4DBg0g7vLkd98ACFpxG9UGoMf4j6nPUqw0lLHOvUC6FOewT3HQuD0ZGgW3ZL3SI9rtyXTA96dsTpWwSk7Y9iLxJ2SApqi1rG+vW5EkhC4IgxL2XadWPkZFooSBkPTSyTEmNzhPrQ15TgE6Wfjr4b2kVa6di8Suriyx+rsRIZDKdMw0J0hVgM5743E/7x2onoXfkZ5nCjgZLKolzBbRfYoIrtLBRDFUk0wEVTfapMBFpgoHaSpQ3DnX14kjUrZPStXriuFqjONI48O0CEqIhedoyq6QjVURwQ9oRf0ht6NZ+PV+DA+J605Yzqzj/7A+PoFNwOeKA==</latexit>

(1� ⇠)P+
<latexit sha1_base64="KMtWx6MUM5rcoP4Ig/JXQ+Is2sk=">AAACFXicbVDLSsNAFJ3UV42vqEs3wSLUV0nqQpcFNy4r2Ac0sUymt+3QySTOTMQS+hNu/BU3LhRxK7jzb5y2WVTrgQuHc+7l3nuCmFGpHOfbyC0sLi2v5FfNtfWNzS1re6cuo0QQqJGIRaIZYAmMcqgpqhg0YwE4DBg0gsHl2G/cg5A04jdqGIMf4h6nXUqw0lLbOvEC6FGewh3HQuDh0cgsuqfeAz2s3h6bHvDOjNW2Ck7JmcCeJ25GCihDtW19eZ2IJCFwRRiWsuU6sfJTLBQlDEaml0iIMRngHrQ05TgE6aeTr0b2gVY6djcSuriyJ+rsRIpDKYdhoDtDrPryrzcW//Naiepe+CnlcaKAk+mibsJsFdnjiOwOFUAUG2qCiaD6Vpv0scBE6SBNHYL79+V5Ui+X3LNS+bpcqDhZHHm0h/ZREbnoHFXQFaqiGiLoET2jV/RmPBkvxrvxMW3NGdnMLvoF4/MHOjmeKg==</latexit>

(x̄+ ⇠)P+
<latexit sha1_base64="vPAo1N/ZdZHTTvTXhRR8ME077M0=">AAACG3icbVC7SgNBFJ31GddX1NJmMQhqIOzGQsuAjWUE84BsDHcnN3HI7Ow6MysJS/7Dxl+xsVDESrDwb5w8iph4YOBwzrncuSeIOVPadX+speWV1bX1zIa9ubW9s5vd26+qKJEUKzTikawHoJAzgRXNNMd6LBHCgGMt6F2N/NojSsUicasHMTZD6ArWYRS0kVrZoh9gl4kUHwRICYOzoX3iByDT/jDv99lp+S5v+yjaM4FWNucW3DGcReJNSY5MUW5lv/x2RJMQhaYclGp4bqybKUjNKMeh7ScKY6A96GLDUAEhqmY6vm3oHBul7XQiaZ7QzlidnUghVGoQBiYZgr5X895I/M9rJLpz2UyZiBONgk4WdRLu6MgZFeW0mUSq+cAQoJKZvzr0HiRQbeq0TQne/MmLpFoseOeF4k0xV3KndWTIITkiJ8QjF6RErkmZVAglT+SFvJF369l6tT6sz0l0yZrOHJA/sL5/AdEsoTQ=</latexit>

(�x̄+ ⇠)P+
<latexit sha1_base64="U3nSDvMBYl57KgyD7PbEgTAxdag=">AAACHHicbVBNS8NAFNzUrxq/oh69BIugFkvSHvQoePFYwVahqeVl89oubjZxdyOW0B/ixb/ixYMiXjwI/hu3tQetDiwMM/N4+yZMOVPa8z6twszs3PxCcdFeWl5ZXXPWN5oqySTFBk14Ii9DUMiZwIZmmuNlKhHikONFeH0y8i9uUSqWiHM9SLEdQ0+wLqOgjdRxakGIPSZyvBEgJQz2h/buQRCCzO+G5eCO7dWvynaAIvqR6Dglr+KN4f4l/oSUyAT1jvMeRAnNYhSaclCq5XupbucgNaMch3aQKUyBXkMPW4YKiFG18/FxQ3fHKJHbTaR5Qrtj9edEDrFSgzg0yRh0X017I/E/r5Xp7lE7ZyLNNAr6vaibcVcn7qgpN2ISqeYDQ4BKZv7q0j5IoNr0aZsS/OmT/5JmteLXKtWzaunYm9RRJFtkm+wSnxySY3JK6qRBKLknj+SZvFgP1pP1ar19RwvWZGaT/IL18QVHX6Fr</latexit>

hN, (1� ⇠)P+|b�0 [(x̄+ ⇠)P+]d�[(�x̄+ ⇠)P+]|N, (1 + ⇠)P+i

<latexit sha1_base64="vruCs9qEX7igAl2nbK6A8ZC+ITQ="></latexit>

k′￼+, k+ > 0



N(p,S) N(p′,S ′  )

q q

ξ - x - ξ - x

GPD(x,ξ,t)

(a) 
N(p,S) N(p′,S ′  )

q q

x + ξ ξ - x

GPD(x,ξ,t)

(b) 
N(p,S) N(p′,S ′  )

q q

x + ξ x - ξ

GPD(x,ξ,t)

(c) 

DGLAP DGLAP

<latexit sha1_base64="eI4WHGa3FOmJGx35V2gmgzMvaIE=">AAAB/HicbVDLTsJAFJ3iC+urytLNRDBxA2lJRJckblxiImBCGzIdpjBhOm1mpoamwV9x40Jj3Poh7vwbp9CFgie5Nyfn3Ju5c/yYUals+9sobWxube+Ud829/YPDI+v4pCejRGDSxRGLxIOPJGGUk66iipGHWBAU+oz0/elN7vcfiZA04vcqjYkXojGnAcVIaWloVcxa3XEZgbO81d0ZrcGhVbUb9gJwnTgFqYICnaH15Y4inISEK8yQlAPHjpWXIaEoZmRuuokkMcJTNCYDTTkKifSyxfFzeK6VEQwioYsruFB/b2QolDINfT0ZIjWRq14u/ucNEhVcexnlcaIIx8uHgoRBFcE8CTiigmDFUk0QFlTfCvEECYSVzsvUITirX14nvWbDaTUu75rVdquIowxOwRm4AA64Am1wCzqgCzBIwTN4BW/Gk/FivBsfy9GSUexUwB8Ynz91gpKx</latexit>

→1 ↑ x ↑ →ω
<latexit sha1_base64="Ft6LnFJ6SULr/HfVEaeF6bE6EvA=">AAAB+nicbVDLTsJAFL3FF9ZX0aWbiWDiirQkoksSNy4xkUcCDZkOU5gwfWRmqpDKp7hxoTFu/RJ3/o1T6ELBk9ybk3Puzdw5XsyZVLb9bRQ2Nre2d4q75t7+weGRVTpuyygRhLZIxCPR9bCknIW0pZjitBsLigOP0443ucn8zgMVkkXhvZrF1A3wKGQ+I1hpaWCVzEp/yvqcomnWnAoaWGW7ai+A1omTkzLkaA6sr/4wIklAQ0U4lrLn2LFyUywUI5zOzX4iaYzJBI9oT9MQB1S66eL0OTrXyhD5kdAVKrRQf2+kOJByFnh6MsBqLFe9TPzP6yXKv3ZTFsaJoiFZPuQnHKkIZTmgIROUKD7TBBPB9K2IjLHAROm0TB2Cs/rlddKuVZ169fKuVm7U8ziKcApncAEOXEEDbqEJLSDwCM/wCm/Gk/FivBsfy9GCke+cwB8Ynz+fZZJD</latexit>

ω → x → 1
<latexit sha1_base64="bDsUnC+1vRcZpK1qzBAw50mGqc4=">AAAB/XicbZDLSgMxFIYz9VbH23jZuQm2ghvLTMHqsuDGZQV7gc5QMumZNjRzIclIaym+ihsXirj1Pdz5NmbaWWj1QMLH/59DTn4/4Uwq2/4yCiura+sbxU1za3tnd8/aP2jJOBUUmjTmsej4RAJnETQVUxw6iQAS+hza/ug689v3ICSLozs1ScALySBiAaNEaalnHZnlc3fMXA54nF2ay7hnleyKPS/8F5wcSiivRs/6dPsxTUOIFOVEyq5jJ8qbEqEY5TAz3VRCQuiIDKCrMSIhSG86336GT7XSx0Es9IkUnqs/J6YklHIS+rozJGool71M/M/rpiq48qYsSlIFEV08FKQcqxhnUeA+E0AVn2ggVDC9K6ZDIghVOjBTh+Asf/kvtKoVp1a5uK2W6rU8jiI6RifoDDnoEtXRDWqgJqLoAT2hF/RqPBrPxpvxvmgtGPnMIfpVxsc3+MOTmg==</latexit>

→ω ↑ x ↑ ω

ERBL

Time reversal invariance:
<latexit sha1_base64="30u47ynjv4oK9r7Lmp0k9yyqBTU=">AAACA3icbZDLSsNAFIYn9VbjLepON4OtUKGWpKB2IxTcdFnBXqANZTKdtEMnkzAzkZZScOOruHGhiFtfwp1v46TNQqs/DHz85xzOnN+LGJXKtr+MzMrq2vpGdtPc2t7Z3bP2D5oyjAUmDRyyULQ9JAmjnDQUVYy0I0FQ4DHS8kY3Sb11T4SkIb9Tk4i4ARpw6lOMlLZ61pGZrxXGxe6YFtXZdYLnC87DnpWzS/Zc8C84KeRAqnrP+uz2QxwHhCvMkJQdx46UO0VCUczIzOzGkkQIj9CAdDRyFBDpTuc3zOCpdvrQD4V+XMG5+3NiigIpJ4GnOwOkhnK5lpj/1Tqx8ivulPIoVoTjxSI/ZlCFMAkE9qkgWLGJBoQF1X+FeIgEwkrHZuoQnOWT/0KzXHIuSxe35Vy1ksaRBcfgBBSAA65AFdRAHTQABg/gCbyAV+PReDbejPdFa8ZIZw7BLxkf31IHlL0=</latexit>

H(x, ω, t) = H(x,→ω, t)

<latexit sha1_base64="Yg17Mc8IjN7hQkhINn8zsLmjcVI=">AAACHXicbVDLSgNBEJz1GeMr6tHLYCIomLAbfOQiBETwGMEYIQlhdrYTh8w+mOnVhJAf8eKvePGgiAcv4t84Sfag0YKGoqqb7i43kkKjbX9ZM7Nz8wuLqaX08srq2npmY/Nah7HiUOWhDNWNyzRIEUAVBUq4iRQw35VQc7tnI792B0qLMLjCfgRNn3UC0RacoZFamcN0rnEvPEAhPaDnrau93kGjJw5w/zQ/beQnRo62Mlm7YI9B/xInIVmSoNLKfDS8kMc+BMgl07ru2BE2B0yh4BKG6UasIWK8yzpQNzRgPujmYPzdkO4axaPtUJkKkI7VnxMD5mvd913T6TO81dPeSPzPq8fYLjUHIohihIBPFrVjSTGko6ioJxRwlH1DGFfC3Er5LVOMowk0bUJwpl/+S66LBee4cHRZzJZLSRwpsk12yB5xyAkpkwtSIVXCyQN5Ii/k1Xq0nq03633SOmMlM1vkF6zPb1tsn5A=</latexit>

