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“the whole is more than the sum of its parts”
Emergent phenomena in QCD



Two-scale processes:  
length resolution scale 

soft momentum scale to probe the emergent regimes at different scales  

``What proton is depends on how you look at it, or rather on how hard you hit it’’  
A. Cooper-Sarkar, CERN Courier, June, 2019 

Fig. from arXiv: 2306.09360



GPDs 

Generalized Parton Distributions 

TMDs 

Transverse Momentum Dependent Distributions 

Parton degrees of freedomResolution scale 1/Q2 <<
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Emergence from QCD
3D structure of the nucleon  

in space and in momentum



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

•Access to Form Factors of Energy Momentum Tensor 

•Sum rule for Angular Momentum  

Key information from GPDs

 “mechanical” properties of the nucleon

 quark and gluon contribution to mass of the nucleon
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‣accessible in exclusive reactions: universality of GPDs 

‣factorization for large Q2,  |t|<< Q2 , W2

‣depend on 3 variables: x, ⇠, t = �2
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‣Compton form factors

How to measure GPDs 

GPD GPD GPD



GPDs in red vanish if there is no quark orbital angular momentum 

GPDs in black survive in the collinear limit and reduce to the PDFs  

~b?
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(at          )
Burkardt., IJMA 18 (2003)173

GPD table: leading twist

*similar classification for gluon GPDs
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x-dependent transverse squared charge radius
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The errors are large,  
but slowly we are getting some 3D information
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d2~b?H(x, 0, b?)

Dupré et al., PRD95(2017)011501

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

extrapolating  
in the unmeasured  

x-range

x-dependent transverse squared radius(t = �~�2
?) extrapolation from data⇠ = 0
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Energy Flux Momentum Flux

pressure

shear forcesTµ⌫ =
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Form Factors of Energy Momentum Tensor
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Form Factors of Energy Momentum Tensor



Energy Density Momentum Density

Energy Flux Momentum Flux

pressure

shear forcesTµ⌫ =

T 00 T 01 T 02 T 03

T 10 T 11 T 12 T 13

T 20 T 21 T 22 T 23

T 30 T 31 T 32 T 33

nucleon momentum carried by parton 

angular momentum of partons

Relation with second-moments of GPDs:  

D-term ( “stability” of the nucleon)

“Charges” of the EMT Form Factors at t=0
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Form Factors of Energy Momentum Tensor



T ijdSj

“mechanical properties” of nucleonFourier transform in coordinate space

shear forces pressure
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D(t) form factor from data

talk of J. Panteleeva
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shear forces pressure
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D(t) form factor from data

 data before 6 GeV JLab
6 GeV JLab data
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Necessary to verify model assumptions in the exp extraction 
with more data coming  from JLab, COMPASS and the future EIC, EIcC

Kumericki, Nature 570 (2019) 7759; Dutrieux et al, Eur. Phys. J. C81 (2021) 4

CLAS data, with fixed param., 
Girod et al.

global fit to DVCS data  
with artificial neural networks

X

q

dq1 < 0
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in all model calculations 
for a stable proton

CLAS data, with neural networks 
Kumericki



Timelike Compton scattering
Chatagnon et al. (CLAS12 Coll.), PRL127, 262501(2021)

✓ Test of the universality of GPDs

✓ New promising path towards the extraction of          and then the D-term (also with positron beam)         ReH

<latexit sha1_base64="HJqihPuWvzv3Nmx7FpfVXZYtyyE=">AAACHXicbVDLSgMxFM3UV62vUZdugkUQkTJTKnZZcONSxarQKeVOetuGZjJjkhHKMD/ixl9x40IRF27EvzGtXdTHgcDhnHO5uSdMBNfG8z6dwtz8wuJScbm0srq2vuFubl3pOFUMmywWsboJQaPgEpuGG4E3iUKIQoHX4fBk7F/fodI8lpdmlGA7gr7kPc7AWKnj1oIQ+1xmeCtBKRgd5KUsUBG9wDw4pFnAQNDTPEDZnYl03LJX8Sagf4k/JWUyxVnHfQ+6MUsjlIYJ0Lrle4lpZ6AMZwLzUpBqTIANoY8tSyVEqNvZ5Lqc7lmlS3uxsk8aOlFnJzKItB5FoU1GYAb6tzcW//NaqenV2xmXSWpQsu9FvVRQE9NxVbTLFTIjRpYAU9z+lbIBKGDGFlqyJfi/T/5LrqoVv1Y5Oq+WG/VpHUWyQ3bJPvHJMWmQU3JGmoSRe/JInsmL8+A8Oa/O23e04ExntskPOB9fzlaiVQ==</latexit>

