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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 
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DIS parton distributionsVVCS generalized pol.
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Nucleon structure at long distance Parton structure
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ChPT

Hall A JLab Coll, Nature Phys. 18 (2022)
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ChPT

Hall A JLab Coll, Nature Phys. 18 (2022)

PDFs  
W<2 GeV

resonance  
+ multi-meson channels

Drechsel, BP, Vanderhaeghen, Phys. Rep. 383 (2002) 

resonance channel

full PDF



VCS generalized pol.
DVCS 

 generalized parton distributions
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electron scattering by a target which  
is in constant electric and magnetic fields EMT form factors 

Spatial distribution  
of electric and magnetic polarization density

Spatial distribution  
of mechanical properties and gluons fields
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<latexit sha1_base64="Z7wrCwOpz62fwJ93sIemFhR+g6o=">AAACBXicbVC7TsMwFHXKq5RXgBEGixaJqUoqXmMlFsYi0YfURJHjOq1Vxw62A6qiLiz8CgsDCLHyD2z8DW6bAVqOdKWjc+7VvfeECaNKO863VVhaXlldK66XNja3tnfs3b2WEqnEpIkFE7ITIkUY5aSpqWakk0iC4pCRdji8mvjteyIVFfxWjxLix6jPaUQx0kYK7MPKXeAlRCaepP2BRlKKBxjOpEpgl52qMwVcJG5OyiBHI7C/vJ7AaUy4xgwp1XWdRPsZkppiRsYlL1UkQXiI+qRrKEcxUX42/WIMj43Sg5GQpriGU/X3RIZipUZxaDpjpAdq3puI/3ndVEeXfkZ5kmrC8WxRlDKoBZxEAntUEqzZyBCEJTW3QjxAEmFtgiuZENz5lxdJq1Z1T6tnN7Vy/TyPowgOwBE4AS64AHVwDRqgCTB4BM/gFbxZT9aL9W59zFoLVj6zD/7A+vwBc2+YgQ==</latexit>



Measure of the strength of induced polarizations: 2 scalar polarizabilities + 4 spin polarizabilities

Real Compton Scattering at low energies



Measure of the strength of induced polarizations: 2 scalar polarizabilities + 4 spin polarizabilities

Real Compton Scattering at low energies

~DE ⇠ ↵E1
~E

<latexit sha1_base64="+6tvojHJEVBq7YEfUxvhsBAfa4o="></latexit>

Unlike atoms,  
it is not proportional to volume 

V ⇠ hrpi3 ⇡ 0.6 fm3
<latexit sha1_base64="revbn3dyCA9tUgSXvdysMJxfj00="></latexit>

much ``stiffer’’ than hydrogen! 

↵E1 ⇡ 10�4 Vp
<latexit sha1_base64="+tj8TZ0qUSe0E92Lb2hj5DXTBUw=">AAACEnicbVDLSsNAFJ3UV62vqks3g62goCVppequIILLCvYBTQ0302k7dJIMMxOxhHyDG3/FjQtF3Lpy59+YPhC1HrhwOOde7r3HFZwpbZqfRmpufmFxKb2cWVldW9/Ibm7VVRBKQmsk4IFsuqAoZz6taaY5bQpJwXM5bbiD85HfuKVSscC/1kNB2x70fNZlBHQiOdmDvA1c9MGJIlt6+MKKYxuEkMEdtsyb6Og4xvYhrjsi72RzZsEcA88Sa0pyaIqqk/2wOwEJPeprwkGplmUK3Y5AakY4jTN2qKgAMoAebSXUB4+qdjR+KcZ7idLB3UAm5Ws8Vn9OROApNfTcpNMD3Vd/vZH4n9cKdfe0HTFfhJr6ZLKoG3KsAzzKB3eYpETzYUKASJbcikkfJBCdpJgZh3A2Qvn75VlSLxasUqF0VcxVytM40mgH7aJ9ZKETVEGXqIpqiKB79Iie0YvxYDwZr8bbpDVlTGe20S8Y71/BgZxT</latexit>



~DM ⇠ �M1
~B

<latexit sha1_base64="cPhlc6pAFxxHrxbnKVQGFIjVufY="></latexit>

�para
M1 > 0

<latexit sha1_base64="lw8HfPuRZ4qjNkFx81F4fYZ5xMU="></latexit>

proton spin aligns  
with external field

induced current  
of  pion cloud generates field  
opposite to the external one 

�dia
M1 < 0

<latexit sha1_base64="+CTkddC4NG1vYvgi8fRFgq2brcY="></latexit>

Measure of the strength of induced polarizations: 2 scalar polarizabilities + 4 spin polarizabilities

Real Compton Scattering at low energies

~DE ⇠ ↵E1
~E

<latexit sha1_base64="+6tvojHJEVBq7YEfUxvhsBAfa4o="></latexit>

Unlike atoms,  
it is not proportional to volume 

V ⇠ hrpi3 ⇡ 0.6 fm3
<latexit sha1_base64="revbn3dyCA9tUgSXvdysMJxfj00="></latexit>

much ``stiffer’’ than hydrogen! 

↵E1 ⇡ 10�4 Vp
<latexit sha1_base64="+tj8TZ0qUSe0E92Lb2hj5DXTBUw=">AAACEnicbVDLSsNAFJ3UV62vqks3g62goCVppequIILLCvYBTQ0302k7dJIMMxOxhHyDG3/FjQtF3Lpy59+YPhC1HrhwOOde7r3HFZwpbZqfRmpufmFxKb2cWVldW9/Ibm7VVRBKQmsk4IFsuqAoZz6taaY5bQpJwXM5bbiD85HfuKVSscC/1kNB2x70fNZlBHQiOdmDvA1c9MGJIlt6+MKKYxuEkMEdtsyb6Og4xvYhrjsi72RzZsEcA88Sa0pyaIqqk/2wOwEJPeprwkGplmUK3Y5AakY4jTN2qKgAMoAebSXUB4+qdjR+KcZ7idLB3UAm5Ws8Vn9OROApNfTcpNMD3Vd/vZH4n9cKdfe0HTFfhJr6ZLKoG3KsAzzKB3eYpETzYUKASJbcikkfJBCdpJgZh3A2Qvn75VlSLxasUqF0VcxVytM40mgH7aJ9ZKETVEGXqIpqiKB79Iie0YvxYDwZr8bbpDVlTGe20S8Y71/BgZxT</latexit>



Li, Sparveris, BP, et al, Nature 611 (2022)

Scalar VCS Generalised Polarizabilities

hr2↵E
i = 1.36± 0.29 fm2

<latexit sha1_base64="CCmGvspfo2BFNM72a/KMn+Gmmzg=">AAACHXicbVDLSsNAFJ34rPVVdelmsBVchSS+F0JBBJcKVoWmhpvppB06MwkzE6GE/ogbf8WNC0VcuBH/xmntwteBC4dz7uXee+KMM20878OZmJyanpktzZXnFxaXlisrq5c6zRWhDZLyVF3HoClnkjYMM5xeZ4qCiDm9invHQ//qlirNUnlh+hltCehIljACxkpRZacWcpAdTrG6CaIiBJ51IToZhGqkHvnu9h4OM4E9Nzis4UTUboJaVKl6rjcC/kv8MamiMc6iylvYTkkuqDSEg9ZN38tMqwBlGOF0UA5zTTMgPejQpqUSBNWtYvTdAG9apY2TVNmSBo/U7xMFCK37IradAkxX//aG4n9eMzfJQatgMssNleRrUZJzbFI8jAq3maLE8L4lQBSzt2LSBQXE2EDLNgT/98t/yWXg+jvu7nlQre+N4yihdbSBtpCP9lEdnaIz1EAE3aEH9ISenXvn0XlxXr9aJ5zxzBr6Aef9E9ksnyo=</latexit>

hr2�M
i = 0.63± 0.31 fm2

<latexit sha1_base64="/nslzV/1ip+O4s3Bto6c+3ldg4c=">AAACHHicbVDLSgNBEJyN7/iKevQymAielt3E10UQvHgRIhgVsskyO+lNBmdml5lZISz5EC/+ihcPinjxIPg3Th4HNRY0FFXddHdFKWfaeN6XU5iZnZtfWFwqLq+srq2XNjavdZIpCg2a8ETdRkQDZxIahhkOt6kCIiION9Hd2dC/uQelWSKvTD+FliBdyWJGibFSWKpVAk5klwNW7WqYBxEYEl4MAjUSTzz3sIaDVGDPrfkVHItKu1oJS2XP9UbA08SfkDKaoB6WPoJOQjMB0lBOtG76XmpaOVGGUQ6DYpBpSAm9I11oWiqJAN3KR88N8K5VOjhOlC1p8Ej9OZEToXVfRLZTENPTf72h+J/XzEx83MqZTDMDko4XxRnHJsHDpHCHKaCG9y0hVDF7K6Y9ogg1Ns+iDcH/+/I0ua66/r57cFktnx5O4lhE22gH7SEfHaFTdI7qqIEoekBP6AW9Oo/Os/PmvI9bC85kZgv9gvP5Df9/nrY=</latexit>



Gorchtein, Lorcé, BP, Vanderhaeghen, PRL104 (2010) 112001

Spatial density of induced polarizations

light (dark) regions              larger (smaller) values 

Smooth dipole fit

Frame with fast moving proton  
in the longitudinal direction and                    Q2 = q2?