ẼT (x, ω, t) = →ẼT (x→ ω, t)

(similarly for                                  )
<latexit sha1_base64="JwWKidVER5cWYzExp9F6Nm5kg/w=">AAACLXicbVDLSgMxFM34rPU16tJNsBVclDJTULssaKHLCn1BW4ZM5rYNzTxIMkop/SE3/ooILiri1t8w03bRhxfCPTnnXJJ73IgzqSxramxt7+zu7acO0odHxyen5tl5Q4axoFCnIQ9FyyUSOAugrpji0IoEEN/l0HSHD4nefAYhWRjU1CiCrk/6AesxSpSmHPMxnS3nOrnOC/NAMe4BruTwyj2RccWpJa08b8tup5bFjpmx8tas8CawFyCDFlV1zI+OF9LYh0BRTqRs21akumMiFKMcJulOLCEidEj60NYwID7I7ni27QRfa8bDvVDoEyg8Y5cnxsSXcuS72ukTNZDrWkL+p7Vj1St2xyyIYgUBnT/UizlWIU6iwx4TQBUfaUCoYPqvmA6IIFTpgNM6BHt95U3QKOTtu/ztUyFTKi7iSKFLdIVukI3uUQlVUBXVEUWv6B1N0ZfxZnwa38bP3LplLGYu0EoZv3/A26Qs</latexit>

E, H̃, Ẽ, HT , ET , H̃T

<latexit sha1_base64="ZaxAeKUPgxDaYJiYaQ93aFy1VG0=">AAACIXicbVDLSgNBEJyNrxhfUY9eBhMhigm7gpqLEBDBo4KJgWQNs7MdMzj7YKZXE0J+xYu/4sWDIt7En3HyOGi0oKGo6qa7y4ul0Gjbn1ZqZnZufiG9mFlaXlldy65v1HSUKA5VHslI1T2mQYoQqihQQj1WwAJPwrV3dzr0r+9BaRGFV9iLwQ3YbSjagjM0UitbzuQbzQfhAwrpAz1rXRW6+82u2Mdd92bvpDjtFcdenrayObtkj0D/EmdCcmSCi1b2o+lHPAkgRC6Z1g3HjtHtM4WCSxhkmomGmPE7dgsNQ0MWgHb7ow8HdMcoPm1HylSIdKT+nOizQOte4JnOgGFHT3tD8T+vkWC77PZFGCcIIR8vaieSYkSHcVFfKOAoe4YwroS5lfIOU4yjCTVjQnCmX/5Lagcl56h0eHmQq5QncaTJFtkmBeKQY1Ih5+SCVAknj+SZvJI368l6sd6tj3FryprMbJJfsL6+ARsaoPg=</latexit>

[ẼT (x, ω, t)]→ = →ẼT (x→ ω, t)

Hermiticity:
<latexit sha1_base64="OixzAA3+dTxLJVIjX/515YKACJ4=">AAACB3icbVDLSgMxFM3UVx1foy4FCbZClVpmCmo3QsFNlxXsA6ZjyaRpG5p5kGSkZejOjb/ixoUibv0Fd/6NmXYWWj0QOPece7m5xw0ZFdI0v7TM0vLK6lp2Xd/Y3NreMXb3miKIOCYNHLCAt10kCKM+aUgqGWmHnCDPZaTljq4Tv3VPuKCBfysnIXE8NPBpn2IkldQ1DvW8XSuMi50xLcoT5+70KqnO5mUedo2cWTJngH+JlZIcSFHvGp+dXoAjj/gSMySEbZmhdGLEJcWMTPVOJEiI8AgNiK2ojzwinHh2xxQeK6UH+wFXz5dwpv6ciJEnxMRzVaeH5FAseon4n2dHsl9xYuqHkSQ+ni/qRwzKACahwB7lBEs2UQRhTtVfIR4ijrBU0ekqBGvx5L+kWS5ZF6Xzm3KuWknjyIIDcAQKwAKXoApqoA4aAIMH8ARewKv2qD1rb9r7vDWjpTP74Be0j2/tQpYl</latexit>

[H(x, ω, t)]→ = H(x,→ω, t) (similarly for                                  )
<latexit sha1_base64="JwWKidVER5cWYzExp9F6Nm5kg/w=">AAACLXicbVDLSgMxFM34rPU16tJNsBVclDJTULssaKHLCn1BW4ZM5rYNzTxIMkop/SE3/ooILiri1t8w03bRhxfCPTnnXJJ73IgzqSxramxt7+zu7acO0odHxyen5tl5Q4axoFCnIQ9FyyUSOAugrpji0IoEEN/l0HSHD4nefAYhWRjU1CiCrk/6AesxSpSmHPMxnS3nOrnOC/NAMe4BruTwyj2RccWpJa08b8tup5bFjpmx8tas8CawFyCDFlV1zI+OF9LYh0BRTqRs21akumMiFKMcJulOLCEidEj60NYwID7I7ni27QRfa8bDvVDoEyg8Y5cnxsSXcuS72ukTNZDrWkL+p7Vj1St2xyyIYgUBnT/UizlWIU6iwx4TQBUfaUCoYPqvmA6IIFTpgNM6BHt95U3QKOTtu/ztUyFTKi7iSKFLdIVukI3uUQlVUBXVEUWv6B1N0ZfxZnwa38bP3LplLGYu0EoZv3/A26Qs</latexit>

E, H̃, Ẽ, HT , ET , H̃T

GPDs are real valued functions
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Quark polarization

⇠-odd

✦ Helicity structure: quarknucleon (⇤0,⇤)

<latexit sha1_base64="veGVmcL+iQYXXIXi3TbZSZ7eYQo=">AAAB/nicbVDLSgMxFL1TX7W+RsWVm2ArVpAyUxTFVcGNCxcV7APaoWQymTY08yDJCGUo+CtuXCji1u9w59+YtrPQ1gOBwznncm+OG3MmlWV9G7ml5ZXVtfx6YWNza3vH3N1ryigRhDZIxCPRdrGknIW0oZjitB0LigOX05Y7vJn4rUcqJIvCBzWKqRPgfsh8RrDSUs88KJW7dzru4ZMzlLHTUs8sWhVrCrRI7IwUIUO9Z351vYgkAQ0V4VjKjm3FykmxUIxwOi50E0ljTIa4Tzuahjig0kmn54/RsVY85EdCv1Chqfp7IsWBlKPA1ckAq4Gc9ybif14nUf6Vk7IwThQNyWyRn3CkIjTpAnlMUKL4SBNMBNO3IjLAAhOlGyvoEuz5Ly+SZrVin1cu7qvF2nVWRx4O4QjKYMMl1OAW6tAAAik8wyu8GU/Gi/FufMyiOSOb2Yc/MD5/AEy5k8E=</latexit>

(�0,�)

<latexit sha1_base64="d5VKteacL2Kb9Lp+6zBOJYBQneU=">AAAB/nicbVBNSwMxFHxbv2r9WhVPXoKtWEHKblEUTwUvHivYWmiXks2mbWg2uyRZoSwF/4oXD4p49Xd489+YtnvQ1oHAMDOP9zJ+zJnSjvNt5ZaWV1bX8uuFjc2t7R17d6+pokQS2iARj2TLx4pyJmhDM81pK5YUhz6nD/7wZuI/PFKpWCTu9SimXoj7gvUYwdpIXfugVO5wEw/wyRnK2GmpaxedijMFWiRuRoqQod61vzpBRJKQCk04VqrtOrH2Uiw1I5yOC51E0RiTIe7TtqECh1R56fT8MTo2SoB6kTRPaDRVf0+kOFRqFPomGWI9UPPeRPzPaye6d+WlTMSJpoLMFvUSjnSEJl2ggElKNB8Zgolk5lZEBlhiok1jBVOCO//lRdKsVtzzysVdtVi7zurIwyEcQRlcuIQa3EIdGkAghWd4hTfryXqx3q2PWTRnZTP78AfW5w+wuZQB</latexit>

U = (++) + (��)

<latexit sha1_base64="CnDokw93II7vXCWRipFlESubQTc=">AAAB9HicbVBdSwJBFL3bp9mX1WMvSxooouxKUQSB0EuPBq0KusjsOKuDs7PbzKwgi7+jlx6K6LUf01v/plH3obQDFw7n3Mu993gRo1JZ1rextr6xubWd2cnu7u0fHOaOjpsyjAUmDg5ZKNoekoRRThxFFSPtSBAUeIy0vNHdzG+NiZA05I9qEhE3QANOfYqR0pJbcG6L5XKpXKxUSoVeLm9VrTnMVWKnJA8pGr3cV7cf4jggXG GGpOzYVqTcBAlFMSPTbDeWJEJ4hAakoylHAZFuMj96ap5rpW/6odDFlTlXf08kKJByEni6M0BqKJe9mfif14mVf+0mlEexIhwvFvkxM1VozhIw+1QQrNhEE4QF1beaeIgEwkrnlNUh2Msvr5JmrWpfVC8favn6TRpHBk7hDIpgwxXU4R4a4ACGJ3iGV3gzxsaL8W58LFrXjHTmBP7A+PwBhmGPUQ==</latexit>

Tx = (�+) + (+�)

<latexit sha1_base64="nTuiQCy2NE+KMwi2CYVMp/QJ1sQ=">AAAB+HicbVDLSsNAFJ34rPXRqEs3g63QUlqSoiiCUHDjskJf0IYwmU7aoZNJmJmINfRL3LhQxK2f4s6/cdpmoa0HLhzOuZd77/EiRqWyrG9jbX1jc2s7s5Pd3ds/yJmHR20ZxgKTFg5ZKLoekoRRTlqKKka6kSAo8BjpeOPbmd95IELSkDfVJCJOgIac+hQjpSXXzBWa7uNNsVIulYvlSqngmnmras0BV4mdkjxI0XDNr/4gxHFAuMIMSdmzrUg5CRKKYkam2X4sSYTwGA1JT1OOAiKdZH74FJ5pZQD9UOjiCs7V3xMJCqScBJ7uDJAayWVvJv7n9WLlXzkJ5VGsCMeLRX7MoArhLAU4oIJgxSaaICyovhXiERIIK51VVodgL7+8Stq1qn1evbiv5evXaRwZcAJOQRHY4BLUwR1ogBbAIAbP4BW8GU/Gi/FufCxa14x05hj8gfH5A5cRkGw=</latexit>

Ty = i[(�+)� (+�)]

<latexit sha1_base64="5uaTNpjAQLo8CWMd4Sq9I0A5GY0=">AAAB+3icbVDLSsNAFJ3UV62vWJdugq3QUlqSoiiCUHDjskJfkIYwmU7aoZNJmJmIIfRX3LhQxK0/4s6/cdpmoa0HLhzOuZd77/EiSoQ0zW8tt7G5tb2T3y3s7R8cHunHxZ4IY45wF4U05AMPCkwJw11JJMWDiGMYeBT3vend3O8/Yi5IyDoyibATwDEjPkFQKsnVi+WOm9wSu1KvVeuVWr3qlF29ZDbMBYx1YmWkBDK0Xf1rOApRHGAmEYVC2JYZSSeFXBJE8awwjAWOIJrCMbYVZTDAwkkXt8+Mc6WMDD/kqpg0FurviRQGQiSBpzoDKCdi1ZuL/3l2LP1rJyUsiiVmaLnIj6khQ2MehDEiHCNJE0Ug4kTdaqAJ5BBJFVdBhWCtvrxOes2GddG4fGiWWjdZHHlwCs5ABVjgCrTAPWiDLkDgCTyDV/CmzbQX7V37WLbmtGzmBPyB9vkD0I+Rrg==</latexit>