✓ Further data from JLab12 and future EIC 

photon polarization asymmetry forward-backward asymmetry

ImH
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Gluonic EMT Form Factors
Duran et al., Nature 615 (2023) 7954

DG(t)
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- proof of concept of feasibility to extract gluonic structure   

- further measurements planned with SOLID at JLab

- JLab22 crucial for these measurements: high luminosity and leverage in t

- EIC: complementary measurements for    photo- and electro-production, but require L=100 fb-1 ⌥
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holographic approach
GPD approach
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•                                                                    not angular momentum density 

• Requires extrapolation to t=0

• Requires spanning x at fixed values of              is the most convenient)  ⇠ (⇠ = 0
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Hermes Coll., JHEP 06 (2008) 066JLab Hall A, Phys. Rev. Lett. 99 (2007) 242501

extractions from HERMES 
data using two different 
models

QCDSF: PoS (Lattice 2007) 158

LHPC: PRD77 (2008) 094502

Lattice results

DFJK, EPJC39 (2005) 1

GPDs extracted from form factors

Angular momentum of the proton 
 from GPD measurements 

Improved accuracy with JLab12 and future EIC measurements! 
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•Complete momentum spectrum of single particle 

•Transverse momentum size as function of x (3D map) at different Q2 

•Spin-Spin and Spin-Orbit Correlations of partons 

•Information on parton orbital angular momentum  
(no direct model-independent relation)

Key information from TMDs
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TMDs in blue and red vanish if there is no quark orbital angular momentum 
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TMD table: leading twist

*similar classification for gluon TMDsnu
cl

eo
n 

po
la

ri
z.

quark polarization

TMDs in red are time-reversal odd

TMDs in black survive integration over transverse momentum and reduce to the PDFs  

• Very good knowledge of x dependence of f1 and g1L

• Good knowledge of the kT dependence of f1 (also for the pion)

talk of L. Rossi and A. Vossen

• Fair knowledge of the Sivers and transversity (mainly x dependence)

• Some hints about all other

TMDs in blue and red vanish if there is no quark orbital angular momentum 



TMD

FF

TMD

TMD

✓Factorization 

✓Universality 

SIDIS Drell-Yan

How to measure TMDs 



TMD

FF

TMD

TMD

Fragmentation Functions

✓Factorization 

✓Universality 

SIDIS Drell-Yan

How to measure TMDs 



Quark unpolarized TMD extractions

Framework HERMES COMPASS DY Z 
Production

N of 
points

Pavia 2017 
arXiv:1703.10157

NLL 8059

SV 2017 
arXiv:1706.01473

NNLL 309

BSV 2019 
arXiv:1902.08474

NNLL 457

Pavia 2019 
arXiv:1912.07550

NNNLL 353

SV 2019 
arXiv:1912.06532

NNNLL 1039

MAP 2022 
arXiv:2206.07598

NNNLL 2031

https://arxiv.org/pdf/1912.07550.pdf
https://arxiv.org/pdf/1912.06532.pdf
https://inspirehep.net/literature/2096333


Quark unpolarized TMD extractions f1(x,~k?)
<latexit sha1_base64="cLHIHXIIQualSDVfKm7qW0XVr34="></latexit>

Bacchetta, Bertone, Bissolotti, Bozzi, Cerutti, Piacenza, Radici, Signori, (MAP 2022), JHEP 10 (2022) 127



Quark unpolarized TMD extractions f1(x,~k?)
<latexit sha1_base64="cLHIHXIIQualSDVfKm7qW0XVr34="></latexit>

Bacchetta, Bertone, Bissolotti, Bozzi, Cerutti, Piacenza, Radici, Signori, (MAP 2022), JHEP 10 (2022) 127

 Open issues:



Quark unpolarized TMD extractions f1(x,~k?)
<latexit sha1_base64="cLHIHXIIQualSDVfKm7qW0XVr34="></latexit>

Bacchetta, Bertone, Bissolotti, Bozzi, Cerutti, Piacenza, Radici, Signori, (MAP 2022), JHEP 10 (2022) 127

• Flavor dependence

 Open issues:



Quark unpolarized TMD extractions f1(x,~k?)
<latexit sha1_base64="cLHIHXIIQualSDVfKm7qW0XVr34="></latexit>