<latexit sha1_base64="DnfbwmTTP0EQegDoO5pKet9D4CQ=">AAAB+HicbVDLSsNAFJ3UV62PRl26GWwFVyVJQetCKLhx2YJ9QJuGyXTSDp0k48xEqKFf4saFIm79FHf+jUkaRK0HLhzOuZd773E5o1IZxqdWWFvf2Nwqbpd2dvf2y/rBYVeGkcCkg0MWir6LJGE0IB1FFSN9LgjyXUZ67uw69Xv3REgaBrdqzonto0lAPYqRSiRHL1fbI+vqzhlyIvjIqjp6xagZGeAqMXNSATlajv4xHIc48kmgMENSDkyDKztGQlHMyKI0jCThCM/QhAwSGiCfSDvODl/A00QZQy8USQUKZurPiRj5Us59N+n0kZrKv14q/ucNIuU17JgGPFIkwMtFXsSgCmGaAhxTQbBi84QgLGhyK8RTJBBWSValLITLFOffL6+SrlUz67V626o0G3kcRXAMTsAZMMEFaIIb0AIdgEEEHsEzeNEetCftVXtbtha0fOYI/IL2/gU89ZJF</latexit>

~b?
<latexit sha1_base64="3q3l03oHz7YAzUeK1wKu6dh/PCg=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LLaCp5K0oPVW8OKxgv2AJpbNdtIu3WzC7qZSQv+HFw+KePW/ePPfmKRB1Ppg4PHeDDPz3JAzpU3z0yisrW9sbhW3Szu7e/sH5cOjrgoiSaFDAx7IvksUcCago5nm0A8lEN/l0HOn16nfm4FULBB3eh6C45OxYB6jRCfSfdWeAcXu0A5BhtVhuWLWzAx4lVg5qaAc7WH5wx4FNPJBaMqJUgPLDLUTE6kZ5bAo2ZGCkNApGcMgoYL4oJw4u3qBzxJlhL1AJiU0ztSfEzHxlZr7btLpEz1Rf71U/M8bRNprOjETYaRB0OUiL+JYBziNAI+YBKr5PCGESpbciumESEJ1ElQpC+EqxcX3y6ukW69ZjVrjtl5pNfM4iugEnaJzZKFL1EI3qI06iCKJHtEzejEejCfj1XhbthaMfOYY/YLx/gWZKJIH</latexit>

~q?
<latexit sha1_base64="hIkg4YmalLIRtemz1y5XyTBJp1M=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LLaCp5K0oPVW8OKxgm2FJpbNdtIu3Wzi7qZSQv+HFw+KePW/ePPfmKRB1Ppg4PHeDDPz3JAzpU3z0yisrK6tbxQ3S1vbO7t75f2DrgoiSaFDAx7IW5co4ExARzPN4TaUQHyXQ8+dXKZ+bwpSsUDc6FkIjk9GgnmMEp1Id1V7ChTfD+wQZFgdlCtmzcyAl4mVkwrK0R6UP+xhQCMfhKacKNW3zFA7MZGaUQ7zkh0pCAmdkBH0EyqID8qJs6vn+CRRhtgLZFJC40z9ORETX6mZ7yadPtFj9ddLxf+8fqS9phMzEUYaBF0s8iKOdYDTCPCQSaCazxJCqGTJrZiOiSRUJ0GVshAuUpx9v7xMuvWa1ag1ruuVVjOPo4iO0DE6RRY6Ry10hdqogyiS6BE9oxfjwXgyXo23RWvByGcO0S8Y71+wTZIW</latexit>

FT
true probabilistic interpretation!

~E ⇠ iq00~✏ 0
?

<latexit sha1_base64="CimM1HcLygYLD3eO3Hm7LI5ReSE=">AAACEnicbVBNS0JBFJ1nX2ZfVss2QxoWhLynULYTImhpkB/gM5k3Xm1w3rxpZp4g4m9o019p06KItq3a9W96PiUqO3DhcM693HuPJznTxrY/rcTC4tLySnI1tba+sbmV3t6p6SBUFKo04IFqeEQDZwKqhhkODamA+B6Hutc/n/j1ASjNAnFthhJaPukJ1mWUmEhqp4+y7gAovnA18zHDd7kbOxZckJrxQLjHubYrQclsO52x83YMPE+cGcmgGSrt9IfbCWjogzCUE62bji1Na0SUYZTDOOWGGiShfdKDZkQF8UG3RvFLY3wQKR3cDVRUwuBY/TkxIr7WQ9+LOn1ibvVfbyL+5zVD0y21RkzI0ICg00XdkGMT4Ek+uMMUUMOHESFUsehWTG+JItREKabiEM4mOPl+eZ7UCnmnmC9eFTLl0iyOJNpD++gQOegUldElqqAqougePaJn9GI9WE/Wq/U2bU1Ys5ld9AvW+xe1AJxc</latexit>

quasi-static electric field induced polarization depending  
on scalar and spin GPs

Including new data 



Moving forward….positron beam

-Targeted measurements in the area of interest, higher & lower in Q2

<latexit sha1_base64="vGgwJVT4bfm8H3gU39XtveGAEhc=">AAAB7HicbVBNTwIxEJ31E/EL9eilEUw8kV3i15HEi0dIXCCBlXRLFxq67abtmpANv8GLB43x6g/y5r+xwB4UfMkkL+/NZGZemHCmjet+O2vrG5tb24Wd4u7e/sFh6ei4pWWqCPWJ5FJ1QqwpZ4L6hhlOO4miOA45bYfju5nffqJKMykezCShQYyHgkWMYGMlv9J8rFX6pbJbdedAq8TLSRlyNPqlr95AkjSmwhCOte56bmKCDCvDCKfTYi/VNMFkjIe0a6nAMdVBNj92is6tMkCRVLaEQXP190SGY60ncWg7Y2xGetmbif953dREt0HGRJIaKshiUZRyZCSafY4GTFFi+MQSTBSztyIywgoTY/Mp2hC85ZdXSatW9S6rV81auX6dx1GAUziDC/DgBupwDw3wgQCDZ3iFN0c4L86787FoXXPymRP4A+fzB4cEjc8=</latexit>

- Positrons allow for an independent path to access experimentally the GPs

beam charge asymmetry electric GP

Accardi, B.P., Vanderhaeghen, et al.,  
“An experimental program with high duty-cycle polarized and unpolarized positron beam at Jefferson Lab,  
Eur.Phys.J.A 57 (2021) 8, 26

LOI JLab PAC 51, “Measurement of the Generalized Polarizabilities of the Proton with positron and  
polarized electron beams”

BCA projected measurements



High Q2 and low t: 
EMT form factors from GPDs

�µ⌫(P,�) =
PµP ⌫

MN
Aa(t) +

�µ�⌫ � gµ⌫�2

4M
Da(t) +Mgµ⌫C̄a(t) +

P {µi�⌫}���

MN
Ja(t)�

P [µi�⌫]���

MN
Sa(t)

<latexit sha1_base64="iogScVTMtsj93qlYSQVpKJ9Zix0="></latexit>

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

hp0, s0|Tµ⌫
a (0)|p, si = ū(p0, s0)�µ⌫

a (P,�)u(p, s)

<latexit sha1_base64="jpjD3vbvHcf7t2Ilsum+oS+p7G8="></latexit>

The first 4 FFs associate with the symmetric (Belinfante) part of the EMT 

The antisymmetric part (spin contribution) only for quark: SG(t) = 0

<latexit sha1_base64="Qav44wuvnmL+JB6GxZFYRtOpyv8=">AAACEnicbVBNS8NAEN3Ur1q/oh69BIvQeihJUexFKHjQY0X7AW0Im+20XbrZxN2NUEJ/gxf/ihcPinj15M1/47bNobY+GHi8N8PMPD9iVCrb/jEyK6tr6xvZzdzW9s7unrl/0JBhLAjUSchC0fKxBEY51BVVDFqRABz4DJr+8GriNx9BSBryezWKwA1wn9MeJVhpyTOLHR/6lCfwwLEQeHQ6zt151wVVvLQ7wLtzumfm7ZI9hbVMnJTkUYqaZ353uiGJA+CKMCxl27Ej5SZYKEoYjHOdWEKEyRD3oa0pxwFIN5m+NLZOtNK1eqHQxZU1VecnEhxIOQp83RlgNZCL3kT8z2vHqldxE8qjWAEns0W9mFkqtCb5WF0qgCg20gQTQfWtFhlggYnSKeZ0CM7iy8ukUS45Z6Xz23K+WknjyKIjdIwKyEEXqIpuUA3VEUFP6AW9oXfj2Xg1PozPWWvGSGcO0R8YX7+wsp10</latexit>