L = (++)� (��)

<latexit sha1_base64="B/mSM11m5/lGH14z/oakz3S+84o=">AAAB9HicbVBNSwJRFL1jX2ZfVss2jzRQRJmRoggCoU2LFgb5ATrIm+cbffjmo/feCDL4O9q0KKJtP6Zd/6anzqK0AxcO59zLvfc4IWdSmea3kVpb39jcSm9ndnb39g+yh0dNGUSC0AYJeCDaDpaUM582FFOctkNBsedw2nJGtzO/NaZCssB/VJOQ2h4e+MxlBCst2fn7m0KpVCwXyuVivpfNmRVzDrRKrITkIEG9l/3q9gMSedRXhGMpO5YZKjvGQjHC6TTTjSQNMRnhAe1o6mOPSjueHz1FZ1rpIzcQunyF5urviRh7Uk48R3d6WA3lsjcT//M6kXKv7Jj5YaSoTxaL3IgjFaBZAqjPBCWKTzTBRDB9KyJDLDBROqeMDsFafnmVNKsV67xy8VDN1a6TONJwAqdQAAsuoQZ3UIcGEHiCZ3iFN2NsvBjvxseiNWUkM8fwB8bnD3tsj0o=</latexit>



Light-front Wave Function  
Overlap Representation of GPDs



Light-cone Fock expansion

|P i =  qqq |qqqi +  qqqg |qqqgi +  qqqq̄q|qqqq̄qi + . . .

Brodsky, Pauli, Phys. Rept. 301 (1998) 299

Fixed light-cone time x+=0



Light-cone Fock expansion

|P i =  qqq |qqqi +  qqqg |qqqgi +  qqqq̄q|qqqq̄qi + . . .

Brodsky, Pauli, Phys. Rept. 301 (1998) 299

Fixed light-cone time x+=0

Light-front wave functions: Probability Amplitude for the N,β Fock state

|(P+, ~P?),⇤i =
X

N,�

[dx]N [d~k?]N 
⇤
N,�(xi,~k? i)|N,�; (xiP

+, xi
~P? + ~k? i),�ii

<latexit sha1_base64="Mu/LLIxZxfWQjohvSvBU7GZ2tEY="></latexit>



Light-cone Fock expansion

|P i =  qqq |qqqi +  qqqg |qqqgi +  qqqq̄q|qqqq̄qi + . . .

Brodsky, Pauli, Phys. Rept. 301 (1998) 299

Fixed light-cone time x+=0

Light-front wave functions: Probability Amplitude for the N,β Fock state

|(P+, ~P?),⇤i =
X

N,�

[dx]N [d~k?]N 
⇤
N,�(xi,~k? i)|N,�; (xiP

+, xi
~P? + ~k? i),�ii

<latexit sha1_base64="Mu/LLIxZxfWQjohvSvBU7GZ2tEY="></latexit>

Internal variables: xi =
p+i
P+

<latexit sha1_base64="iOfzh/MiKDBMOPZBLInEvmPVm6c=">AAACIHicbVDLSgMxFM3UV62vqks3g0UQC2WmKHUjFNy4rGAf0E6HTHqnDc1kxiQjlqGf4sZfceNCEd3p15i2s6itBwKHc85Nco8XMSqVZX0bmZXVtfWN7GZua3tndy+/f9CQYSwI1EnIQtHysARGOdQVVQxakQAceAya3vB64jcfQEga8js1isAJcJ9TnxKstOTmKx0P+pQncM+xEHh0Ns49uvSq4wtMkqhbdOk4qXWL41wHeG8u5eYLVsmawlwmdkoKKEXNzX91eiGJA+CKMCxl27Yi5SRYKEoY6PtjCREmQ9yHtqYcByCdZLrg2DzRSs/0Q6EPV+ZUnZ9IcCDlKPB0MsBqIBe9ifif146Vf+kklEexAk5mD/kxM1VoTtoye1QAUWykCSaC6r+aZIB1N0p3mtMl2IsrL5NGuWSfly5uy4VqJa0ji47QMTpFNqqgKrpBNVRHBD2hF/SG3o1n49X4MD5n0YyRzhyiPzB+fgGqeqPd</latexit>

NX

i=1

xi = 1

<latexit sha1_base64="psLmy4rnivzKwnmm4+YSYAi5U+Q=">AAACHXicbVDLSgMxFM34rOOr6tJNsAjiosyUSt0IBTeupIJ9QDsOmfS2Dc1kxiQjlqE/4sZfceNCERduxL8xfSxq64HA4ZxzubkniDlT2nF+rKXlldW19cyGvbm1vbOb3duvqSiRFKo04pFsBEQBZwKqmmkOjVgCCQMO9aB/OfLrDyAVi8StHsTghaQrWIdRoo3kZ4utALpMpHAviJRkcDq0WyoJ/ZRduMO7a/zoG2K3QLRnIn425+SdMfAicackh6ao+NmvVjuiSQhCU06UarpOrL2USM0oB7MyURAT2iddaBoqSAjKS8fXDfGxUdq4E0nzhMZjdXYiJaFSgzAwyZDonpr3RuJ/XjPRnXMvZSJONAg6WdRJONYRHlWF20wC1XxgCKGSmb9i2iOSUG0KtU0J7vzJi6RWyLvF/NlNIVcuTevIoEN0hE6Qi0qojK5QBVURRU/oBb2hd+vZerU+rM9JdMmazhygP7C+fwF0m6IZ</latexit>

NX

i=1

~ki? = ~0?

<latexit sha1_base64="DH1GR6J5JajKcd6Dv9v6Vkbqhe0="></latexit>

Frame Independent



Light-cone Fock expansion

|P i =  qqq |qqqi +  qqqg |qqqgi +  qqqq̄q|qqqq̄qi + . . .

Brodsky, Pauli, Phys. Rept. 301 (1998) 299

Fixed light-cone time x+=0

Light-front wave functions: Probability Amplitude for the N,β Fock state

|(P+, ~P?),⇤i =
X

N,�

[dx]N [d~k?]N 
⇤
N,�(xi,~k? i)|N,�; (xiP

+, xi
~P? + ~k? i),�ii

<latexit sha1_base64="Mu/LLIxZxfWQjohvSvBU7GZ2tEY="></latexit>

Eigenstates of parton light-front helicity

Ŝiz ⇤
�1...�N

= �i ⇤
�1...�N

Internal variables: xi =
p+i
P+

<latexit sha1_base64="iOfzh/MiKDBMOPZBLInEvmPVm6c=">AAACIHicbVDLSgMxFM3UV62vqks3g0UQC2WmKHUjFNy4rGAf0E6HTHqnDc1kxiQjlqGf4sZfceNCEd3p15i2s6itBwKHc85Nco8XMSqVZX0bmZXVtfWN7GZua3tndy+/f9CQYSwI1EnIQtHysARGOdQVVQxakQAceAya3vB64jcfQEga8js1isAJcJ9TnxKstOTmKx0P+pQncM+xEHh0Ns49uvSq4wtMkqhbdOk4qXWL41wHeG8u5eYLVsmawlwmdkoKKEXNzX91eiGJA+CKMCxl27Yi5SRYKEoY6PtjCREmQ9yHtqYcByCdZLrg2DzRSs/0Q6EPV+ZUnZ9IcCDlKPB0MsBqIBe9ifif146Vf+kklEexAk5mD/kxM1VoTtoye1QAUWykCSaC6r+aZIB1N0p3mtMl2IsrL5NGuWSfly5uy4VqJa0ji47QMTpFNqqgKrpBNVRHBD2hF/SG3o1n49X4MD5n0YyRzhyiPzB+fgGqeqPd</latexit>

NX

i=1

xi = 1

<latexit sha1_base64="psLmy4rnivzKwnmm4+YSYAi5U+Q=">AAACHXicbVDLSgMxFM34rOOr6tJNsAjiosyUSt0IBTeupIJ9QDsOmfS2Dc1kxiQjlqE/4sZfceNCERduxL8xfSxq64HA4ZxzubkniDlT2nF+rKXlldW19cyGvbm1vbOb3duvqSiRFKo04pFsBEQBZwKqmmkOjVgCCQMO9aB/OfLrDyAVi8StHsTghaQrWIdRoo3kZ4utALpMpHAviJRkcDq0WyoJ/ZRduMO7a/zoG2K3QLRnIn425+SdMfAicackh6ao+NmvVjuiSQhCU06UarpOrL2USM0oB7MyURAT2iddaBoqSAjKS8fXDfGxUdq4E0nzhMZjdXYiJaFSgzAwyZDonpr3RuJ/XjPRnXMvZSJONAg6WdRJONYRHlWF20wC1XxgCKGSmb9i2iOSUG0KtU0J7vzJi6RWyLvF/NlNIVcuTevIoEN0hE6Qi0qojK5QBVURRU/oBb2hd+vZerU+rM9JdMmazhygP7C+fwF0m6IZ</latexit>

NX

i=1

~ki? = ~0?

<latexit sha1_base64="DH1GR6J5JajKcd6Dv9v6Vkbqhe0="></latexit>

Frame Independent
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Light-front wave functions: Probability Amplitude for the N,β Fock state

|(P+, ~P?),⇤i =
X

N,�

[dx]N [d~k?]N 
⇤
N,�(xi,~k? i)|N,�; (xiP

+, xi
~P? + ~k? i),�ii

<latexit sha1_base64="Mu/LLIxZxfWQjohvSvBU7GZ2tEY="></latexit>

Eigenstates of parton light-front helicity

Ŝiz ⇤
�1...�N

= �i ⇤
�1...�N

Internal variables: xi =
p+i
P+

<latexit sha1_base64="iOfzh/MiKDBMOPZBLInEvmPVm6c=">AAACIHicbVDLSgMxFM3UV62vqks3g0UQC2WmKHUjFNy4rGAf0E6HTHqnDc1kxiQjlqGf4sZfceNCEd3p15i2s6itBwKHc85Nco8XMSqVZX0bmZXVtfWN7GZua3tndy+/f9CQYSwI1EnIQtHysARGOdQVVQxakQAceAya3vB64jcfQEga8js1isAJcJ9TnxKstOTmKx0P+pQncM+xEHh0Ns49uvSq4wtMkqhbdOk4qXWL41wHeG8u5eYLVsmawlwmdkoKKEXNzX91eiGJA+CKMCxl27Yi5SRYKEoY6PtjCREmQ9yHtqYcByCdZLrg2DzRSs/0Q6EPV+ZUnZ9IcCDlKPB0MsBqIBe9ifif146Vf+kklEexAk5mD/kxM1VoTtoye1QAUWykCSaC6r+aZIB1N0p3mtMl2IsrL5NGuWSfly5uy4VqJa0ji47QMTpFNqqgKrpBNVRHBD2hF/SG3o1n49X4MD5n0YyRzhyiPzB+fgGqeqPd</latexit>

NX

i=1

xi = 1

<latexit sha1_base64="psLmy4rnivzKwnmm4+YSYAi5U+Q=">AAACHXicbVDLSgMxFM34rOOr6tJNsAjiosyUSt0IBTeupIJ9QDsOmfS2Dc1kxiQjlqE/4sZfceNCERduxL8xfSxq64HA4ZxzubkniDlT2nF+rKXlldW19cyGvbm1vbOb3duvqSiRFKo04pFsBEQBZwKqmmkOjVgCCQMO9aB/OfLrDyAVi8StHsTghaQrWIdRoo3kZ4utALpMpHAviJRkcDq0WyoJ/ZRduMO7a/zoG2K3QLRnIn425+SdMfAicackh6ao+NmvVjuiSQhCU06UarpOrL2USM0oB7MyURAT2iddaBoqSAjKS8fXDfGxUdq4E0nzhMZjdXYiJaFSgzAwyZDonpr3RuJ/XjPRnXMvZSJONAg6WdRJONYRHlWF20wC1XxgCKGSmb9i2iOSUG0KtU0J7vzJi6RWyLvF/NlNIVcuTevIoEN0hE6Qi0qojK5QBVURRU/oBb2hd+vZerU+rM9JdMmazhygP7C+fwF0m6IZ</latexit>

NX

i=1

~ki? = ~0?