Bacchetta, Bertone, Bissolotti, Bozzi, Cerutti, Piacenza, Radici, Signori, (MAP 2022), JHEP 10 (2022) 127

• Flavor dependence

• Improvements on the knowledge of the fragmentation function

 Open issues:



Quark unpolarized TMD extractions f1(x,~k?)
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• Flavor dependence

• Improvements on the knowledge of the fragmentation function

• More data needed to the test the formalism and functional form of parametrization 

 Open issues:



f�1T =

non-zero ONLY with final(initial)-state interaction

the helicity mismatch requires orbital angular momentum (OAM)

unpolarized quarks in     pol. nucleon⊥

non trivial correlation between quark OAM and nucleon transverse spin

no counterpart in IPD and PDF case

Sivers function

fSIDIS
1T (x, k?) = �fDY

1T (x, k?)
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<latexit sha1_base64="pYXsg7wUe9ZnB8OO9pE3AvlEkSY=">AAACE3icbVC7SgNBFJ2Nr7i+opY2g0GQGMJuUEwZsLGwiGAekA1hdnKTDJmdXWdmhbjkH2z8FRsLRWxt7PwbJ48iJh64cDjnXu69x484U9pxfqzUyura+kZ6097a3tndy+wf1FQYSwpVGvJQNnyigDMBVc00h0YkgQQ+h7o/uBr79QeQioXiTg8jaAWkJ1iXUaKN1M7kPB96TCRwL4iUZJgb2Wd5L49v2o+2B6IzZ7QzWafgTICXiTsjWTRDpZ359johjQMQmnKiVNN1It1KiNSMchjZXqwgInRAetA0VJAAVCuZ/DTCJ0bp4G4oTQmNJ+r8REICpYaBbzoDovtq0RuL/3nNWHdLrYSJKNYg6HRRN+ZYh3gcEO4wCVTzoSGESmZuxbRPJKHaxGibENzFl5dJrVhwzwsXt8VsuTSLI42O0DE6RS66RGV0jSqoiih6Qi/oDb1bz9ar9WF9TltT1mzmEP2B9fUL4W2dgQ==</latexit>

+, (Lz + 1)

<latexit sha1_base64="43RbFhqoo5yHGQq77fjB4uULcdk=">AAACF3icbVDLSsRAEJz4Nr6iHr0MLoIvlmRR3KPgxYMHBVeFTQiTSWcdnEzizESIYf/Ci7/ixYMiXvXm3zi75uCroKGo6qa7K8o5U9p1P6yR0bHxicmpaXtmdm5+wVlcOlNZISl0aMYzeRERBZwJ6GimOVzkEkgacTiPrg4G/vkNSMUycarLHIKU9ARLGCXaSKHT9CPoMVHBtSBSknKzb29t+9t4/Si83fI2bB9E/M0MnYbbdIfAf4lXkwaqcRw6736c0SIFoSknSnU9N9dBRaRmlEPf9gsFOaFXpAddQwVJQQXV8K8+XjNKjJNMmhIaD9XvExVJlSrTyHSmRF+q395A/M/rFjppBxUTeaFB0K9FScGxzvAgJBwzCVTz0hBCJTO3YnpJJKHaRGmbELzfL/8lZ62mt9PcPWk19tt1HFNoBa2ideShPbSPDtEx6iCK7tADekLP1r31aL1Yr1+tI1Y9s4x+wHr7BKyRnlY=</latexit>

�

<latexit sha1_base64="RbAzZAW/zOsH5ExChut5VrJ/NtQ=">AAACDHicbVDLSsNAFJ34rPFVdekmWAQRLElR7LLgxmUF+4AmlMnkph06mcSZiRBCP8CNv+LGhSJu/QB3/o3TNovaemDgcM653LnHTxiVyrZ/jJXVtfWNzdKWub2zu7dfPjhsyzgVBFokZrHo+lgCoxxaiioG3UQAjnwGHX90M/E7jyAkjfm9yhLwIjzgNKQEKy31yxXXhwHlOTxwLATOzsfmhekCD+YUnbKr9hTWMnEKUkEFmv3ytxvEJI2AK8KwlD3HTpSXY6EoYTA23VRCgskID6CnKccRSC+fHjO2TrUSWGEs9OPKmqrzEzmOpMwiXycjrIZy0ZuI/3m9VIV1L6c8SRVwMlsUpsxSsTVpxgqoAKJYpgkmguq/WmSIBSZK92fqEpzFk5dJu1Z1LqtXd7VKo17UUULH6ASdIQddowa6RU3UQgQ9oRf0ht6NZ+PV+DA+Z9EVo5g5Qn9gfP0Ci7KbRA==</latexit>