Total EMT is not renormalized, quark and gluon contributions require renormalization



Aa(0)

<latexit sha1_base64="e+iYy2thuD6gd21/kyv8G1POCYU=">AAACOnicbVBNTxsxFPTy0dKUlpQee7GIKgGqIu9CAtxAXDgSiQBSdhW9dV6Chde72F6kaLW/iwu/glsPvfQAQlz5ATgfhzR0JEujmXn288SZFMYy9ttbWFxa/vBx5VPl8+qXr2vVb+vnJs01xzZPZaovYzAohcK2FVbiZaYRkljiRXx9PPIvblEbkaozO8wwSmCgRF9wsE7qVlthjAOhCrxRoDUMt8tKEY6v7ehBHBWs3gwOgm bwi9VZs9EIGo74bIf5u+VRFzbZVklDVL2Z+W615rJj0PfEn5IameK0W30IeynPE1SWSzCm47PMRgVoK7jEshLmBjPg1zDAjqMKEjRRMd6xpD+d0qP9VLujLB2rsxMFJMYMk9glE7BXZt4bif/zOrnt70eFUFluUfHJQ/1cUpvSUY+0JzRyK4eOANfC7Ur5FWjg1rVdcSX4819+T86Dur9bb7SC2uH+tI4V8oNskE3ikz1ySE7IKWkTTu7IH/JInrx776/37L1MogvedOY7+Qfe6xsR+qnm</latexit>

longitudinal momentum fraction carried by quarks and gluons

A(0) =
X

q

Aq(0) +AG(0) = 1

<latexit sha1_base64="aJdh2SeFkjsI/0H7KqkqY6XggwI="></latexit>

Aa(0) =

Z 1

0
x fa

1 dx

<latexit sha1_base64="mz+MMMfGOyczHMUVrlON1OalRU4="></latexit>

input from DIS



Aa(0)

<latexit sha1_base64="e+iYy2thuD6gd21/kyv8G1POCYU=">AAACOnicbVBNTxsxFPTy0dKUlpQee7GIKgGqIu9CAtxAXDgSiQBSdhW9dV6Chde72F6kaLW/iwu/glsPvfQAQlz5ATgfhzR0JEujmXn288SZFMYy9ttbWFxa/vBx5VPl8+qXr2vVb+vnJs01xzZPZaovYzAohcK2FVbiZaYRkljiRXx9PPIvblEbkaozO8wwSmCgRF9wsE7qVlthjAOhCrxRoDUMt8tKEY6v7ehBHBWs3gwOgm bwi9VZs9EIGo74bIf5u+VRFzbZVklDVL2Z+W615rJj0PfEn5IameK0W30IeynPE1SWSzCm47PMRgVoK7jEshLmBjPg1zDAjqMKEjRRMd6xpD+d0qP9VLujLB2rsxMFJMYMk9glE7BXZt4bif/zOrnt70eFUFluUfHJQ/1cUpvSUY+0JzRyK4eOANfC7Ur5FWjg1rVdcSX4819+T86Dur9bb7SC2uH+tI4V8oNskE3ikz1ySE7IKWkTTu7IH/JInrx776/37L1MogvedOY7+Qfe6xsR+qnm</latexit>

longitudinal momentum fraction carried by quarks and gluons

A(0) =
X

q

Aq(0) +AG(0) = 1

<latexit sha1_base64="aJdh2SeFkjsI/0H7KqkqY6XggwI="></latexit>

Aa(0) =

Z 1

0
x fa

1 dx

<latexit sha1_base64="mz+MMMfGOyczHMUVrlON1OalRU4="></latexit>

input from DIS

Ja(0)

<latexit sha1_base64="M5tsi70Q9cpl3JDNhN1VLyMzUH0=">AAACOnicbVBNTxsxFPTy0dKUlpQee7GIKgGqIu9CAtyQuCBORCKAlF1Fb52XYOH1LrYXKVrt7+LCr+DWQy89gBBXfgDOxyENHcnSaGae/TxxJoWxjP32FhaXlj98XPlU+bz65eta9dv6uUlzzbHNU5nqyxgMSqGwbYWVeJlphCSWeBFfH438i1vURqTqzA4zjBIYKNEXHKyTutVWGONAqAJvFGgNw+2yUoTjazt6EEcFqzeDg6 AZ/GJ11mw0goYjPtth/m550oVNtlXSEFVvZr5brbnsGPQ98aekRqY47VYfwl7K8wSV5RKM6fgss1EB2gousayEucEM+DUMsOOoggRNVIx3LOlPp/RoP9XuKEvH6uxEAYkxwyR2yQTslZn3RuL/vE5u+/tRIVSWW1R88lA/l9SmdNQj7QmN3MqhI8C1cLtSfgUauHVtV1wJ/vyX35PzoO7v1hutoHa4P61jhfwgG2ST+GSPHJJjckrahJM78oc8kifv3vvrPXsvk+iCN535Tv6B9/oGIGSp7w==</latexit>

parton angular momentum

J(0) =
X

q

Jq(0) + JG(0) =
1

2

<latexit sha1_base64="iEc/QIVUOe46imvJ05aDAhEPPIM="></latexit>

Jq,g(t)

<latexit sha1_base64="vJdnuRQ8BhWje3dPzOT8SPC5RPg=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LLZCBSlJURRPBS/iqYL9gDaWzXbTLt1s0t1JoYT+Di8eFPHqj/Hmv3Hb5qDVBwOP92aYmedFgmuw7S8rs7K6tr6R3cxtbe/s7uX3Dxo6jBVldRqKULU8opngktWBg2CtSDESeII1veHNzG+OmdI8lA8wiZgbkL7kPqcEjOQW7x6T0Vl/WoJTXOzmC3bZngP/JU5KCihFrZv/7PRCGgdMAh VE67ZjR+AmRAGngk1znViziNAh6bO2oZIETLvJ/OgpPjFKD/uhMiUBz9WfEwkJtJ4EnukMCAz0sjcT//PaMfhXbsJlFAOTdLHIjwWGEM8SwD2uGAUxMYRQxc2tmA6IIhRMTjkTgrP88l/SqJSd8/LFfaVQvU7jyKIjdIxKyEGXqIpuUQ3VEUUj9IRe0Ks1tp6tN+t90Zqx0plD9AvWxzfNLJDL</latexit>

FT in impact  parameter space does not give AM density!

J
q,g(0) = 1

2

R 1
�1 dx x (Hq,g(x, ⇠, 0) + E

q,g(x, ⇠, 0))

<latexit sha1_base64="es5EqD0UX/+ZmWYPqWBMb5ihnxg="></latexit>

Ji’s sum rule

Lorcé, BP, Mantovani, PLB 776 (2018)



Aa(0)

<latexit sha1_base64="e+iYy2thuD6gd21/kyv8G1POCYU=">AAACOnicbVBNTxsxFPTy0dKUlpQee7GIKgGqIu9CAtxAXDgSiQBSdhW9dV6Chde72F6kaLW/iwu/glsPvfQAQlz5ATgfhzR0JEujmXn288SZFMYy9ttbWFxa/vBx5VPl8+qXr2vVb+vnJs01xzZPZaovYzAohcK2FVbiZaYRkljiRXx9PPIvblEbkaozO8wwSmCgRF9wsE7qVlthjAOhCrxRoDUMt8tKEY6v7ehBHBWs3gwOgm bwi9VZs9EIGo74bIf5u+VRFzbZVklDVL2Z+W615rJj0PfEn5IameK0W30IeynPE1SWSzCm47PMRgVoK7jEshLmBjPg1zDAjqMKEjRRMd6xpD+d0qP9VLujLB2rsxMFJMYMk9glE7BXZt4bif/zOrnt70eFUFluUfHJQ/1cUpvSUY+0JzRyK4eOANfC7Ur5FWjg1rVdcSX4819+T86Dur9bb7SC2uH+tI4V8oNskE3ikz1ySE7IKWkTTu7IH/JInrx776/37L1MogvedOY7+Qfe6xsR+qnm</latexit>

longitudinal momentum fraction carried by quarks and gluons

A(0) =
X

q

Aq(0) +AG(0) = 1

<latexit sha1_base64="aJdh2SeFkjsI/0H7KqkqY6XggwI="></latexit>

Aa(0) =

Z 1

0
x fa

1 dx

<latexit sha1_base64="mz+MMMfGOyczHMUVrlON1OalRU4="></latexit>

input from DIS

Sq(0)