<latexit sha1_base64="DH1GR6J5JajKcd6Dv9v6Vkbqhe0="></latexit>

Frame Independent

Eigenstates of total OAM

L̂z ⇤
�1...�N

= `z ⇤
�1...�N

gaugeA+ = 0



Light-cone Fock expansion
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|(P+, ~P?),⇤i =
X

N,�

[dx]N [d~k?]N 
⇤
N,�(xi,~k? i)|N,�; (xiP

+, xi
~P? + ~k? i),�ii

<latexit sha1_base64="Mu/LLIxZxfWQjohvSvBU7GZ2tEY="></latexit>

Eigenstates of parton light-front helicity

Ŝiz ⇤
�1...�N

= �i ⇤
�1...�N

Internal variables: xi =
p+i
P+

<latexit sha1_base64="iOfzh/MiKDBMOPZBLInEvmPVm6c=">AAACIHicbVDLSgMxFM3UV62vqks3g0UQC2WmKHUjFNy4rGAf0E6HTHqnDc1kxiQjlqGf4sZfceNCEd3p15i2s6itBwKHc85Nco8XMSqVZX0bmZXVtfWN7GZua3tndy+/f9CQYSwI1EnIQtHysARGOdQVVQxakQAceAya3vB64jcfQEga8js1isAJcJ9TnxKstOTmKx0P+pQncM+xEHh0Ns49uvSq4wtMkqhbdOk4qXWL41wHeG8u5eYLVsmawlwmdkoKKEXNzX91eiGJA+CKMCxl27Yi5SRYKEoY6PtjCREmQ9yHtqYcByCdZLrg2DzRSs/0Q6EPV+ZUnZ9IcCDlKPB0MsBqIBe9ifif146Vf+kklEexAk5mD/kxM1VoTtoye1QAUWykCSaC6r+aZIB1N0p3mtMl2IsrL5NGuWSfly5uy4VqJa0ji47QMTpFNqqgKrpBNVRHBD2hF/SG3o1n49X4MD5n0YyRzhyiPzB+fgGqeqPd</latexit>

NX

i=1

xi = 1

<latexit sha1_base64="psLmy4rnivzKwnmm4+YSYAi5U+Q=">AAACHXicbVDLSgMxFM34rOOr6tJNsAjiosyUSt0IBTeupIJ9QDsOmfS2Dc1kxiQjlqE/4sZfceNCERduxL8xfSxq64HA4ZxzubkniDlT2nF+rKXlldW19cyGvbm1vbOb3duvqSiRFKo04pFsBEQBZwKqmmkOjVgCCQMO9aB/OfLrDyAVi8StHsTghaQrWIdRoo3kZ4utALpMpHAviJRkcDq0WyoJ/ZRduMO7a/zoG2K3QLRnIn425+SdMfAicackh6ao+NmvVjuiSQhCU06UarpOrL2USM0oB7MyURAT2iddaBoqSAjKS8fXDfGxUdq4E0nzhMZjdXYiJaFSgzAwyZDonpr3RuJ/XjPRnXMvZSJONAg6WdRJONYRHlWF20wC1XxgCKGSmb9i2iOSUG0KtU0J7vzJi6RWyLvF/NlNIVcuTevIoEN0hE6Qi0qojK5QBVURRU/oBb2hd+vZerU+rM9JdMmazhygP7C+fwF0m6IZ</latexit>

NX

i=1

~ki? = ~0?

<latexit sha1_base64="DH1GR6J5JajKcd6Dv9v6Vkbqhe0="></latexit>

Frame Independent

Eigenstates of total OAM

L̂z ⇤
�1...�N

= `z ⇤
�1...�N

gaugeA+ = 0

⇤ =
NX

i=1

�i + `z

<latexit sha1_base64="UhYOy4sZEtJTNjafGosWZBPgUjU="></latexit>



DGLAP 
region

DGLAP 
region

ERBL 
region

interference of probability amplitudes

probability density Diehl, Feldmann, Jakob, Kroll, NPB596, 2001 
Diehl, Hwang, Brodsky, NPB596, 2001  
Boffi, Pasquini, NPB649, 2003 

Light-Front Wave Function Overlap Representation

GPDs ⇠
X

N

Z
[d3k]N  

⇤
N (k0N ) N (kN )�(. . . )

<latexit sha1_base64="YUBenYrkgrWoHi0gceEP22UAlYI=">AAACgHicbVFbb9MwFHbCbZRbgUdeLCpENpWSZF07eJoEEjxVRaLbpDiLHOe0sxI7me0gVVF+B/+LN34MEk7bh7HxSZY+f+d+TloVXBvf/+24d+7eu/9g72Hv0eMnT5/1n7841WWtGCxYWZTqPKUaCi5hYbgp4LxSQEVawFmaf+rsZz9AaV7K72ZdQSzoSvIlZ9RYKen/JCmsuGzgSlKl6Pqgbcgma6RWadz4ow/Hk3A8Gfoj35 8GYdCRcDo+HFs/JfCX+WfdtphoLoiuRTLDhEuDo+ziEOdxMiNDTOaaJ7OLAy9/m8z2tz8v72gGhaEeyUqj9zEBmV3rIukPupId8G0S7MgA7TBP+r9sIlYLkIYVVOso8CsTN1QZzgpoe6TWUFGW0xVElkoqQMfNZtQWv7FKhpelss+2v1GvRzRUaL0WqfUU1Fzqm7ZO/J8tqs3yOG64rGoDkm0LLesCmxJ318AZV8BMsbaEMsVtr5hdUkWZsTfr2SUEN0e+TU7DUTAeHX0LByeT3Tr20Cv0GnkoQFN0gr6iOVoghv44A2fovHNd13Pfu8HW1XV2MS/RP3A//gXY9b0T</latexit>

PDFs ⇠
X

N

Z
[d3k]N | N (kN )|2�(. . . )

<latexit sha1_base64="/M0wqtILHeBXG6qyN8x+WgP3zDk=">AAACdnicbZHLbhMxFIY9w62EW4AVQkJWo4oUVZEdoE13lUCIVRQk0lYaT0cez0lqxfYMtgcpms4j8HLseA42LHHSLErLkSx9+s/xueaVks4T8iuKb92+c/fe1v3Og4ePHj/pPn127MraCpiKUpX2NOcOlDQw9dIrOK0scJ0rOMkXH1b+k+9gnSzNV7+sINV8buRMCu6DlHV/sBzm0jTwzXBr+fJN27B11sTO87QhA0IIpXRvBf RgnwQ4PBwN6SjEWY0nHz+5tsXMSc1crbMxZtJ4nBRnb/EizcZsD1+wiZPZuL/IxrsXZ0NWgPK8z4rSu13MwBRXamfd3rpiMHwT6AZ6aGOTrPszJBK1BuOF4s4llFQ+bbj1UihoO6x2UHGx4HNIAhquwaXNesAW7wSlwLPShheaXqtXfzRcO7fUeYjU3J+7676V+D9fUvvZKG2kqWoPRlwWmtUK+xKvboALaUF4tQzAhZWhVyzOueXCh0t1whLo9ZFvwvFwQN8N3n8Z9o72N+vYQi/RNuojig7QEfqMJmiKBPodvYi2o170J34V78SvL0PjaPPnOfrHYvIXbiS63A==</latexit>



Properties of GPDs

•Forward limit: ordinary parton distributions

unpolarized quark distributions

long. polarized quark distributions

x > 0
<latexit sha1_base64="CDe9L74RoM+eJyXue3G4H2BxHBU=">AAACDXicbVA9SwNBEN2LX/H8ilraLEZBLMJdLEwlARvLCOYDkiPs7U2SJXt75+6eGI78ARv/io2FIrb2dv4bN8kVMfHBwOO9GWbm+TFnSjvOj5VbWV1b38hv2lvbO7t7hf2DhooSSaFOIx7Jlk8UcCagrpnm0IolkNDn0PSH1xO/+QBSsUjc6VEMXkj6gvUYJdpI3cJJx4c+EyncCyIlGZ2P7ccrpwMimJO6haJTcqbAy8TNSBFlqHUL350gokkIQlNOlGq7Tqy9lEjNKIex3UkUxIQOSR/ahgoSgvLS6TdjfGqUAPciaUpoPFXnJ1ISKjUKfdMZEj1Qi95E/M9rJ7pX8VIm4kSDoLNFvYRjHeFJNDhgEqjmI0MIlczciumASEK1CdA2IbiLLy+TRrnkXpTKt+VitZLFkUdH6BidIRddoiq6QTVURxQ9oRf0ht6tZ+vV+rA+Z605K5s5RH9gff0Cyyyb+Q==</latexit>

x < 0
<latexit sha1_base64="xUxsldVbsuK0LzzJdjxHkzPG7G8=">AAACDXicbVA9SwNBEN2LX/H8ilraLEZBLMJdLExhEbCxjGA+IDnC3t4kWbK3d+7uieHIH7Dxr9hYKGJrb+e/cZNcERMfDDzem2Fmnh9zprTj/Fi5ldW19Y38pr21vbO7V9g/aKgokRTqNOKRbPlEAWcC6pppDq1YAgl9Dk1/eD3xmw8gFYvEnR7F4IWkL1iPUaKN1C2cdHzoM5HCvSBSktH52H68cjoggjmpWyg6JWcKvEzcjBRRhlq38N0JIpqEIDTlRKm268TaS4nUjHIY251EQUzokPShbaggISgvnX4zxqdGCXAvkqaExlN1fiIloVKj0DedIdEDtehNxP+8dqJ7FS9lIk40CDpb1Es41hGeRIMDJoFqPjKEUMnMrZgOiCRUmwBtE4K7+PIyaZRL7kWpfFsuVitZHHl0hI7RGXLRJaqiG1RDdUTRE3pBb+jderZerQ/rc9aas7KZQ/QH1tcvyASb9w==</latexit>: quarks : antiquarks

analogous relations for gluons, except for transversity distribution 

eHq(x, ⇠ = 0, t = 0) = �q(x)
<latexit sha1_base64="TugKthKgL00W1w0xZzzz9N3Olfw="></latexit>

H
q(x, ⇠ = 0, t = 0) = q(x)

<latexit sha1_base64="ssR1Hm9bzMSohBIG8JZZ6NYfA2k="></latexit>

H
q
T (x, ⇠ = 0, t = 0) = h1(x)