+

<latexit sha1_base64="9ggRjIdL7M1O++boiZPL4Q2SI70=">AAACDHicbVDLSsNAFJ34rPFVdekmWARRKElR7LLgxmUF+4AmlMnkph06mcSZiRBCP8CNv+LGhSJu/QB3/o3TNovaemDgcM653LnHTxiVyrZ/jJXVtfWNzdKWub2zu7dfPjhsyzgVBFokZrHo+lgCoxxaiioG3UQAjnwGHX90M/E7jyAkjfm9yhLwIjzgNKQEKy31yxXXhwHlOTxwLATOzsfmhekCD+YUnbKr9hTWMnEKUkEFmv3ytxvEJI2AK8KwlD3HTpSXY6EoYTA23VRCgskID6CnKccRSC+fHjO2TrUSWGEs9OPKmqrzEzmOpMwiXycjrIZy0ZuI/3m9VIV1L6c8SRVwMlsUpsxSsTVpxgqoAKJYpgkmguq/WmSIBSZK92fqEpzFk5dJu1Z1LqtXd7VKo17UUULH6ASdIQddowa6RU3UQgQ9oRf0ht6NZ+PV+DA+Z9EVo5g5Qn9gfP0CiIqbQg==</latexit>

first hints of sign change from STAR and COMPASS data



kx (GeV)

<latexit sha1_base64="BIUwszDLCbh30vrWIUVe1EI5hGk=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYCLES9gNvo4BD3qMYB6wWcLsZDYZMjuzzPSKIeQzvHhQxKtf482/cZLsQRMLGoqqbrq7wkRwA6777aysrq1vbOa28ts7u3v7hYPDplGppqxBlVC6HRLDBJesARwEayeakTgUrBUOb6Z+65Fpw5V8gFHCgpj0JY84JWAlvzTsPpVw+ZY1z7qFoltxZ8DLxMtIEWWodwtfnZ6iacwkUEGM8T03gWBMNHAq2CTfSQ1LCB2SPvMtlSRmJhjPTp7gU6v0cKS0LQl4pv6eGJPYmFEc2s6YwMAselPxP89PIboOxlwmKTBJ54uiVGBQePo/7nHNKIiRJYRqbm/FdEA0oWBTytsQvMWXl0mzWvHOKxf31WLtMosjh47RCSojD12hGrpDddRAFCn0jF7RmwPOi/PufMxbV5xs5gj9gfP5Azc9j98=</latexit>

kx (GeV)

<latexit sha1_base64="BIUwszDLCbh30vrWIUVe1EI5hGk=">AAAB8nicbVDLSgNBEJz1GeMr6tHLYCLES9gNvo4BD3qMYB6wWcLsZDYZMjuzzPSKIeQzvHhQxKtf482/cZLsQRMLGoqqbrq7wkRwA6777aysrq1vbOa28ts7u3v7hYPDplGppqxBlVC6HRLDBJesARwEayeakTgUrBUOb6Z+65Fpw5V8gFHCgpj0JY84JWAlvzTsPpVw+ZY1z7qFoltxZ8DLxMtIEWWodwtfnZ6iacwkUEGM8T03gWBMNHAq2CTfSQ1LCB2SPvMtlSRmJhjPTp7gU6v0cKS0LQl4pv6eGJPYmFEc2s6YwMAselPxP89PIboOxlwmKTBJ54uiVGBQePo/7nHNKIiRJYRqbm/FdEA0oWBTytsQvMWXl0mzWvHOKxf31WLtMosjh47RCSojD12hGrpDddRAFCn0jF7RmwPOi/PufMxbV5xs5gj9gfP5Azc9j98=</latexit>

k y
(G

eV
)