<latexit sha1_base64="ODwo5N0hl6nomg49NJW4LW1JLG0=">AAACOnicbVDLSgMxFM34tr6qLt0Ei6AiJTPaqjvBjcsWrQqdoWTS2xrMZMYkI5RhvsuNX+HOhRsXirj1A0wfi/o4EDicc25yc8JEcG0IeXYmJqemZ2bn5gsLi0vLK8XVtUsdp4pBg8UiVtch1SC4hIbhRsB1ooBGoYCr8Pa071/dg9I8lheml0AQ0a7kHc6osVKrWPdD6HKZwZ2kStHebl7I/MG1TdUNg4yUq96xV/X2SJlUKx WvYolL9ol7kJ+37rbJTo59kO2x+VaxZLMD4L/EHZESGqHWKj757ZilEUjDBNW66ZLEBBlVhjMBecFPNSSU3dIuNC2VNAIdZIMdc7xllTbuxMoeafBAHZ/IaKR1LwptMqLmRv/2+uJ/XjM1naMg4zJJDUg2fKiTCmxi3O8Rt7kCZkTPEsoUt7tidkMVZca2XbAluL+//JdcemX3oFype6WTo1Edc2gDbaJt5KJDdILOUA01EEMP6AW9oXfn0Xl1PpzPYXTCGc2sox9wvr4BSE6qCA==</latexit>

quark spin

1

2
�⌃ =

X

q

Sq(0)

<latexit sha1_base64="bUfOG9pVjvqKwuRHAiLdV7ySOIA="></latexit>

Sq(0) =
1

2

Z 1

0
g1(x) dx

<latexit sha1_base64="6Rh0d9wB7V4U2pgOXGn2I0Ql0IE="></latexit>

input from DIS

Lq = Jq(0)� Sq(0)

<latexit sha1_base64="xQHDP4Ujvw3rg48Hr96PK5oViMQ=">AAACG3icbVDLSgMxFM3UV62vqks3g0WogmWmKHYjFNyIuKhoH9CWIZO504ZmMtMkI5Sh/+HGX3HjQhFXggv/xvSxqK0HQg7nnEtyjxsxKpVl/RippeWV1bX0emZjc2t7J7u7V5NhLAhUSchC0XCxBEY5VBVVDBqRABy4DOpu72rk1x9BSBryBzWIoB3gDqc+JVhpyckWWy50KE+gz7EQeHAyzNw6/csbp5+3jk/vx1cLuDcTcLI5q2CNYS4Se0pyaIqKk/1qeSGJA+CKMCxl07Yi1U6wUJQwGGZasYQIkx7uQFNTjgOQ7WS829A80opn+qHQhytzrM5OJDiQchC4Ohlg1ZXz3kj8z2vGyi+1E8qjWAEnk4f8mJkqNEdFmR4VQBQbaIKJoPqvJuligYnSdWZ0Cfb8youkVizYZ4Xzu2KuXJrWkUYH6BDlkY0uUBldowqqIoKe0At6Q+/Gs/FqfBifk2jKmM7soz8wvn8BeUKgaA==</latexit>

quark kinetic OAM

Ja(0)

<latexit sha1_base64="M5tsi70Q9cpl3JDNhN1VLyMzUH0=">AAACOnicbVBNTxsxFPTy0dKUlpQee7GIKgGqIu9CAtyQuCBORCKAlF1Fb52XYOH1LrYXKVrt7+LCr+DWQy89gBBXfgDOxyENHcnSaGae/TxxJoWxjP32FhaXlj98XPlU+bz65eta9dv6uUlzzbHNU5nqyxgMSqGwbYWVeJlphCSWeBFfH438i1vURqTqzA4zjBIYKNEXHKyTutVWGONAqAJvFGgNw+2yUoTjazt6EEcFqzeDg6 AZ/GJ11mw0goYjPtth/m550oVNtlXSEFVvZr5brbnsGPQ98aekRqY47VYfwl7K8wSV5RKM6fgss1EB2gousayEucEM+DUMsOOoggRNVIx3LOlPp/RoP9XuKEvH6uxEAYkxwyR2yQTslZn3RuL/vE5u+/tRIVSWW1R88lA/l9SmdNQj7QmN3MqhI8C1cLtSfgUauHVtV1wJ/vyX35PzoO7v1hutoHa4P61jhfwgG2ST+GSPHJJjckrahJM78oc8kifv3vvrPXsvk+iCN535Tv6B9/oGIGSp7w==</latexit>

parton angular momentum

J(0) =
X

q

Jq(0) + JG(0) =
1

2

<latexit sha1_base64="iEc/QIVUOe46imvJ05aDAhEPPIM="></latexit>

Jq,g(t)

<latexit sha1_base64="vJdnuRQ8BhWje3dPzOT8SPC5RPg=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LLZCBSlJURRPBS/iqYL9gDaWzXbTLt1s0t1JoYT+Di8eFPHqj/Hmv3Hb5qDVBwOP92aYmedFgmuw7S8rs7K6tr6R3cxtbe/s7uX3Dxo6jBVldRqKULU8opngktWBg2CtSDESeII1veHNzG+OmdI8lA8wiZgbkL7kPqcEjOQW7x6T0Vl/WoJTXOzmC3bZngP/JU5KCihFrZv/7PRCGgdMAh VE67ZjR+AmRAGngk1znViziNAh6bO2oZIETLvJ/OgpPjFKD/uhMiUBz9WfEwkJtJ4EnukMCAz0sjcT//PaMfhXbsJlFAOTdLHIjwWGEM8SwD2uGAUxMYRQxc2tmA6IIhRMTjkTgrP88l/SqJSd8/LFfaVQvU7jyKIjdIxKyEGXqIpuUQ3VEUUj9IRe0Ks1tp6tN+t90Zqx0plD9AvWxzfNLJDL</latexit>

FT in impact  parameter space does not give AM density!

J
q,g(0) = 1

2

R 1
�1 dx x (Hq,g(x, ⇠, 0) + E

q,g(x, ⇠, 0))

<latexit sha1_base64="es5EqD0UX/+ZmWYPqWBMb5ihnxg="></latexit>

Ji’s sum rule

Lorcé, BP, Mantovani, PLB 776 (2018)



Aa(0)

<latexit sha1_base64="e+iYy2thuD6gd21/kyv8G1POCYU=">AAACOnicbVBNTxsxFPTy0dKUlpQee7GIKgGqIu9CAtxAXDgSiQBSdhW9dV6Chde72F6kaLW/iwu/glsPvfQAQlz5ATgfhzR0JEujmXn288SZFMYy9ttbWFxa/vBx5VPl8+qXr2vVb+vnJs01xzZPZaovYzAohcK2FVbiZaYRkljiRXx9PPIvblEbkaozO8wwSmCgRF9wsE7qVlthjAOhCrxRoDUMt8tKEY6v7ehBHBWs3gwOgm bwi9VZs9EIGo74bIf5u+VRFzbZVklDVL2Z+W615rJj0PfEn5IameK0W30IeynPE1SWSzCm47PMRgVoK7jEshLmBjPg1zDAjqMKEjRRMd6xpD+d0qP9VLujLB2rsxMFJMYMk9glE7BXZt4bif/zOrnt70eFUFluUfHJQ/1cUpvSUY+0JzRyK4eOANfC7Ur5FWjg1rVdcSX4819+T86Dur9bb7SC2uH+tI4V8oNskE3ikz1ySE7IKWkTTu7IH/JInrx776/37L1MogvedOY7+Qfe6xsR+qnm</latexit>

longitudinal momentum fraction carried by quarks and gluons

A(0) =
X

q

Aq(0) +AG(0) = 1

<latexit sha1_base64="aJdh2SeFkjsI/0H7KqkqY6XggwI="></latexit>

Aa(0) =

Z 1

0
x fa

1 dx

<latexit sha1_base64="mz+MMMfGOyczHMUVrlON1OalRU4="></latexit>

input from DIS

Sq(0)

<latexit sha1_base64="ODwo5N0hl6nomg49NJW4LW1JLG0=">AAACOnicbVDLSgMxFM34tr6qLt0Ei6AiJTPaqjvBjcsWrQqdoWTS2xrMZMYkI5RhvsuNX+HOhRsXirj1A0wfi/o4EDicc25yc8JEcG0IeXYmJqemZ2bn5gsLi0vLK8XVtUsdp4pBg8UiVtch1SC4hIbhRsB1ooBGoYCr8Pa071/dg9I8lheml0AQ0a7kHc6osVKrWPdD6HKZwZ2kStHebl7I/MG1TdUNg4yUq96xV/X2SJlUKx WvYolL9ol7kJ+37rbJTo59kO2x+VaxZLMD4L/EHZESGqHWKj757ZilEUjDBNW66ZLEBBlVhjMBecFPNSSU3dIuNC2VNAIdZIMdc7xllTbuxMoeafBAHZ/IaKR1LwptMqLmRv/2+uJ/XjM1naMg4zJJDUg2fKiTCmxi3O8Rt7kCZkTPEsoUt7tidkMVZca2XbAluL+//JdcemX3oFype6WTo1Edc2gDbaJt5KJDdILOUA01EEMP6AW9oXfn0Xl1PpzPYXTCGc2sox9wvr4BSE6qCA==</latexit>

quark spin

1

2
�⌃ =

X

q

Sq(0)