<latexit sha1_base64="SI+wsr+Wbb+l30o83hV7LaROBGg="></latexit>

 transv. polarized quark distributions

•all the other GPDs do NOT appear in inclusive DIS =)<latexit sha1_base64="bIBsrxuPsqhgjV3dV1xofUU3XA4=">AAACGnicbVDLSsNAFJ34rPFVdekmWARxUZK6sMuCGxcuKtgHNKFMpjfp0MlMnJkoJfQ73Pgrblwo4k7c+DdOH4vaeuDC4Zx7ufeeMGVUadf9sVZW19Y3Ngtb9vbO7t5+8eCwqUQmCTSIYEK2Q6yAUQ4NTTWDdioBJyGDVji4GvutB5CKCn6nhykECY45jSjB2kjdoueHEFOewz3HUuLh+cj2bwSPJY372iji0faB9+b8brHklt0JnGXizUgJzVDvFr/8niBZAlwThpXqeG6qgxxLTQkDsy9TkGIywDF0DOU4ARXkk9dGzqlRek4kpCmunYk6P5HjRKlhEprOBOu+WvTG4n9eJ9NRNcgpTzMNnEwXRRlztHDGOTk9KoFoNjQEE0nNrQ7pY4mJNmnaJgRv8eVl0qyUvYty5bZSqlVncRTQMTpBZ8hDl6iGrlEdNRBBT+gFvaF369l6tT6sz2nrijWbOUJ/YH3/AqVIodQ=</latexit> new information 

•They all depend on the renormalisation scale (             )   
with different evolution equations in the DGLAP and ERBL regions 

µ2 = Q2
<latexit sha1_base64="0kCxzE2yrzkQxCNBuKGnR/5UdJ0=">AAACFHicbVBNS8NAEN3Urxq/qh69BIsgCiWJB3sRCl48tmA/oE3LZjNtl242cXcjlNAf4cW/4sWDIl49ePPfuG1zqK0PBh7vzTAzz48Zlcq2f4zc2vrG5lZ+29zZ3ds/KBweNWSUCAJ1ErFItHwsgVEOdUUVg1YsAIc+g6Y/up36zUcQkkb8Xo1j8EI84LRPCVZa6hUuOz4MKE/hgWMh8PhiYnbCpOve1Lqu2QEeLDi9QtEu2TNYq8TJSBFlqPYK350gIkkIXBGGpWw7dqy8FAtFCQO9KZEQYzLCA2hrynEI0ktnT02sM60EVj8SuriyZuriRIpDKcehrztDrIZy2ZuK/3ntRPXLXkp5nCjgZL6onzBLRdY0ISugAohiY00wEVTfapEhFpgonaOpQ3CWX14lDbfkXJXcmluslLM48ugEnaJz5KBrVEF3qIrqiKAn9ILe0LvxbLwaH8bnvDVnZDPH6A+Mr19PDJ5P</latexit>

x 2 [�1, 1] :

<latexit sha1_base64="XfPAgYs9cPgORX3QQpYxiNhgUhQ=">AAACFXicbVDLSsNAFJ34rPEVdekmWASRWpKiWFwV3LisYB/QhDKZ3rZDJ5M4MxFD6E+48VfcuFDEreDOv3H6WNTWAxcO59zLvfcEMaNSOc6PsbS8srq2ntswN7e2d3atvf26jBJBoEYiFolmgCUwyqGmqGLQjAXgMGDQCAbXI7/xAELSiN+pNAY/xD1Ou5RgpaW2VfAC6FGewT3HQuD0dGg+epS3ztyC6195wDszVtvKO0VnDHuRuFOSR1NU29a314lIEgJXhGEpW64TKz/DQlHCYGh6iYQYkwHuQUtTjkOQfjb+amgfa6VjdyOhiyt7rM5OZDiUMg0D3Rli1Zfz3kj8z2slqlv2M8rjRAEnk0XdhNkqskcR2R0qgCiWaoKJoPpWm/SxwETpIE0dgjv/8iKpl4ruefHitpSvlKdx5NAhOkInyEWXqIJuUBXVEEFP6AW9oXfj2Xg1PozPSeuSMZ05QH9gfP0CGlievw==</latexit>



Properties of GPDs

Z

<latexit sha1_base64="hiFAU11UXDuGpLxTuGgb7ykWh54=">AAACDnicbVBNS8NAEN3Ur1q/oh69BEtBPJSkHvRY8KK3CvYDmlA2m0m7dLOJuxshhP4CL/4VLx4U8erZm//GbZtDbX0w8Hhvhpl5fsKoVLb9Y5TW1jc2t8rblZ3dvf0D8/CoI+NUEGiTmMWi52MJjHJoK6oY9BIBOPIZdP3x9dTvPoKQNOb3KkvAi/CQ05ASrLQ0MGuuD0PKc3jgWAicnU8qLuXKBR4saAOzatftGaxV4hSkig q0Bua3G8QkjYArwrCUfcdOlJdjoShhoHekEhJMxngIfU05jkB6+eydiVXTSmCFsdDFlTVTFydyHEmZRb7ujLAayWVvKv7n9VMVXnk55UmqgJP5ojBlloqtaTZWQAUQxTJNMBFU32qRERaYKJ1gRYfgLL+8SjqNunNRb9w1qs3bIo4yOkGn6Aw56BI10Q1qoTYi6Am9oDf0bjwbr8aH8TlvLRnFzDH6A+PrFy2ZnNU=</latexit>

GPDs FFs

p,⇤
<latexit sha1_base64="SbfWeqvb9GuNkhfCiJGZQ6UO6Pg=">AAACFHicbVDLSsNAFJ3Ud3xFXboJFkFUSlJBXRbcuHChYB/QlHIzua2Dk0mcmQgl9CPc+CtuXCji1oU7/8bpY1FbD1w4nHPvzL0nTDlT2vN+rMLc/MLi0vKKvbq2vrHpbG3XVJJJilWa8EQ2QlDImcCqZppjI5UIccixHt5fDPz6I0rFEnGreym2YugK1mEUtJHazlEQYpeJHB8ESAm9w76dHgdX5oEI7ABFNOG0naJX8oZwZ4k/JkUyxnXb+Q6ihGYxCk05KNX0vVS3cpCaUY59O8gUpkDvoYtNQwXEqFr58Ki+u2+UyO0k0pTQ7lCdnMghVqoXh6YzBn2npr2B+J/XzHTnvJUzkWYaBR191Mm4qxN3kJAbMYlU854hQCUzu7r0DiRQbXK0TQj+9MmzpFYu+Sel8k25WDkdx7FMdskeOSA+OSMVckmuSZVQ8kReyBt5t56tV+vD+hy1FqzxzA75A+vrF8dTnpo=</latexit>

p0,⇤0
<latexit sha1_base64="E9BjreuKPJfpFzD9vK+neIMxv/c=">AAACFnicbVBNS8NAEN3Urxq/qh69BIsooiWpoB4LXjx4qGBVaEqZbKZ16WYTdzdCCP0VXvwrXjwo4lW8+W/ctjn49WDg8d7M7swLEs6Udt1PqzQ1PTM7V563FxaXllcqq2uXKk4lxRaNeSyvA1DImcCWZprjdSIRooDjVTA4GflXdygVi8WFzhLsRNAXrMcoaCN1K/t+gH0mcrwVICVku0M72d7zz8wLIWzbPorwm9etVN2aO4bzl3gFqZICzW7lww9jmkYoNOWgVNtzE93JQWpGOQ5tP1WYAB1AH9uGCohQdfLxWUNnyyih04ulKaGdsfp9IodIqSwKTGcE+kb99kbif1471b3jTs5EkmoUdPJRL+WOjp1RRk7IJFLNM0OASmZ2degNSKDaJGmbELzfJ/8ll/Wad1Crn9erjcMijjLZIJtkh3jkiDTIKWmSFqHknjySZ/JiPVhP1qv1NmktWcXMOvkB6/0LoBKe/A==</latexit>

eix̄P
+z�

dx̄
<latexit sha1_base64="hcMZjQo+wEflA4cIjsgmWKRrVOg=">AAACJXicbVDLSgMxFM3Ud31VXboJFkEUy0xd6EJEcOOyglWh05Y7mds2NJMZk4xYh/6MG3/FjQtFBFf+iuljodUDgcM553JzT5AIro3rfjq5qemZ2bn5hfzi0vLKamFt/UrHqWJYZbGI1U0AGgWXWDXcCLxJFEIUCLwOumcD//oOleaxvDS9BOsRtCVvcQbGSs3CsR9gm8sMbyUoBb3dfh4bGfcDUPSeVhp79KGx36fhSPBRhj+izULRLblD0L/EG5MiGaPSLLz5YczSCKVhArSueW5i6hkow5nAft5PNSbAutDGmqUSItT1bHhln25bJaStWNknDR2qPycyiLTuRYFNRmA6etIbiP95tdS0juoZl0lqULLRolYqqInpoDIacoXMiJ4lwBS3f6WsAwqYscXmbQne5Ml/yVW55B2Uyhfl4unJuI55skm2yA7xyCE5JeekQqqEkUfyTF7Jm/PkvDjvzscomnPGMxvkF5yvb1RIpSE=</latexit>[

<latexit sha1_base64="b6iUt+NDAFhWmrDCzCvwPCUOxAI=">AAACC3icbVBNS8NAEN3Ur1q/oh69hBZBPJSkHvRY8OKxgv2AJJbNdtIu3Wzi7kYIoXcv/hUvHhTx6h/w5r9x2+ZQWx8MPN6bYWZekDAqlW3/GKW19Y3NrfJ2ZWd3b//APDzqyDgVBNokZrHoBVgCoxzaiioGvUQAjgIG3WB8PfW7jyAkjfmdyhLwIzzkNKQEKy31zaoXwJDyHB44FgJn5xO34gEfLAh9s2bX7RmsVeIUpIYKtPrmtzeISRoBV4RhKV3HTpSfY6EoYTCpeKmEBJMxHoKrKccRSD+f/TKxTrUysMJY6OLKmqmLEzmOpMyiQHdGWI3ksjcV//PcVIVXfk55kirgZL4oTJmlYmsajDWgAohimSaYCKpvtcgIC0yUjq+iQ3CWX14lnUbduag3bhu15n0RRxmdoCo6Qw66RE10g1qojQh6Qi/oDb0bz8ar8WF8zltLRjFzjP7A+PoFonGbgA==</latexit>

]
<latexit sha1_base64="AYkFDFc8gQsKXbJaPj56bEqrWKA=">AAACC3icbVBNS8NAEN3Urxq/oh69hBZBPJSkHvRY8OKxgv2AJpbNZtou3Wzi7kYIoXcv/hUvHhTx6h/w5r9x2+ZQWx8MPN6bYWZekDAqleP8GKW19Y3NrfK2ubO7t39gHR61ZZwKAi0Ss1h0AyyBUQ4tRRWDbiIARwGDTjC+nvqdRxCSxvxOZQn4ER5yOqAEKy31rYoXwJDyHB44FgJn5xPf9ICHC0Lfqjo1ZwZ7lbgFqaICzb717YUxSSPgijAsZc91EuXnWChKGExML5WQYDLGQ+hpynEE0s9nv0zsU62E9iAWuriyZ+riRI4jKbMo0J0RViO57E3F/7xeqgZXfk55kirgZL5okDJbxfY0GDukAohimSaYCKpvtckIC0yUjs/UIbjLL6+Sdr3mXtTqt/Vq476Io4xOUAWdIRddoga6QU3UQgQ9oRf0ht6NZ+PV+DA+560lo5g5Rn9gfP0CpZmbgg==</latexit>