<latexit sha1_base64="Rz1xQUTA+JMhrI89j4MT1e+nDFY=">AAAB8nicbVDLSsNAFJ3UV62vqks3g61QNyUpvpYFF7qsYB+QhjKZ3rRDJ5kwMxFC6Ge4caGIW7/GnX/jtM1CWw9cOJxzL/fe48ecKW3b31ZhbX1jc6u4XdrZ3ds/KB8edZRIJIU2FVzInk8UcBZBWzPNoRdLIKHPoetPbmd+9wmkYiJ61GkMXkhGEQsYJdpIbnUySKu4dged80G5YtftOfAqcXJSQTlag/JXfyhoEkKkKSdKuY4day8jUjPKYVrqJwpiQidkBK6hEQlBedn85Ck+M8oQB0KaijSeq78nMhIqlYa+6QyJHqtlbyb+57mJDm68jEVxoiGii0VBwrEWePY/HjIJVPPUEEIlM7diOiaSUG1SKpkQnOWXV0mnUXcu6pcPjUrzKo+jiE7QKaohB12jJrpHLdRGFAn0jF7Rm6WtF+vd+li0Fqx85hj9gfX5AzjIj+A=</latexit> k y
(G

eV
)

<latexit sha1_base64="Rz1xQUTA+JMhrI89j4MT1e+nDFY=">AAAB8nicbVDLSsNAFJ3UV62vqks3g61QNyUpvpYFF7qsYB+QhjKZ3rRDJ5kwMxFC6Ge4caGIW7/GnX/jtM1CWw9cOJxzL/fe48ecKW3b31ZhbX1jc6u4XdrZ3ds/KB8edZRIJIU2FVzInk8UcBZBWzPNoRdLIKHPoetPbmd+9wmkYiJ61GkMXkhGEQsYJdpIbnUySKu4dged80G5YtftOfAqcXJSQTlag/JXfyhoEkKkKSdKuY4day8jUjPKYVrqJwpiQidkBK6hEQlBedn85Ck+M8oQB0KaijSeq78nMhIqlYa+6QyJHqtlbyb+57mJDm68jEVxoiGii0VBwrEWePY/HjIJVPPUEEIlM7diOiaSUG1SKpkQnOWXV0mnUXcu6pcPjUrzKo+jiE7QKaohB12jJrpHLdRGFAn0jF7Rm6WtF+vd+li0Fqx85hj9gfX5AzjIj+A=</latexit>

⇢UTy (x,~k?, Sy) = f1(x, k?)� kx
M f?

1T (x, k?)

<latexit sha1_base64="cQzWYAOTsLEYzUY/sBmBBdVSlNQ="></latexit>

Global fit to SIDIS, DY, W  /Z boson production±

<latexit sha1_base64="b4f0ZVFbIRhRhaQwUIsBkZDVsCk=">AAAB7HicdVDLSsNAFJ34rPVVdelmsBVchUlsou4KblxWMG2hDWUynbRDJ5MwMxFK6De4caGIWz/InX/j9CGo6IELh3Pu5d57oowzpRH6sFZW19Y3Nktb5e2d3b39ysFhS6W5JDQgKU9lJ8KKciZooJnmtJNJipOI03Y0vp757XsqFUvFnZ5kNEzwULCYEayNFNR6WVLrV6rI9t0r13chspHvea5niIPOkVOHjo3mqIIlmv3Ke2+QkjyhQhOOleo6KNNhgaVmhNNpuZcrmmEyxkPaNVTghKqwmB87hadGGcA4laaEhnP1+0SBE6UmSWQ6E6xH6rc3E//yurmOL8OCiSzXVJDFojjnUKdw9jkcMEmJ5hNDMJHM3ArJCEtMtMmnbEL4+hT+T1qu7dRt79atNvxlHCVwDE7AGXDABWiAG9AEASCAgQfwBJ4tYT1aL9bronXFWs4cgR+w3j4BYvKOYg==</latexit>

f1

<latexit sha1_base64="q+MMjlq5IL0ZyNxFTdX7+/C+Kbo=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5IUv44FLx4rmFpoQ9lsJ+3SzSbsboRS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCopZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBj+HoduY/PqHSPJEPZpxiENOB5BFn1FjJr0Y9r9orV9yaOwdZJV5OKpCj2St/dfsJy2KUhgmqdcdzUxNMqDKcCZyWupnGlLIRHWDHUklj1MFkfuyUnFmlT6JE2ZKGzNXfExMaaz2OQ9sZUzPUy95M/M/rZCa6CSZcpplByRaLokwQk5DZ56TPFTIjxpZQpri9lbAhVZQZm0/JhuAtv7xKWvWad1G7vK9XGld5HEU4gVM4Bw+uoQF30AQfGHB4hld4c6Tz4rw7H4vWgpPPHMMfOJ8/pxiN5A==</latexit>