<latexit sha1_base64="bUfOG9pVjvqKwuRHAiLdV7ySOIA="></latexit>

Sq(0) =
1

2

Z 1

0
g1(x) dx

<latexit sha1_base64="6Rh0d9wB7V4U2pgOXGn2I0Ql0IE="></latexit>

input from DIS

Lq = Jq(0)� Sq(0)

<latexit sha1_base64="xQHDP4Ujvw3rg48Hr96PK5oViMQ=">AAACG3icbVDLSgMxFM3UV62vqks3g0WogmWmKHYjFNyIuKhoH9CWIZO504ZmMtMkI5Sh/+HGX3HjQhFXggv/xvSxqK0HQg7nnEtyjxsxKpVl/RippeWV1bX0emZjc2t7J7u7V5NhLAhUSchC0XCxBEY5VBVVDBqRABy4DOpu72rk1x9BSBryBzWIoB3gDqc+JVhpyckWWy50KE+gz7EQeHAyzNw6/csbp5+3jk/vx1cLuDcTcLI5q2CNYS4Se0pyaIqKk/1qeSGJA+CKMCxl07Yi1U6wUJQwGGZasYQIkx7uQFNTjgOQ7WS829A80opn+qHQhytzrM5OJDiQchC4Ohlg1ZXz3kj8z2vGyi+1E8qjWAEnk4f8mJkqNEdFmR4VQBQbaIKJoPqvJuligYnSdWZ0Cfb8youkVizYZ4Xzu2KuXJrWkUYH6BDlkY0uUBldowqqIoKe0At6Q+/Gs/FqfBifk2jKmM7soz8wvn8BeUKgaA==</latexit>

quark kinetic OAM

Ja(0)

<latexit sha1_base64="M5tsi70Q9cpl3JDNhN1VLyMzUH0=">AAACOnicbVBNTxsxFPTy0dKUlpQee7GIKgGqIu9CAtyQuCBORCKAlF1Fb52XYOH1LrYXKVrt7+LCr+DWQy89gBBXfgDOxyENHcnSaGae/TxxJoWxjP32FhaXlj98XPlU+bz65eta9dv6uUlzzbHNU5nqyxgMSqGwbYWVeJlphCSWeBFfH438i1vURqTqzA4zjBIYKNEXHKyTutVWGONAqAJvFGgNw+2yUoTjazt6EEcFqzeDg6 AZ/GJ11mw0goYjPtth/m550oVNtlXSEFVvZr5brbnsGPQ98aekRqY47VYfwl7K8wSV5RKM6fgss1EB2gousayEucEM+DUMsOOoggRNVIx3LOlPp/RoP9XuKEvH6uxEAYkxwyR2yQTslZn3RuL/vE5u+/tRIVSWW1R88lA/l9SmdNQj7QmN3MqhI8C1cLtSfgUauHVtV1wJ/vyX35PzoO7v1hutoHa4P61jhfwgG2ST+GSPHJJjckrahJM78oc8kifv3vvrPXsvk+iCN535Tv6B9/oGIGSp7w==</latexit>

parton angular momentum

J(0) =
X

q

Jq(0) + JG(0) =
1

2

<latexit sha1_base64="iEc/QIVUOe46imvJ05aDAhEPPIM="></latexit>

Jq,g(t)

<latexit sha1_base64="vJdnuRQ8BhWje3dPzOT8SPC5RPg=">AAAB9HicbVBNS8NAEN3Ur1q/qh69LLZCBSlJURRPBS/iqYL9gDaWzXbTLt1s0t1JoYT+Di8eFPHqj/Hmv3Hb5qDVBwOP92aYmedFgmuw7S8rs7K6tr6R3cxtbe/s7uX3Dxo6jBVldRqKULU8opngktWBg2CtSDESeII1veHNzG+OmdI8lA8wiZgbkL7kPqcEjOQW7x6T0Vl/WoJTXOzmC3bZngP/JU5KCihFrZv/7PRCGgdMAh VE67ZjR+AmRAGngk1znViziNAh6bO2oZIETLvJ/OgpPjFKD/uhMiUBz9WfEwkJtJ4EnukMCAz0sjcT//PaMfhXbsJlFAOTdLHIjwWGEM8SwD2uGAUxMYRQxc2tmA6IIhRMTjkTgrP88l/SqJSd8/LFfaVQvU7jyKIjdIxKyEGXqIpuUQ3VEUUj9IRe0Ks1tp6tN+t90Zqx0plD9AvWxzfNLJDL</latexit>

FT in impact  parameter space does not give AM density!

J
q,g(0) = 1

2

R 1
�1 dx x (Hq,g(x, ⇠, 0) + E

q,g(x, ⇠, 0))

<latexit sha1_base64="es5EqD0UX/+ZmWYPqWBMb5ihnxg="></latexit>

Ji’s sum rule

Lorcé, BP, Mantovani, PLB 776 (2018)

D(0)

<latexit sha1_base64="eIG99CGNxRpYP8LqzGcx2aK+/9w=">AAACOHicbVDLSgMxFM34tr6qLt0Ei6AiJTPaqruCLtxZwarQGUomvW2DmcyYZIQyzGe58TPciRsXirj1C0xrF74OBA7nnJvcnDARXBtCHp2x8YnJqemZ2cLc/MLiUnF55ULHqWLQYLGI1VVINQguoWG4EXCVKKBRKOAyvD4a+Je3oDSP5bnpJxBEtCt5hzNqrNQqnvohdLnM4EZSpWh/Oy9k/vDapuqGQUbKVe/Qq3o7pEyqlY pXscQlu8Tdy483yVaOfZDtb9OtYskmh8B/iTsiJTRCvVV88NsxSyOQhgmqddMliQkyqgxnAvKCn2pIKLumXWhaKmkEOsiGG+Z4wypt3ImVPdLgofp9IqOR1v0otMmImp7+7Q3E/7xmajoHQcZlkhqQ7OuhTiqwifGgRdzmCpgRfUsoU9zuilmPKsqM7bpgS3B/f/kvufDK7l65cuaVagejOmbQGlpHm8hF+6iGTlAdNRBDd+gJvaBX5955dt6c96/omDOaWUU/4Hx8AnTHqRU=</latexit>

Druck (D) term D(0) =
X

q

Dq(0) +DG(0)

<latexit sha1_base64="wH3cWJhNWMy3AATspChLm2oN0XE=">AAACI3icbVDLSgMxFM34tr6qLt0Ei1AVykxRFEEoWNBlBWsLnWHIZG5raCYzTTJCGfovbvwVNy6U4saF/2L6WGj1QMjJuedyc0+QcKa0bX9ac/MLi0vLK6u5tfWNza389s69ilNJoU5jHstmQBRwJqCumebQTCSQKODQCLpXo3rjEaRisbjT/QS8iHQEazNKtJH8/IUbQIeJDHqCSEn6R4NctWgfXroqjfwervo98zqu+tfmckGEP4x+vmCX7DHwX+JMSQFNUfPzQzeMaRqB0JQTpVqOnWgvI1IzymGQc1MFCaFd0oGWoYJEoLxsvOMAHxglxO1YmiM0Hqs/OzISKdWPAuOMiH5Qs7WR+F+tler2uZcxkaQaBJ0Maqcc6xiPAsMhk0A17xtCqGTmr5g+EEmoNrHmTAjO7Mp/yX255JyUTm/Lhcr5NI4VtIf2URE56AxV0A2qoTqi6Am9oDf0bj1br9bQ+phY56xpzy76BevrGzz6osE=</latexit>

pressure distribution

Polyakov, PLB 555 (2003)



 data before 6 GeV JLab
6 GeV JLab data

p(r) =
1

6MN

1

r2
d

dr
r2

d

dr
D(r)

<latexit sha1_base64="Dde7x89HEFqpFiG7lnbqqmjIVcA="></latexit>

best fit

�QSM

<latexit sha1_base64="XWES1SVS0GxpmSZh1jIeeM8yqcE="></latexit>

s(r) = � 1

4MN
r
d

dr

1

r

d

dr
D(r)

<latexit sha1_base64="rOWw6xIW3+Y2ydu7+1kU0QrlabA="></latexit>

T ijdSj

“mechanical properties” of nucleonFourier transform in coordinate space

shear forces pressure

TQ
ij (~r)= s(~r)

✓
rirj
r2

� 1

3
�ij

◆
+ p(~r) �ij

D(t) form factor from data

Polyakov, Schweitzer, IJMA 33 (2018) 1830025 Girod, Elouadrhiri,Burkert, Nature 557 (2018) 7705;



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.