=<latexit sha1_base64="yjtyWVxsnp0Z0ck4w/7vNxDopQs=">AAACC3icbVBNS8NAEN3Urxq/oh69hBZBPJSkHvSiFLx4rGA/oA1ls5m0SzebuLsRQujdi3/FiwdFvPoHvPlv3LY5aOuDgcd7M8zM8xNGpXKcb6O0srq2vlHeNLe2d3b3rP2DtoxTQaBFYhaLro8lMMqhpahi0E0E4Mhn0PHH11O/8wBC0pjfqSwBL8JDTkNKsNLSwKr0fRhSnsM9x0Lg7HRiXvaBB7+EgVV1as4M9jJxC1JFBZoD66sfxCSNgCvCsJQ910mUl2OhKGEwMfuphASTMR5CT1OOI5BePvtlYh9rJbDDWOjiyp6pvydyHEmZRb7ujLAayUVvKv7n9VIVXng55UmqgJP5ojBltortaTB2QAUQxTJNMBFU32qTERaYKB2fqUNwF19eJu16zT2r1W/r1cZVEUcZHaEKOkEuOkcNdIOaqIUIekTP6BW9GU/Gi/FufMxbS0Yxc4j+wPj8AWlGm0I=</latexit>

p,⇤
<latexit sha1_base64="SbfWeqvb9GuNkhfCiJGZQ6UO6Pg=">AAACFHicbVDLSsNAFJ3Ud3xFXboJFkFUSlJBXRbcuHChYB/QlHIzua2Dk0mcmQgl9CPc+CtuXCji1oU7/8bpY1FbD1w4nHPvzL0nTDlT2vN+rMLc/MLi0vKKvbq2vrHpbG3XVJJJilWa8EQ2QlDImcCqZppjI5UIccixHt5fDPz6I0rFEnGreym2YugK1mEUtJHazlEQYpeJHB8ESAm9w76dHgdX5oEI7ABFNOG0naJX8oZwZ4k/JkUyxnXb+Q6ihGYxCk05KNX0vVS3cpCaUY59O8gUpkDvoYtNQwXEqFr58Ki+u2+UyO0k0pTQ7lCdnMghVqoXh6YzBn2npr2B+J/XzHTnvJUzkWYaBR191Mm4qxN3kJAbMYlU854hQCUzu7r0DiRQbXK0TQj+9MmzpFYu+Sel8k25WDkdx7FMdskeOSA+OSMVckmuSZVQ8kReyBt5t56tV+vD+hy1FqzxzA75A+vrF8dTnpo=</latexit>

p0,⇤0
<latexit sha1_base64="E9BjreuKPJfpFzD9vK+neIMxv/c=">AAACFnicbVBNS8NAEN3Urxq/qh69BIsooiWpoB4LXjx4qGBVaEqZbKZ16WYTdzdCCP0VXvwrXjwo4lW8+W/ctjn49WDg8d7M7swLEs6Udt1PqzQ1PTM7V563FxaXllcqq2uXKk4lxRaNeSyvA1DImcCWZprjdSIRooDjVTA4GflXdygVi8WFzhLsRNAXrMcoaCN1K/t+gH0mcrwVICVku0M72d7zz8wLIWzbPorwm9etVN2aO4bzl3gFqZICzW7lww9jmkYoNOWgVNtzE93JQWpGOQ5tP1WYAB1AH9uGCohQdfLxWUNnyyih04ulKaGdsfp9IodIqSwKTGcE+kb99kbif1471b3jTs5EkmoUdPJRL+WOjp1RRk7IJFLNM0OASmZ2degNSKDaJGmbELzfJ/8ll/Wad1Crn9erjcMijjLZIJtkh3jkiDTIKWmSFqHknjySZ/JiPVhP1qv1NmktWcXMOvkB6/0LoBKe/A==</latexit>

t = (p0 � p)2
<latexit sha1_base64="8lQyWFxrfIVJ8OAYFN92FmCrHNI=">AAACFXicbVDLSsNAFJ3UV42vqks3wSJW0ZJEUDdCwY3LCvYBbS2TyW07dDKJMxMhhP6EG3/FjQtF3Aru/Bunj0VtPXDhcM693HuPFzEqlW3/GJmFxaXlleyquba+sbmV296pyjAWBCokZKGoe1gCoxwqiioG9UgADjwGNa9/PfRrjyAkDfmdSiJoBbjLaYcSrLTUzp00PehSnsIDx0Lg5HhgqqtCdHgaHd27ZhO4P2W1c3m7aI9gzRNnQvJognI79930QxIHwBVhWMqGY0eqlWKhKGEwMJuxhAiTPu5CQ1OOA5CtdPTVwDrQim91QqGLK2ukTk+kOJAyCTzdGWDVk7PeUPzPa8Sqc9lKKY9iBZyMF3ViZqnQGkZk+VQAUSzRBBNB9a0W6WGBidJBmjoEZ/bleVJ1i85Z0b1186XzSRxZtIf2UQE56AKV0A0qowoi6Am9oDf0bjwbr8aH8TluzRiTmV30B8bXLz7+njE=</latexit>

t = (p0 � p)2
<latexit sha1_base64="8lQyWFxrfIVJ8OAYFN92FmCrHNI=">AAACFXicbVDLSsNAFJ3UV42vqks3wSJW0ZJEUDdCwY3LCvYBbS2TyW07dDKJMxMhhP6EG3/FjQtF3Aru/Bunj0VtPXDhcM693HuPFzEqlW3/GJmFxaXlleyquba+sbmV296pyjAWBCokZKGoe1gCoxwqiioG9UgADjwGNa9/PfRrjyAkDfmdSiJoBbjLaYcSrLTUzp00PehSnsIDx0Lg5HhgqqtCdHgaHd27ZhO4P2W1c3m7aI9gzRNnQvJognI79930QxIHwBVhWMqGY0eqlWKhKGEwMJuxhAiTPu5CQ1OOA5CtdPTVwDrQim91QqGLK2ukTk+kOJAyCTzdGWDVk7PeUPzPa8Sqc9lKKY9iBZyMF3ViZqnQGkZk+VQAUSzRBBNB9a0W6WGBidJBmjoEZ/bleVJ1i85Z0b1186XzSRxZtIf2UQE56AKV0A0qowoi6Am9oDf0bjwbr8aH8TluzRiTmV30B8bXLz7+njE=</latexit>
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q(x̄, ⇠, t) = F
q
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�1
dx̄ eEq(x̄, ⇠, t) = Gq

P (t)
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Dirac Form Factor

Pauli Form Factor

Axial Form Factor

Pseudoscalar Form Factor

•renormalisation scale independent 

•matrix elements of local operators
can be calculated on the lattice

•Lorentz invariance
⇠

<latexit sha1_base64="eHAkrXv+k1JqJkgNFfOt8UhNjGM=">AAACDnicbVBNS8NAEN34WeNX1KOXYCmIh5LUgz0WvHisYD+gKWWzmbRLN5u4uxFD6C/w4l/x4kERr569+W/ctjnU1gcDj/dmmJnnJ4xK5Tg/xtr6xubWdmnH3N3bPzi0jo7bMk4FgRaJWSy6PpbAKIeWoopBNxGAI59Bxx9fT/3OAwhJY36nsgT6ER5yGlKClZYGVsXzYUh5DvccC4Gzi4npPVLTAx4saAOr7FSdGexV4hakjAo0B9a3F8QkjYArwrCUPddJVD/HQlHCQO9IJSSYjPEQeppyHIHs57N3JnZFK4EdxkIXV/ZMXZzIcSRlFvm6M8JqJJe9qfif10tVWO/nlCepAk7mi8KU2Sq2p9nYARVAFMs0wURQfatNRlhgonSCpg7BXX55lbRrVfeyWrutlRv1Io4SOkVn6By56Ao10A1qohYi6Am9oDf0bjwbr8aH8TlvXTOKmRP0B8bXL5FmnGQ=</latexit>

independent 



GPDs 
in Impact Parameter Space



Impact Parameter Space 

 average transverse position of the partons

 b⊥: transverse distance between the struck parton 
and the centre of momentum of the hadron

[Burkardt, 2003]

~R?
xi,~bi?

~b? ~R? =

P
i p

+
i
~b?iP

i p
+
i

(i = q, q̄, g)
<latexit sha1_base64="e2Ua4rNK48kG45+YpiV0H61M4qw="></latexit>

Galilei transformation: Transverse boost:

Center of mass: Center of plus momentum:

~p?i ! ~p?i � p+i ~vp+i ! p+i~pi ! ~pi �mi~v

~r⇤ =
P

i mi~riP
i mi

mi ! mi

Isomorphism between Galilei and subgroup of Light-Front operators

~R? =

P
i p

+
i
~b? iP

i p
+
i

<latexit sha1_base64="14VlKEPXeSVBNb83t3YIOT/IjV0="></latexit>
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and the centre of momentum of the hadron
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Impact Parameter Space 

 average transverse position of the partons

 b⊥: transverse distance between the struck parton 
and the centre of momentum of the hadron

[Burkardt, 2003]
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~b? ~R? =
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~b?iP

i p
+
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(i = q, q̄, g)
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 Localized wave packet in the transverse plane

|p+, ~R? = ~0?,�i = N
Z

d2~p?
(2⇡)2

|p+, ~p?,�i

<latexit sha1_base64="aYqxIrMrYRmPN6ZleoBTVkKTt8o="></latexit>

with |N |2
Z

d2~p?
(2⇡)2

= 1
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 average transverse position of the partons

 b⊥: transverse distance between the struck parton 
and the centre of momentum of the hadron

[Burkardt, 2003]

~R?
xi,~bi?

~b? ~R? =

P
i p

+
i
~b?iP

i p
+
i

(i = q, q̄, g)
<latexit sha1_base64="e2Ua4rNK48kG45+YpiV0H61M4qw="></latexit>

 Localized wave packet in the transverse plane
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 Impact parameter dependent GPD (IPD)
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dz
�

4⇡
e
ixp+z�

 ̄(�z
�

2
,~b?)�

+
 (

z
�

2
,~b?)|p+, ~R? = 0,⇤i

<latexit sha1_base64="2Ttf/iUOYA3nslT3YKLPcblafFA="></latexit>



Impact Parameter Space 

 average transverse position of the partons

 b⊥: transverse distance between the struck parton 
and the centre of momentum of the hadron

[Burkardt, 2003]
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number density of (anti)quark with longitudinal 
momentum x and transverse position ~b?