f?
1T

<latexit sha1_base64="4Q3l40wbrKD+gV0JVS7qqRBMACA=">AAAB9XicbVDLTgJBEJzFF+IL9ehlIph4IrvE15HEi0dMeJjAQmaHXpgwOzuZmdWQDf/hxYPGePVfvPk3DrAHBSvppFLVne6uQHKmjet+O7m19Y3Nrfx2YWd3b/+geHjU0nGiKDRpzGP1EBANnAloGmY4PEgFJAo4tIPx7cxvP4LSLBYNM5HgR2QoWMgoMVbqlcN+6jWmva4EJcv9YsmtuHPgVeJlpIQy1PvFr+4gpkkEwlBOtO54rjR+SpRhlMO00E00SELHZAgdSwWJQPvp/OopPrPKAIexsiUMnqu/J1ISaT2JAtsZETPSy95M/M/rJCa88VMmZGJA0MWiMOHYxHgWAR4wBdTwiSWEKmZvxXREFKHGBlWwIXjLL6+SVrXiXVQu76ul2lUWRx6doFN0jjx0jWroDtVRE1Gk0DN6RW/Ok/PivDsfi9ack80coz9wPn8Au16R+w==</latexit>

M. Bury, A. Prokudin, A. Vladimirov, JHEP 05 (2021) 151

up down

See also extraction also from MAP Coll., JAM20 Coll., Echevarria et al. 



Library and Plotting tools for collinear parton distributions

LHAPDF
lhapdf.hepforge.org

www.xfitter.org
github.com/vbertone/apfelxx 

apfel.mi.infn.it

Dedicated software to study and fit TMDs

arTeMiDe
teorica.fis.ucm.es/artemide

TMD lib and TMD Plotter
tmdlib.hepforge.org

NangaParbat
MapCollaboration/NangaParbat

Dedicated Softwares to study GPDs

GeParD PARtonic 
Tomography 
Of 
Nucleon 
Softwarepartons.cea.fr

Next Efforts: combine different inputs to understand  
PDFs, TMDs and GPDs in an unified framework 



Backup Slides



Future from JLab22 upgrade and EIC

- Span a larger range of t for a meaningful FT

- Cover larger energy domain to ensure convergence in dispersion analysis of GPDs 

EIC and JLab22 complementary to:

- JLab22 bridges between EIC (gluon components) and JLab12 (valence region)  

High luminosity at JLab22 gives unique possibility to measure new processes so-far unexplored



Future from JLab22 upgrade and EIC

- Span a larger range of t for a meaningful FT

- Cover larger energy domain to ensure convergence in dispersion analysis of GPDs 

EIC and JLab22 complementary to:

- JLab22 bridges between EIC (gluon components) and JLab12 (valence region)  

High luminosity at JLab22 gives unique possibility to measure new processes so-far unexplored

e+ p ! e0 + (l+l�) + p

<latexit sha1_base64="kWvAXiexUEzGoEs5M290RM8neo0=">AAACJnicbVDLSgMxFM3UV62vqks3wSJWi2WmKHYjFNy4rGAf0BeZ9LYNzWTGJKOUoV/jxl9x46Ii4s5PMX0sauuBwOGcc7m5xw04U9q2v63Yyura+kZ8M7G1vbO7l9w/KCs/lBRK1Oe+rLpEAWcCSpppDtVAAvFcDhW3fzv2K08gFfPFgx4E0PBIV7AOo0QbqZW8qbvQZSKCR0GkJIPzYQIyQV2ybk8bwX/GcJpJ82aGNy/OjAGiPZdtJVN21p4ALxNnRlJohmIrOaq3fRp6IDTlRKmaYwe6ERGpGeUwTNRDBQGhfdKFmqGCeKAa0eTMIT4xSht3fGme0Hiizk9ExFNq4Lkm6RHdU4veWPzPq4W6k29ETAShBkGnizohx9rH485wm0mgmg8MIVQy81dMe0QSqk2zCVOCs3jyMinnss5l9uo+lyrkZ3XE0RE6RmnkoGtUQHeoiEqIohf0hkbow3q13q1P62sajVmzmUP0B9bPL+2jpWU=</latexit>

- disentangle the longitudinal momentum variables by varying the dilepton mass

- dilepton electroproduction suppressed by a factor                     compared to DVCS↵QED ⇠ 10�2