CLAS data, with neural networks 
Kumericki

global fit to DVCS data  
with artificial neural networks

X

q

dq1 < 0

<latexit sha1_base64="XUDBbRbIZ2ki00vIUmAfiL7UwUA=">AAACGnicbVA9SwNBEN3zM8avqKXNYhDEItyFiBYWARvLCOYDkvPY25skS/b2Lrt7QjjyO2z8KzYWitiJjf/GTXJFTHww8Hhvhpl5fsyZ0rb9Y62srq1vbOa28ts7u3v7hYPDhooSSaFOIx7Jlk8UcCagrpnm0IolkNDn0PQHNxO/+QhSsUjc61EMbkh6gnUZJdpIXsHp+NBjIoWhIFKS0fk431FJ6A1x4DkPQ3xt5zsggjnfKxTtkj0FXiZORoooQ80rfHWCiCYhCE05Uart2LF2UyI1oxzMvkRBTOiA9KBtqCAhKDedvjbGp0YJcDeSpoTGU3V+IiWhUqPQN50h0X216E3E/7x2ortXbspEnGgQdLaom3CsIzzJCQdMAtV8ZAihkplbMe0TSag2aeZNCM7iy8ukUS45ldLFXblYrWRx5NAxOkFnyEGXqIpuUQ3VEUVP6AW9oXfr2Xq1PqzPWeuKlc0coT+wvn8BoXOgjw==</latexit>

in all model calculations 
for a stable proton



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            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

<latexit sha1_base64="vblYJ/vtqov4WpMIgr37JAa9LlE=">AAACHXicbVBNSwMxFMz6WetX1aOXYBFEpOwWRY8FL3pTsLbQLeVt+lqDSXZNskJZ9o948a948aCIBy/ivzGtPWjrQGCYmcfLmygR3Fjf//JmZufmFxYLS8XlldW19dLG5rWJU82wzmIR62YEBgVXWLfcCmwmGkFGAhvR7enQb9yjNjxWV3aQYFtCX/EeZ2Cd1CkdhhH2ucrwToHWMNjPi1moJT2XeXhAs5CBoGd5iKr7K9Iplf2KPwKdJsGYlMkYF53SR9iNWSpRWSbAmFbgJ7adgbacCcyLYWowAXYLfWw5qkCiaWej63K665Qu7cXaPWXpSP09kYE0ZiAjl5Rgb8ykNxT/81qp7Z20M66S1KJiP4t6qaA2psOqaJdrZFYMHAGmufsrZTeggVlXaNGVEEyePE2uq5XgsHJ0WS3XTsZ1FMg22SF7JCDHpEbOyAWpE0YeyBN5Ia/eo/fsvXnvP9EZbzyzRf7A+/wGzK6iVA==</latexit>

access to ReH

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

access to 

AFB =
d�(✓,�)� d�(180� � ✓, 180� + �)

d�(✓,�) + d�(180� � ✓, 180� + �)

<latexit sha1_base64="P3ejs8ITcX2hrw6kwshfQxuxno0="></latexit>

A�U =
d�+ � d��

d�+ + d��

<latexit sha1_base64="IKtjewSy+YUAeSEJbt6lZL3AZW0="></latexit>



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

DG(t)

<latexit sha1_base64="0WiHvcpaFsUvqVctLWIV5jCNuOs=">AAACE3icbVDLSsNAFJ3UV42vqEs3g0WoXZSkKHZZUNBlBfuAtpbJ5LYdOpnEmYkQQv/Bjb/ixoUibt24829MH4vaeuDC4Zx7ufceN+RMadv+MTIrq2vrG9lNc2t7Z3fP2j+oqyCSFGo04IFsukQBZwJqmmkOzVAC8V0ODXd4OfYbjyAVC8SdjkPo+KQvWI9RolOpaxXaLvSZSOBBEClJXBiZV/fXeX1qtkF487LZtXJ20Z4ALxNnRnJohmrX+m57AY18EJpyolTLsUPdSYjUjHIYme1IQUjokPShlVJBfFCdZPLTCJ+kiod7gUxLaDxR5ycS4isV+27a6RM9UIveWPzPa0W6V+4kTISRBkGni3oRxzrA44CwxyRQzeOUECpZeiumAyIJ1WmM4xCcxZeXSb1UdM6K57elXKU8iyOLjtAxyiMHXaAKukFVVEMUPaEX9IbejWfj1fgwPqetGWM2c4j+wPj6BVOMnR8=</latexit>

t (GeV2)

<latexit sha1_base64="0wumBIAzZ4cTm1CkttjeyXXZZ7s=">AAAB+HicbVDLSsNAFJ34rPHRqEs3g41QNyUpFV0WXOiygn1AG8tketMOnTyYmQi19EvcuFDErZ/izr9x0mahrQcuHM65l3vv8RPOpHKcb2NtfWNza7uwY+7u7R8UrcOjloxTQaFJYx6Ljk8kcBZBUzHFoZMIIKHPoe2PrzO//QhCsji6V5MEvJAMIxYwSpSW+lbRVjYu30DLfqja56bZt0pOxZkDrxI3JyWUo9G3vnqDmKYhRIpyImXXdRLlTYlQjHKYmb1UQkLomAyhq2lEQpDedH74DJ9pZYCDWOiKFJ6rvyemJJRyEvq6MyRqJJe9TPzP66YquPKmLEpSBRFdLApSjlWMsxTwgAmgik80IVQwfSumIyIIVTqrLAR3+eVV0qpW3Frl4q5aqtfyOAroBJ2iMnLRJaqjW9RATURRip7RK3oznowX4934WLSuGfnMMfoD4/MHeQ6QVA==</latexit>

t (GeV2)

<latexit sha1_base64="0wumBIAzZ4cTm1CkttjeyXXZZ7s=">AAAB+HicbVDLSsNAFJ34rPHRqEs3g41QNyUpFV0WXOiygn1AG8tketMOnTyYmQi19EvcuFDErZ/izr9x0mahrQcuHM65l3vv8RPOpHKcb2NtfWNza7uwY+7u7R8UrcOjloxTQaFJYx6Ljk8kcBZBUzHFoZMIIKHPoe2PrzO//QhCsji6V5MEvJAMIxYwSpSW+lbRVjYu30DLfqja56bZt0pOxZkDrxI3JyWUo9G3vnqDmKYhRIpyImXXdRLlTYlQjHKYmb1UQkLomAyhq2lEQpDedH74DJ9pZYCDWOiKFJ6rvyemJJRyEvq6MyRqJJe9TPzP66YquPKmLEpSBRFdLApSjlWMsxTwgAmgik80IVQwfSumIyIIVTqrLAR3+eVV0qpW3Frl4q5aqtfyOAroBJ2iMnLRJaqjW9RATURRip7RK3oznowX4934WLSuGfnMMfoD4/MHeQ6QVA==</latexit>

AG(t)

<latexit sha1_base64="q3DzshrYopV8N+y8C/jMH6/aEbA=">AAACE3icbVDLSsNAFJ3UV42vqEs3g0WoXZSkKHZZcaHLCvYBbS2TyW07dDKJMxMhhP6DG3/FjQtF3Lpx59+YPha19cCFwzn3cu89bsiZ0rb9Y2RWVtfWN7Kb5tb2zu6etX9QV0EkKdRowAPZdIkCzgTUNNMcmqEE4rscGu7wauw3HkEqFog7HYfQ8UlfsB6jRKdS1yq0XegzkcCDIFKSuDAyL++v8/rUbIPw5mWza+Xsoj0BXibOjOTQDNWu9d32Ahr5IDTlRKmWY4e6kxCpGeUwMtuRgpDQIelDK6WC+KA6yeSnET5JFQ/3ApmW0Hiizk8kxFcq9t200yd6oBa9sfif14p0r9xJmAgjDYJOF/UijnWAxwFhj0mgmscpIVSy9FZMB0QSqtMYxyE4iy8vk3qp6JwVz29LuUp5FkcWHaFjlEcOukAVdIOqqIYoekIv6A29G8/Gq/FhfE5bM8Zs5hD9gfH1C067nRw=</latexit>

t (GeV2)

<latexit sha1_base64="0wumBIAzZ4cTm1CkttjeyXXZZ7s=">AAAB+HicbVDLSsNAFJ34rPHRqEs3g41QNyUpFV0WXOiygn1AG8tketMOnTyYmQi19EvcuFDErZ/izr9x0mahrQcuHM65l3vv8RPOpHKcb2NtfWNza7uwY+7u7R8UrcOjloxTQaFJYx6Ljk8kcBZBUzHFoZMIIKHPoe2PrzO//QhCsji6V5MEvJAMIxYwSpSW+lbRVjYu30DLfqja56bZt0pOxZkDrxI3JyWUo9G3vnqDmKYhRIpyImXXdRLlTYlQjHKYmb1UQkLomAyhq2lEQpDedH74DJ9pZYCDWOiKFJ6rvyemJJRyEvq6MyRqJJe9TPzP66YquPKmLEpSBRFdLApSjlWMsxTwgAmgik80IVQwfSumIyIIVTqrLAR3+eVV0qpW3Frl4q5aqtfyOAroBJ2iMnLRJaqjW9RATURRip7RK3oznowX4934WLSuGfnMMfoD4/MHeQ6QVA==</latexit>