<latexit sha1_base64="IQebmRklbG0M7GRDQJ/z1StzKIM="></latexit>
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Impact Parameter Space 

 average transverse position of the partons

 b⊥: transverse distance between the struck parton 
and the centre of momentum of the hadron

[Burkardt, 2003]
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number density of (anti)quark with longitudinal 
momentum x and transverse position ~b?
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x>0 x<0

H(x, 0,~b?) ⇠
X

�

���b�(xp+,~b?)|p+, ~R? = 0,⇤i
���
2
� 0

<latexit sha1_base64="fwZk6UiTVwrvZ/FaEiCgtr9n9PM=">AAACg3icdVFNTxsxEPUu0NL0K6XHXiyiVmlBwbsCmhyQUHvh0AOtGkCKw8rrnSwWtndrexHRkj/Sn9Ub/wZvklZQtSNZenpv3sx4Ji2lsI6Q2yBcWV179Hj9Sevps+cvXrZfbZzYojIchryQhTlLmQUpNAydcBLOSgNMpRJO08vPjX56BcaKQn930xLGiuVaTARnzlNJ+ydNIRe6hh+aGcOmH2ato+71NtmmV8BxmtASTPmeWq EwtZVKqPS1M4bpJ5HjmyZhSXSvy/Othy6v/+G+LbgDX/jL3EAN07mEps7NeUxzwISCzu4NkrQ7pEd87O/jBkR9EnkwGPTjeICjuURIBy3jOGn/olnBKwXaccmsHUWkdOOaGSe4hFmLVhZKxi9ZDiMPNVNgx/V8hzP81jMZnhTGP+3wnL3vqJmydqpSn6mYu7B/aw35L21UuUl/XAtdVg40XzSaVBK7AjcHwZkwwJ2cesC4EX5WzC+YYdz5s7X8En7/FP8fnMS9aLe39zXuHO4t17GO3qBN1EUR+ogO0RE6RkPEAxS8C3YCEq6FW2Ec7i5Sw2DpeY0eRHhwBwzHwG8=</latexit>
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IPDs=Fourier transform of GPDs (homework)
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<latexit sha1_base64="03T8OieVQfUsO8sLxa8Mbt4CnyY=">AAACHXicbVDLSgNBEJz1bXxFPXpZDIIKht2QoBdB0INHBZMI2Rh6J504ZHZ2nekVwpIf8eKvePGgiAcv4t84iTn4Khgoqqrp6QoTKQx53oczMTk1PTM7N59bWFxaXsmvrtVMnGqOVR7LWF+GYFAKhVUSJPEy0QhRKLEe9o6Hfv0WtRGxuqB+gs0Iukp0BAeyUitfDkLsCpXhjQKtob87yG3T4V5wgpKgFSSok6vSToCq/S3Syhe8ojeC+5f4Y1JgY5y18m9BO+ZphIq4BGMavpdQMwNNgksc5ILUYAK8B11sWKogQtPMRtcN3C2rtN1OrO1T5I7U7xMZRMb0o9AmI6Br89sbiv95jZQ6B81MqCQlVPxrUSeVLsXusCq3LTRykn1LgGth/+rya9DAyRaasyX4v0/+S2qlol8uVs5LhaPKuI45tsE22Tbz2T47YqfsjFUZZ3fsgT2xZ+feeXRenNev6IQznllnP+C8fwKLt6Ir</latexit>



Homework
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<latexit sha1_base64="rU2SMS/ky32CQIWyxMx94acnWZ8="></latexit>

where

H(x, 0,~b?) = hp+, ~R? = 0,⇤|Ôq(x,~b?)|p+, ~R? = 0,⇤i
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 Insert the expression for the localized wave packet in the transverse plane

with|p+, ~R? = ~0?,�i = N
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<latexit sha1_base64="jUliLptUePqRPZCyetsKeSOr3cs="></latexit>

|N |2
Z

d2~p?
(2⇡)2

= 1

<latexit sha1_base64="o07I8+rUJLgsfDk/MgNFHfyZtNA="></latexit>

H(x, 0,~b?) = |N |2
Z

d2p?
(2⇡)2

Z
d2p0?
(2⇡)2

hp+, ~p 0
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Homework
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The unpolarized GPD H

extrapolation from data

Guidal et al., Rep. Prog. Phys. 76 (2013) 066202

steep in t 
wide in b⊥  

flat in t 
narrow in b⊥  

H
q(x, 0, b?)(fm

�2)

H
q(x, 0,~b?) =

Z
d
2�?
(2⇡)2

H
q(x, 0, t)e�i~b?·~�?

<latexit sha1_base64="KkWbfLsbCiJ0sRfWHW7kv213De0="></latexit>

(t = �~�2
?)
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dxH

q(x, 0,~b?) = F1(~b?) :decomposition in x of e.m. form factor
<latexit sha1_base64="qx/GQ48B2QaCcl0T7yPCkR9ItmY=">AAACIHicbVDLSsNAFJ34Nr6qLt0MFkFFSlJQuyy4calgW6GJYTK5qYOTSZyZiCH0U9z4K25cKKI7/Rqnj4VaDwwczjmXO/eEGWdKO86nNTU9Mzs3v7BoLy2vrK5V1jfaKs0lhRZNeSovQ6KAMwEtzTSHy0wCSUIOnfDmZOB37kAqlooLXWTgJ6QnWMwo0UYKKsdeCD0mSrgVREpS7PdtfHp1u3t/4Bx4d0BxGHgZyGzPAxH9SAWVqlNzhsCTxB2TKhrjLKh8eFFK8wSEppwo1XWdTPslkZpRDn3byxVkhN6QHnQNFSQB5ZfDA/t4xygRjlNpntB4qP6cKEmiVJGEJpkQfa3+egPxP6+b67jhl0xkuQZBR4vinGOd4kFbOGISqOaFIYRKZv6K6TWRhGrTqW1KcP+ePEna9Zp7VDs8r1ebjXEdC2gLbaNd5KJj1ESn6Ay1EEUP6Am9oFfr0Xq23qz3UXTKGs9sol+wvr4BGW2i7Q==</latexit>

H
q(x, 0,ωb→)



As x      1, the active parton carries all the momentum  
 and represents the centre of momentum 

Dupré et al., PRD95(2017)011501

x-dependent Transverse Charge Radius
<latexit sha1_base64="oulFoLmZAGCNBar0nWTw0BpM+HI="></latexit>

hb 2
?(x)i =

R
d
2~b?~b

2
? H(x, 0, b?)R

d2~b? H(x, 0, b?)

<latexit sha1_base64="llnwxvtYjHdPeI/JiG3hXgZk3js="></latexit>

hb2?i =
Z

dx hb2?(x)i =
2

3
hr2e.m.i = 0.43± 0.01 fm2

input from FF data



Assumptions in tomographic pictures

- Interpretation of exclusive processes in terms of GPDs (factorization) is valid for  
<latexit sha1_base64="RTVVN0NzcepGWhjjsxyR3ENQDH0=">AAACFHicbVDLSgNBEJyNr7i+oh69DAZBFMNuQM0x4MVjAuYB2TXMTjrJkNnZdWZWCEs+wou/4sWDIl49ePNvnDwOMbGgoajqprsriDlT2nF+rMzK6tr6RnbT3tre2d3L7R/UVZRICjUa8Ug2A6KAMwE1zTSHZiyBhAGHRjC4GfuNR5CKReJOD2PwQ9ITrMso0UZq5869AHpMpPAgiJRkeDay8YX2OMfV+6IHojPntHN5p+BMgJeJOyN5NEOlnfv2OhFNQhCacqJUy3Vi7adEakY5jGwvURATOiA9aBkqSAjKTydPjfCJUTq4G0lTQuOJOj+RklCpYRiYzpDovlr0xuJ/XivR3ZKfMhEnGgSdLuomHOsIjxPCHSaBaj40hFDJzK2Y9okkVJscbROCu/jyMqkXC+5V4bJazJdLsziy6Agdo1PkomtURreogmqIoif0gt7Qu/VsvVof1ue0NWPNZg7RH1hfv04snlU=</latexit>

→t ↑ Q2

- One needs to integrate   up to infinity to perform the Fourier transform
<latexit sha1_base64="rTKjGfEyUWardlvv0RbPXdxaG9g=">AAACDHicbVDLSsNAFJ3UV62vqks3g0UQFyUpqF0W3LisYB/QhDKZ3rRDJ5M4MxFC6Ae48VfcuFDErR/gzr9x2mZRWw8MHM45lzv3+DFnStv2j1VYW9/Y3Cpul3Z29/YPyodHbRUlkkKLRjySXZ8o4ExASzPNoRtLIKHPoeOPb6Z+5xGkYpG412kMXkiGggWMEm2kfrni+jBkIoMHQaQk6cWkhLULYrCgmJRdtWfAq8TJSQXlaPbL3+4gokkIQlNOlOo5dqy9jEjNKIdJyU0UxISOyRB6hgoSgvKy2TETfGaUAQ4iaZ7QeKYuTmQkVCoNfZMMiR6pZW8q/uf1Eh3UvYyJONEg6HxRkHCsIzxtBg+YBKp5agihkpm/YjoiklBt+iuZEpzlk1dJu1Z1rqqXd7VKo57XUUQn6BSdIwddowa6RU3UQhQ9oRf0ht6tZ+vV+rA+59GClc8coz+wvn4BHsObow==</latexit>

t

model-dependent extrapolation

- Experimental data are accessible only at non vanishing 
<latexit sha1_base64="18M7EelVJ6ivCAvK+vhK2ArKesU=">AAACDnicbVDLSsNAFJ3UV42vqEs3g6UgLkpSULssuHFZwT6gKWUyuW2HTiZxZiKW0C9w46+4caGIW9fu/Bunj0VtPXDhcM693HtPkHCmtOv+WLm19Y3Nrfy2vbO7t3/gHB41VJxKCnUa81i2AqKAMwF1zTSHViKBRAGHZjC8nvjNB5CKxeJOjxLoRKQvWI9Roo3UdYp+AH0mMrgXREoyOh/b2H9kPohwQes6BbfkToFXiTcnBTRHret8+2FM0wiEppwo1fbcRHcyIjWjHMa2nypICB2SPrQNFSQC1cmm74xx0Sgh7sXSlNB4qi5OZCRSahQFpjMieqCWvYn4n9dOda/SyZhIUg2Czhb1Uo51jCfZ4JBJoJqPDCFUMnMrpgMiCdUmQduE4C2/vEoa5ZJ3Wbq4LReqlXkceXSCTtEZ8tAVqqIbVEN1RNETekFv6N16tl6tD+tz1pqz5jPH6A+sr1+1HZyA</latexit>

ω

model-dependent extrapolation at 
<latexit sha1_base64="rLP01KY8d+a81TuIJHsKhm1DWh0=">AAACEHicbVA9SwNBEN3zM55fp5Y2i0EUi3AXUNMIARvLCOYDciHsbSbJkr29c3dPDEd+go1/xcZCEVtLO/+Nm+SKmPhg4PHeDDPzgpgzpV33x1paXlldW89t2Jtb2zu7zt5+TUWJpFClEY9kIyAKOBNQ1UxzaMQSSBhwqAeD67FffwCpWCTu9DCGVkh6gnUZJdpIbefED6DHRAr3gkhJhmcjG/uP7Mr1QXRm1LaTdwvuBHiReBnJowyVtvPtdyKahCA05USppufGupUSqRnlMLL9REFM6ID0oGmoICGoVjp5aISPjdLB3UiaEhpP1NmJlIRKDcPAdIZE99W8Nxb/85qJ7pZaKRNxokHQ6aJuwrGO8Dgd3GESqOZDQwiVzNyKaZ9IQrXJ0DYhePMvL5JaseBdFM5vi/lyKYsjhw7RETpFHrpEZXSDKqiKKHpCL+gNvVvP1qv1YX1OW5esbOYA/YH19Qu8Mp0B</latexit>

ω = 0

Need of controlled model dependence



Charge density of partons in the transverse plane

Infinite-Momentum-Frame Parton charge density in the transverse plane                                                                                                                           

Miller (2007); Burkardt (2007)

proton

+

neutron

-

⇢
q(b?) = eq

Z
d
2�?e

i�?·b?
Z

dxH
q(x, 0,�2

?) =

Z
d
2�?e

i�?·b?F q
1 (�

2
?)