<latexit sha1_base64="93ILJt3bll0twt+w5xOU1Vg2OnY=">AAACI3icbVBNSwMxFMzWr1q/Vj16CRZBBMtuURRPggoeFawVurW8TV/b0Gx2TbJCWfpfvPhXvHhQihcP/hfT2oO2DgSGmXm8vAkTwbXxvE8nNzM7N7+QXywsLa+srrnrG7c6ThXDCotFrO5C0Ci4xIrhRuBdohCiUGA17J4N/eojKs1jeWN6CdYjaEve4gyMlRruSRBim8sMHyQoBb29fiEAkXSgkV1fnPdpoHlEfe8+2y/3A5TNX8GGW/RK3gh0mvhjUiRjXDXcQdCMWRqhNEyA1jXfS0w9A2U4E2gXpxoTYF1oY81SCRHqeja6sU93rNKkrVjZJw0dqb8nMoi07kWhTUZgOnrSG4r/ebXUtI7rGZdJalCyn0WtVFAT02FhtMkVMiN6lgBT3P6Vsg4oYMbWWrAl+JMnT5Pbcsk/KB1el4unx+M68mSLbJNd4pMjckouyRWpEEaeyAt5I+/Os/PqDJyPn2jOGc9skj9wvr4BFRCkgQ==</latexit>



EMT and the proton mass
•Forward matrix element of total EMT 

hTµ⌫i ⌘ hp|Tµ⌫ |pi = 2pµp⌫

<latexit sha1_base64="n1glYDPBzS2bwyu/wQr5xcaWq6s="></latexit>

Proton mass

HQCD =

Z
d
3
xHQCD =

Z
d
3
xT

00

<latexit sha1_base64="DBtiIX9zdXR/JvT9H5/J478WMgI="></latexit>

n hTµ
µi = n hT 00i

���
~p=0

=
hHQCDi
hp|pi

���
~p=0

= M

<latexit sha1_base64="guJXf4A34SEOkJBnC1BWE5snMVo="></latexit>

n =
1

2M

<latexit sha1_base64="mE+Z7qYYCEznYPoPSGxitUIMbFw=">AAACGnicbVDLSgMxFM3UV62vUZdugkUQF2WmKIogFNy4ESrYB3RKyaR32tBMZkwywjD0O9z4K25cKOJO3Pg3po9FbT1w4XDOvcm9x485U9pxfqzc0vLK6lp+vbCxubW9Y+/u1VWUSAo1GvFINn2igDMBNc00h2YsgYQ+h4Y/uB75jUeQikXiXqcxtEPSEyxglGgjdWzX86HHRAYPgkhJ0pNhQeArL5CEZu4wK98OCx6I7ozfsYtOyRkDLxJ3SopoimrH/vK6EU1CEJpyolTLdWLdzojUjHIw7ycKYkIHpActQwUJQbWz8WlDfGSULg4iaUpoPFZnJzISKpWGvukMie6reW8k/ue1Eh1ctDMm4kSDoJOPgoRjHeFRTrjLJFDNU0MIlczsimmfmFi0SbNgQnDnT14k9XLJPS2d3ZWLlctpHHl0gA7RMXLROaqgG1RFNUTRE3pBb+jderZerQ/rc9Kas6Yz++gPrO9fVf2hCA==</latexit>

 (              depends on normalization of state)