- 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 ⌥

<latexit sha1_base64="K20aV9T2Op3+2yKusxNaSj3Tnu8=">AAAB83icbVBNSwMxEM3Wr7p+VT16CbaCp7JbKnosePFYwa2F7lKyabYNzSYhyQpl6d/w4kERr/4Zb/4bs+0etPXBwOO9GWbmxZJRbTzv26lsbG5t71R33b39g8Oj2vFJT4tMYRJgwYTqx0gTRjkJDDWM9KUiKI0ZeYynt4X/+ESUpoI/mJkkUYrGnCYUI2OlsBEGUlMmeMN1h7W61/QWgOvEL0kdlOgOa1/hSOAsJdxghrQe+J40UY6UoZiRuRtmmkiEp2hMBpZylBId5Yub5/DCKiOYCGWLG7hQf0/kKNV6lsa2M0Vmole9QvzPG2QmuYlyymVmCMfLRUnGoBGwCACOqCLYsJklCCtqb4V4ghTCxsZUhOCvvrxOeq2m325e3bfqnXYZRxWcgXNwCXxwDTrgDnRBADCQ4Bm8gjcnc16cd+dj2VpxyplT8AfO5w9c9pCM</latexit>

J/ 

<latexit sha1_base64="IXcMEQaDJsGOLCCQBrkE6JzkUfc=">AAACE3icbVBNS8NAEN3Urxq/oh69BIsgPdSkKPZY8CKeKtgPaELZbKbt0s0m7m6EEPofvPhXvHhQxKsXb/4bkzYHbX0w8Hhvhpl5XsSoVJb1rZVWVtfWN8qb+tb2zu6esX/QkWEsCLRJyELR87AERjm0FVUMepEAHHgMut7kKve7DyAkDfmdSiJwAzzidEgJVpk0MKqOByPKU7jnWAicVKf6zZnTklR3gPu/ZX1gVKyaNYO5TOyCVFCB1sD4cvyQxAFwRRiWsm9bkXJTLBQlDKa6E0uIMJngEfQzynEA0k1nP03Nk0zxzWEosuLKnKm/J1IcSJkEXtYZYDWWi14u/uf1YzVsuCnlUayAk/miYcxMFZp5QKZPBRDFkoxgImh2q0nGWGCishjzEOzFl5dJp16zz2sXt/VKs1HEUUZH6BidIhtdoia6Ri3URgQ9omf0it60J+1Fe9c+5q0lrZg5RH+gff4A1x6dcg==</latexit>

holographic approach
GPD approach



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)
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Proton mass

HQCD =

Z
d
3
xHQCD =

Z
d
3
xT

00

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



Trace decomposition
(Hatta, Rajan, Tanaka, JHEP 12, 008 (2018) / Tanaka, JHEP 01, 120 (2019))

(Adler, Collins, Duncan, 1977 / Nielsen, 1977 / Collins, Duncan, Joglekar, 1977 / ...)

• Trace anomaly of EMT: T
µ

µ = (m ̄ )R + �m(m ̄ )R +
�

2g
(F 2)R

<latexit sha1_base64="wN93VOoAO5D7K+7BOf6x4ZeJ3nk="></latexit>
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2g
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<latexit sha1_base64="wN93VOoAO5D7K+7BOf6x4ZeJ3nk="></latexit>

Tµ⌫
i

<latexit sha1_base64="rGMSfdImWe00QkCkap2velXVB7I=">AAACF3icbVBNS8NAEN3Urxq/oh69BIsgHkpSFMVTwYvHCv2CppbNZtIu3Wzi7kYoof/Ci3/FiwdFvOrNf+O2zaG2Phh4vDfDzDw/YVQqx/kxCiura+sbxU1za3tnd8/aP2jKOBUEGiRmsWj7WAKjHBqKKgbtRACOfAYtf3gz8VuPICSNeV2NEuhGuM9pSAlWWupZZc+HPuUZPHAsBB6djc36feZFqcfTcY+aHvBgzuxZJafsTGEvEzcnJZSj1rO+vSAmaQRcEYal7LhOoroZFooSBmPTSyUkmAxxHzqachyB7GbTv8b2iVYCO4yFLq7sqTo/keFIylHk684Iq4Fc9Cbif14nVeFVN6M8SRVwMlsUpsxWsT0JyQ6oAKLYSBNMBNW32mSABSZKR2nqENzFl5dJs1J2z8sXd5VS9TqPo4iO0DE6RS66RFV0i2qogQh6Qi/oDb0bz8ar8WF8zloLRj5ziP7A+PoFEEWgdg==</latexit>

• Total EMT not renormalized, but individual terms       require (extra) renormalization 

Tµ⌫ = Tµ⌫
q + Tµ⌫

g

<latexit sha1_base64="czTXRRcQAL2JzZTG1CXhWK4lZbs=">AAACL3icbVBbS8MwGE29znqb+uhLcQiiMNqhuBdhIIiPE3aDdY40+7aFpWmXpEIp+0e++Ff2IqKIr/4Ls63g3DwQODnnOyTf8UJGpbLtN2NldW19YzOzZW7v7O7tZw8OazKIBIEqCVggGh6WwCiHqqKKQSMUgH2PQd0b3E78+hMISQNeUXEILR/3OO1SgpWW2tk714Me5QkMORYCx+cjs/KYuH7k8mh080vbw4u5S890gXfmQu1szs7bU1jLxElJDqUot7NjtxOQyAeuCMNSNh07VK0EC0UJg5HpRhJCTAa4B01NOfZBtpLpviPrVCsdqxsIfbiypup8IsG+lLHv6Ukfq75c9Cbif14zUt1iK6E8jBRwMnuoGzFLBdakPKtDBRDFYk0wEVT/1SJ9LDBRumJTl+AsrrxMaoW8c5m/eijkSsW0jgw6RifoDDnoGpXQPSqjKiLoGY3RO/owXoxX49P4mo2uGGnmCP2B8f0DHzSq6A==</latexit>

Tµ⌫
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i
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 ̄�{µ

 !
D ⌫} 

<latexit sha1_base64="NsAeSx5eQiejcwO90Y1vUUvr8lA="></latexit>

Tµ⌫
g = �Fµ↵F ⌫

↵ +
gµ⌫

4
F 2

<latexit sha1_base64="MVChA4IERH3wZ3le7GvbFKokLc0="></latexit>

{Tµ
µ = (Tq,R)

µ
µ + (Tg,R)

µ
µ

<latexit sha1_base64="tzyCdzMsDWd9Kda+2yI1FVfWNfA="></latexit>

(Tq,R)
µ

µ = (1 + y)(m ̄ )R + x(F 2)R

<latexit sha1_base64="ZhMrDYbSaw14LJehD4JxyCXUC5I="></latexit>

(Tg,R)
µ

µ = (�m � y)(m ̄ )R +

✓
�

2g
� x

◆
(F 2)R

<latexit sha1_base64="YARjEujot0kZ5IIypxfTCod5cPY="></latexit>

M = Mq +Mg = n
⇣
h(Tq,R)

µ
µi+ h(Tg,R)

µ
µi
⌘

<latexit sha1_base64="M/hYXlZdzdhY4Eni9uGEnggaR3A="></latexit>



Trace decomposition
(Hatta, Rajan, Tanaka, JHEP 12, 008 (2018) / Tanaka, JHEP 01, 120 (2019))

D2 scheme:

• x and y related to finite parts of renormalization constants choose a scheme

(Tq,R)
µ

µ = (1 + �m)(m ̄ )R

<latexit sha1_base64="FVkTE06iijhQ/CyKMyA18qtDzxc="></latexit>

D1 scheme: x = 0, y = �m

<latexit sha1_base64="uOsrUBToRpVJK3avRbzuQBhXpWc="></latexit>
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µ

µ = (m ̄ )R

<latexit sha1_base64="50fBzGwxZQHRAr83rVEt7fbc+Pc="></latexit>

(Tg,R)
µ

µ = �m(m ̄ )R +
�

2g
(F 2)R

<latexit sha1_base64="B7J2oSRuPmIYCC0RiZuP48cXJ+E="></latexit>

(Tg,R)
µ

µ =
�

2g
(F 2)R

<latexit sha1_base64="1w4llVMUA4cpUoIDjTGFC2hRk6Q="></latexit>

x = y = 0

<latexit sha1_base64="/Bso+ACv3wKsoWNBPUTy2KijmVo="></latexit>

(Adler, Collins, Duncan, 1977 / Nielsen, 1977 / Collins, Duncan, Joglekar, 1977 / ...)