Spatial charge density

No probabilistic/charge 
interpretation b†b

<latexit sha1_base64="QFw5xy675ljk/j5z6c7rX1F+zv4=">AAACFXicbVBNS8NAEN34WetX1KOXxSKISEmKokfBi8cKtgpNLZPNNF3cbOLuRiihf8KLf8WLB0W8Ct78N24/DvXjwcDjvRlm5oWZ4Np43pczMzs3v7BYWiovr6yurbsbm02d5ophg6UiVdchaBRcYsNwI/A6UwhJKPAqvD0b+lf3qDRP5aXpZ9hOIJa8yxkYK3XcgyDEmMsC7yQoBf39QTm8CSKIY1Q0DFBGU1bHrXhVbwT6l/gTUiET1DvuZxClLE9QGiZA65bvZaZdgDKcCRyUg1xjBuwWYmxZKiFB3S5GXw3orlUi2k2VLWnoSJ2eKCDRup+EtjMB09O/vaH4n9fKTfekXXCZ5QYlGy/q5oKalA4johFXyIzoWwJMcXsrZT1QwIwNsmxD8H+//Jc0a1X/sHp0UaucHk7iKJFtskP2iE+OySk5J3XSIIw8kCfyQl6dR+fZeXPex60zzmRmi/yA8/ENL9mfaw==</latexit>

b†d†

<latexit sha1_base64="/OoguVpz2wyQxCSfEDrmw+Epmsg=">AAACHXicbVDLSgMxFM34tr6qLt0EiyAuyoxUdCm4cVnBPqBTy53M7RjMZMYkI5ShP+LGX3HjQhEXbsS/MX0ItfVA4HDOudzcE6SCa+O6387c/MLi0vLKamFtfWNzq7i9U9dJphjWWCIS1QxAo+ASa4Ybgc1UIcSBwEZwdzHwGw+oNE/kteml2I4hkrzLGRgrdYoVP8CIyxzvJSgFvaN+IbjxQ4giVDT8ZT7KcCLSKZbcsjsEnSXemJTIGNVO8dMPE5bFKA0ToHXLc1PTzkEZzgT2C36mMQV2BxG2LJUQo27nw+v69MAqIe0myj5p6FCdnMgh1roXBzYZg7nV095A/M9rZaZ71s65TDODko0WdTNBTUIHVdGQK2RG9CwBprj9K2W3oIAZW2jBluBNnzxL6sdlr1I+uTounVfGdayQPbJPDolHTsk5uSRVUiOMPJJn8krenCfnxXl3PkbROWc8s0v+wPn6AbJvouE=</latexit>

Creation/annihilation of pairs

[Ernst, Sachs, Wali (1960)] 
[Sachs (1962)]

Textbook interpretation

GE(Q
2) = F1(Q

2)� Q2

4M2
F2(Q

2)

<latexit sha1_base64="p5BrNay9/iztfJJMnb8RqA94WWg="></latexit>

GM (Q2) = F1(Q
2) + F2(Q

2)

<latexit sha1_base64="RKg3MphWO1dr7CE4CUfqRnpeRB8="></latexit>

Breit frame



Drell-Yan-West frame

✓ Particle number is conserved in Drell-Yan frame 

✓              : Transverse boosts no transverse Lorentz contraction

no sensitivity to longitudinal Lorentz contraction✓  

probabilistic/charge 
interpretation

b†b

<latexit sha1_base64="QFw5xy675ljk/j5z6c7rX1F+zv4=">AAACFXicbVBNS8NAEN34WetX1KOXxSKISEmKokfBi8cKtgpNLZPNNF3cbOLuRiihf8KLf8WLB0W8Ct78N24/DvXjwcDjvRlm5oWZ4Np43pczMzs3v7BYWiovr6yurbsbm02d5ophg6UiVdchaBRcYsNwI/A6UwhJKPAqvD0b+lf3qDRP5aXpZ9hOIJa8yxkYK3XcgyDEmMsC7yQoBf39QTm8CSKIY1Q0DFBGU1bHrXhVbwT6l/gTUiET1DvuZxClLE9QGiZA65bvZaZdgDKcCRyUg1xjBuwWYmxZKiFB3S5GXw3orlUi2k2VLWnoSJ2eKCDRup+EtjMB09O/vaH4n9fKTfekXXCZ5QYlGy/q5oKalA4johFXyIzoWwJMcXsrZT1QwIwNsmxD8H+//Jc0a1X/sHp0UaucHk7iKJFtskP2iE+OySk5J3XSIIw8kCfyQl6dR+fZeXPex60zzmRmi/yA8/ENL9mfaw==</latexit>

�+ = 0

<latexit sha1_base64="flmkWeUUUK6RwQCjML/vODkT8sQ=">AAACFHicbVDLSgNBEJz1GeNr1aOXxSCIgbAbFEUQAnrwGME8IImhd9JJhszOrjOzQljyEV78FS8eFPHqwZt/4+RxiIkFDUVVN91dfsSZ0q77Yy0sLi2vrKbW0usbm1vb9s5uWYWxpFiiIQ9l1QeFnAksaaY5ViOJEPgcK37vauhXHlEqFoo73Y+wEUBHsDajoI3UtLN1HztMJPggQEroHw/S9WvkGu6zl24dRWvKadoZN+eO4MwTb0IyZIJi0/6ut0IaByg05aBUzXMj3UhAakY5mk2xwghoDzpYM1RAgKqRjJ4aOIdGaTntUJoS2hmp0xMJBEr1A990BqC7atYbiv95tVi3zxsJE1GsUdDxonbMHR06w4ScFpNINe8bAlQyc6tDuyCBapNj2oTgzb48T8r5nHeSO73NZwoXkzhSZJ8ckCPikTNSIDekSEqEkifyQt7Iu/VsvVof1ue4dcGazOyRP7C+fgG/ZJ6b</latexit>

~�? 6= 0

<latexit sha1_base64="VK1qnCaA9L279mdQc+/PctLYn2g=">AAACHnicbVDLSsNAFJ3UV62vqks3wSKIi5IUi+KqoAuXFewDmlJuprft0MkkzkwKJfRL3PgrblwoIrjSv3HaZqGtBwYO55zLnXv8iDOlHefbyqysrq1vZDdzW9s7u3v5/YO6CmNJsUZDHsqmDwo5E1jTTHNsRhIh8Dk2/OH11G+MUCoWins9jrAdQF+wHqOgjdTJlz0f+0wk+CBAShifTXLeCKl3g1xDx4tQRp5Ax0PR/ZXp5AtO0ZnBXiZuSgokRbWT//S6IY0DFJpyUKrlOpFuJyA1oxzNzlhhBHQIfWwZKiBA1U5m503sE6N07V4ozRPanqm/JxIIlBoHvkkGoAdq0ZuK/3mtWPcu2wkTUaxR0PmiXsxtHdrTruwuk0g1HxsCVDLzV5sOQALVptGcKcFdPHmZ1EtF97xYvisVKldpHVlyRI7JKXHJBamQW1IlNULJI3kmr+TNerJerHfrYx7NWOnMIfkD6+sHuSqjdA==</latexit>

�+ = 0

<latexit sha1_base64="flmkWeUUUK6RwQCjML/vODkT8sQ=">AAACFHicbVDLSgNBEJz1GeNr1aOXxSCIgbAbFEUQAnrwGME8IImhd9JJhszOrjOzQljyEV78FS8eFPHqwZt/4+RxiIkFDUVVN91dfsSZ0q77Yy0sLi2vrKbW0usbm1vb9s5uWYWxpFiiIQ9l1QeFnAksaaY5ViOJEPgcK37vauhXHlEqFoo73Y+wEUBHsDajoI3UtLN1HztMJPggQEroHw/S9WvkGu6zl24dRWvKadoZN+eO4MwTb0IyZIJi0/6ut0IaByg05aBUzXMj3UhAakY5mk2xwghoDzpYM1RAgKqRjJ4aOIdGaTntUJoS2hmp0xMJBEr1A990BqC7atYbiv95tVi3zxsJE1GsUdDxonbMHR06w4ScFpNINe8bAlQyc6tDuyCBapNj2oTgzb48T8r5nHeSO73NZwoXkzhSZJ8ckCPikTNSIDekSEqEkifyQt7Iu/VsvVof1ue4dcGazOyRP7C+fgG/ZJ6b</latexit>

�+ = 0

<latexit sha1_base64="flmkWeUUUK6RwQCjML/vODkT8sQ=">AAACFHicbVDLSgNBEJz1GeNr1aOXxSCIgbAbFEUQAnrwGME8IImhd9JJhszOrjOzQljyEV78FS8eFPHqwZt/4+RxiIkFDUVVN91dfsSZ0q77Yy0sLi2vrKbW0usbm1vb9s5uWYWxpFiiIQ9l1QeFnAksaaY5ViOJEPgcK37vauhXHlEqFoo73Y+wEUBHsDajoI3UtLN1HztMJPggQEroHw/S9WvkGu6zl24dRWvKadoZN+eO4MwTb0IyZIJi0/6ut0IaByg05aBUzXMj3UhAakY5mk2xwghoDzpYM1RAgKqRjJ4aOIdGaTntUJoS2hmp0xMJBEr1A990BqC7atYbiv95tVi3zxsJE1GsUdDxonbMHR06w4ScFpNINe8bAlQyc6tDuyCBapNj2oTgzb48T8r5nHeSO73NZwoXkzhSZJ8ckCPikTNSIDekSEqEkifyQt7Iu/VsvVof1ue4dcGazOyRP7C+fgG/ZJ6b</latexit>



Hq(x, 0, t)

eq ̄q(0)�0 q(0)

q(x) q(x, b2?)

Q F1(t)

Operator
Forward 

 matrix element
Non-forward  

matrix element
Position-space 
interpretation

2-dim distribution of charge in the transverse plane

2-dim. “distribution of the PDF” in the transverse plane q(x, b2?)

<latexit sha1_base64="dVgxlO41LbBbuZKiS1dzZQXKIFQ="></latexit>

M. Burkardt, Int. J. Mod. Phys. A18 (2003) 173

eq ̄q(0)�+ q(0) ⇢(b2?)
<latexit sha1_base64="nU0Hjf6JiP7CvUbd2NC316EoozA="></latexit>

Z
dz�

4⇡
eixp

+z�
 ̄(�z�

2
)�+ (

z�

2
)

<latexit sha1_base64="JcVHeM8XWPj3HeX8rFMAwAdX+tg="></latexit>

⇢(b2?)

<latexit sha1_base64="otfL4EKVQkEn/+VNWmvqjfn/pEI="></latexit>



Take-home message 

Parton distribution functions Generalized Parton distributions

correlate wave function with different                                 
parton configurations                                       

        quantum-mechanical interference 
terms 

squared wave functions                                      

        probability density 

enter at cross section level        
in fully inclusive reactions 

enter at amplitude level                     
in fully exclusive reactions 

provide a decomposition in x of 
form factors 

at  and in impact parameter 
space  we recover the 
probabilistic interpretation for the 
position of partons in the transverse 
plane with longitudinal momentum  

ξ = 0
(b⃗⊥ ↔ ⃗Δ⊥)

x