EMT and the proton mass
•Forward matrix element of total EMT 

hTµ⌫i ⌘ hp|Tµ⌫ |pi = 2pµp⌫

<latexit sha1_base64="n1glYDPBzS2bwyu/wQr5xcaWq6s="></latexit>

Proton mass

HQCD =

Z
d
3
xHQCD =

Z
d
3
xT

00

<latexit sha1_base64="DBtiIX9zdXR/JvT9H5/J478WMgI="></latexit>

n hTµ
µi = n hT 00i

���
~p=0

=
hHQCDi
hp|pi

���
~p=0

= M

<latexit sha1_base64="guJXf4A34SEOkJBnC1BWE5snMVo="></latexit>

n =
1

2M

<latexit sha1_base64="mE+Z7qYYCEznYPoPSGxitUIMbFw=">AAACGnicbVDLSgMxFM3UV62vUZdugkUQF2WmKIogFNy4ESrYB3RKyaR32tBMZkwywjD0O9z4K25cKOJO3Pg3po9FbT1w4XDOvcm9x485U9pxfqzc0vLK6lp+vbCxubW9Y+/u1VWUSAo1GvFINn2igDMBNc00h2YsgYQ+h4Y/uB75jUeQikXiXqcxtEPSEyxglGgjdWzX86HHRAYPgkhJ0pNhQeArL5CEZu4wK98OCx6I7ozfsYtOyRkDLxJ3SopoimrH/vK6EU1CEJpyolTLdWLdzojUjHIw7ycKYkIHpActQwUJQbWz8WlDfGSULg4iaUpoPFZnJzISKpWGvukMie6reW8k/ue1Eh1ctDMm4kSDoJOPgoRjHeFRTrjLJFDNU0MIlczsimmfmFi0SbNgQnDnT14k9XLJPS2d3ZWLlctpHHl0gA7RMXLROaqgG1RFNUTRE3pBb+jderZerQ/rc9Kas6Yz++gPrO9fVf2hCA==</latexit>

 (              depends on normalization of state)

•Forward matrix element quark and gluon contributions 

Aq(0) +Ag(0) = 1

<latexit sha1_base64="3EPxypXzinlCejpuhCxfNQY5BCo=">AAACGnicbVDLSsNAFJ3UV42vqks3wSJUhZIURRGEFjcuK9gHNCVMprft0MkknZkIIfQ73Pgrblwo4k7c+DdOH4taPXC5h3PuZeYeP2JUKtv+NjJLyyura9l1c2Nza3snt7tXl2EsCNRIyELR9LEERjnUFFUMmpEAHPgMGv7gZuw3HkBIGvJ7lUTQDnCP0y4lWGnJyzmuDz3KUxhyLAROTkZmxRsW7OPTitfT7doxXeCdOd/L5e2iPYH1lzgzkkczVL3cp9sJSRwAV4RhKVuOHal2ioWihMHIdGMJESYD3IOWphwHINvp5LSRdaSVjtUNhS6urIk6v5HiQMok8PVkgFVfLnpj8T+vFavuZTulPIoVcDJ9qBszS4XWOCerQwUQxRJNMBFU/9UifSwwUTpNU4fgLJ78l9RLReeseH5XypevZnFk0QE6RAXkoAtURreoimqIoEf0jF7Rm/FkvBjvxsd0NGPMdvbRLxhfP6PFn1g=</latexit>

hTµ⌫
i,Ri = 2pµp⌫ Ai(0) + 2M2gµ⌫C̄i(0)

<latexit sha1_base64="lvjI8GJAHfxT8FNTeTDe5ImR5gQ="></latexit>

in forward limit, matrix elements of EMT fully determined by two form factors 

any mass sum rule for the proton related to at most two independent numbers

C̄q(0) + C̄g(0) = 0

<latexit sha1_base64="Foax0lA0LLBGHcDbtu1od3V+D14=">AAACJnicbVBdSwJBFJ21L7Mvq8deliSwAtmVogiCwJceDfIDVOTueNXB2dl1ZjaQxV/TS3+llx6MiN76KY0fgWkHBs49517u3OOFnCntOF9WYmV1bX0juZna2t7Z3UvvH5RVEEmKJRrwQFY9UMiZwJJmmmM1lAi+x7Hi9Qpjv/KEUrFAPOpBiA0fOoK1GQVtpGb6tu5hh4kY+wKkhMHZMFX3QMaFYbOfdU7Pf4uOKW6dVB1Fa663mc44OWcCe5m4M5IhMxSb6VG9FdDIR6EpB6VqrhPqRgxSM8rR7I4UhkB70MGaoQJ8VI14cubQPjFKy24H0jyh7Yk6PxGDr9TA90ynD7qrFr2x+J9Xi3T7uhEzEUYaBZ0uakfc1oE9zsxuMYlU84EhQCUzf7VpFyRQbZJNmRDcxZOXSTmfcy9ylw/5zN3NLI4kOSLHJEtcckXuyD0pkhKh5Jm8khF5t16sN+vD+py2JqzZzCH5A+v7Bx1XpOU=</latexit>

Conservation of full EMT:



M
D2
q = Mm

<latexit sha1_base64="XWp2oLVb0qdSgFXBoFhnX2896VE="></latexit>

MD2
q = Mq[Ji]

<latexit sha1_base64="1aPlE6HX//KaC1Fn7imeAwGZa6w="></latexit>

MD2
g = Mg[Ji] +Ma

<latexit sha1_base64="+AHGU4dEwRjkoEHMqwSnjBoZqWw="></latexit>

Mass decompositions in D2 scheme

Trace decomposition
3-term  

energy decomposition
4-term  

sum rule (Ji)