• Trace anomaly of EMT: T
µ

µ = (m ̄ )R + �m(m ̄ )R +
�

2g
(F 2)R

<latexit sha1_base64="wN93VOoAO5D7K+7BOf6x4ZeJ3nk="></latexit>

Tµ⌫
i

<latexit sha1_base64="rGMSfdImWe00QkCkap2velXVB7I=">AAACF3icbVBNS8NAEN3Urxq/oh69BIsgHkpSFMVTwYvHCv2CppbNZtIu3Wzi7kYoof/Ci3/FiwdFvOrNf+O2zaG2Phh4vDfDzDw/YVQqx/kxCiura+sbxU1za3tnd8/aP2jKOBUEGiRmsWj7WAKjHBqKKgbtRACOfAYtf3gz8VuPICSNeV2NEuhGuM9pSAlWWupZZc+HPuUZPHAsBB6djc36feZFqcfTcY+aHvBgzuxZJafsTGEvEzcnJZSj1rO+vSAmaQRcEYal7LhOoroZFooSBmPTSyUkmAxxHzqachyB7GbTv8b2iVYCO4yFLq7sqTo/keFIylHk684Iq4Fc9Cbif14nVeFVN6M8SRVwMlsUpsxWsT0JyQ6oAKLYSBNMBNW32mSABSZKR2nqENzFl5dJs1J2z8sXd5VS9TqPo4iO0DE6RS66RFV0i2qogQh6Qi/oDb0bz8ar8WF8zloLRj5ziP7A+PoFEEWgdg==</latexit>

• Total EMT not renormalized, but individual terms       require (extra) renormalization 

Tµ⌫ = Tµ⌫
q + Tµ⌫

g

<latexit sha1_base64="czTXRRcQAL2JzZTG1CXhWK4lZbs=">AAACL3icbVBbS8MwGE29znqb+uhLcQiiMNqhuBdhIIiPE3aDdY40+7aFpWmXpEIp+0e++Ff2IqKIr/4Ls63g3DwQODnnOyTf8UJGpbLtN2NldW19YzOzZW7v7O7tZw8OazKIBIEqCVggGh6WwCiHqqKKQSMUgH2PQd0b3E78+hMISQNeUXEILR/3OO1SgpWW2tk714Me5QkMORYCx+cjs/KYuH7k8mh080vbw4u5S890gXfmQu1szs7bU1jLxElJDqUot7NjtxOQyAeuCMNSNh07VK0EC0UJg5HpRhJCTAa4B01NOfZBtpLpviPrVCsdqxsIfbiypup8IsG+lLHv6Ukfq75c9Cbif14zUt1iK6E8jBRwMnuoGzFLBdakPKtDBRDFYk0wEVT/1SJ9LDBRumJTl+AsrrxMaoW8c5m/eijkSsW0jgw6RifoDDnoGpXQPSqjKiLoGY3RO/owXoxX49P4mo2uGGnmCP2B8f0DHzSq6A==</latexit>

Tµ⌫
q =

i

4
 ̄�{µ

 !
D ⌫} 

<latexit sha1_base64="NsAeSx5eQiejcwO90Y1vUUvr8lA="></latexit>

Tµ⌫
g = �Fµ↵F ⌫

↵ +
gµ⌫

4
F 2

<latexit sha1_base64="MVChA4IERH3wZ3le7GvbFKokLc0="></latexit>

{Tµ
µ = (Tq,R)

µ
µ + (Tg,R)

µ
µ

<latexit sha1_base64="tzyCdzMsDWd9Kda+2yI1FVfWNfA="></latexit>

(Tq,R)
µ

µ = (1 + y)(m ̄ )R + x(F 2)R

<latexit sha1_base64="ZhMrDYbSaw14LJehD4JxyCXUC5I="></latexit>

(Tg,R)
µ

µ = (�m � y)(m ̄ )R +

✓
�

2g
� x

◆
(F 2)R

<latexit sha1_base64="YARjEujot0kZ5IIypxfTCod5cPY="></latexit>

M = Mq +Mg = n
⇣
h(Tq,R)

µ
µi+ h(Tg,R)

µ
µi
⌘

<latexit sha1_base64="M/hYXlZdzdhY4Eni9uGEnggaR3A="></latexit>



Rodini, Metz, BP, JHEP 09, 67 (2020); PRD 102, 111 (2020); Lorcé, Metz, BP, Rodini, JHEP 11,121 (2021)

3 term energy decomposition 

M = Mq +Mm +Mg = n (hHqi+ hHmi+ hHgi)

<latexit sha1_base64="TlZPh0wdamFhOS51NWfZ2KiTewE="></latexit>

• Sum rule based on decomposition of T 00

<latexit sha1_base64="xexSqWCetQJZwOtjW5pmLTGBkTY=">AAACEXicbVDLSsNAFJ34rPEVdekmWITioiRFscuCG5cV+oK2lsnkph06mcSZiRBCf8GNv+LGhSJu3bnzb5y2WdTWAxcO59w7c+/xYkalcpwfY219Y3Nru7Bj7u7tHxxaR8ctGSWCQJNELBIdD0tglENTUcWgEwvAoceg7Y1vpn77EYSkEW+oNIZ+iIecBpRgpaWBVep5MKQ8gweOhcDpxcRs3GeOMzF7wP0FeWAVnbIzg71K3JwUUY76wPru+RFJQuCKMCxl13Vi1c+wUJQw0O8nEmJMxngIXU05DkH2s9lFE/tcK74dREIXV/ZMXZzIcChlGnq6M8RqJJe9qfif101UUO1nlMeJAk7mHwUJs1VkT+OxfSqAKJZqgomgelebjLDAROkQTR2Cu3zyKmlVyu5l+equUqxV8zgK6BSdoRJy0TWqoVtUR01E0BN6QW/o3Xg2Xo0P43PeumbkMyfoD4yvX172nVM=</latexit>

• Renormalized operators:

Hm = ( ̄m )R

<latexit sha1_base64="GY+yrNQgoxUn50ra/DIIv4EINGM="></latexit>

quark (kinetic plus potential) energy

quark mass term

gluon energy

• Clear interpretation!

Hg =
1

2
( ~E2 + ~B2)R

<latexit sha1_base64="WloMXkGXRZAIOxwjgonsFlnZSVA="></latexit>

Hq = ( †i ~D · ~↵ )R

<latexit sha1_base64="HzocIgDeqhWi0dzOZHj5zXhVnkA="></latexit>



4 term sum rule by Ji 
Ji, PRL 74, 1071 (1995); PRD 52, 271 (1995); Ji et al., NPB 971 (2021) 115537

• Sum rule based on decomposition of        into traceless and trace partT 00

<latexit sha1_base64="xexSqWCetQJZwOtjW5pmLTGBkTY=">AAACEXicbVDLSsNAFJ34rPEVdekmWITioiRFscuCG5cV+oK2lsnkph06mcSZiRBCf8GNv+LGhSJu3bnzb5y2WdTWAxcO59w7c+/xYkalcpwfY219Y3Nru7Bj7u7tHxxaR8ctGSWCQJNELBIdD0tglENTUcWgEwvAoceg7Y1vpn77EYSkEW+oNIZ+iIecBpRgpaWBVep5MKQ8gweOhcDpxcRs3GeOMzF7wP0FeWAVnbIzg71K3JwUUY76wPru+RFJQuCKMCxl13Vi1c+wUJQw0O8nEmJMxngIXU05DkH2s9lFE/tcK74dREIXV/ZMXZzIcChlGnq6M8RqJJe9qfif101UUO1nlMeJAk7mHwUJs1VkT+OxfSqAKJZqgomgelebjLDAROkQTR2Cu3zyKmlVyu5l+equUqxV8zgK6BSdoRJy0TWqoVtUR01E0BN6QW/o3Xg2Xo0P43PeumbkMyfoD4yvX172nVM=</latexit>

Tµ⌫ = T
µ⌫

+ T̂µ⌫

<latexit sha1_base64="tOjnHmvxQGplMQzOKOXaLUBjoD8="></latexit>

traceless part T
µ⌫

= Tµ⌫ � T̂µ⌫

<latexit sha1_base64="vvK/QaR506wmTlILGbdbZqCoxsk="></latexit>

trace part T̂µ⌫ =
1

4
gµ⌫T↵

↵

<latexit sha1_base64="XzMX/aZrUU/hj9Bc9QGHNmO8odE="></latexit>

•Motivation: trace (scalar) part and traceless (tensor) part do not mix under renormalization



4 term sum rule by Ji 
Ji, PRL 74, 1071 (1995); PRD 52, 271 (1995); Ji et al., NPB 971 (2021) 115537

• Sum rule based on decomposition of        into traceless and trace partT 00

<latexit sha1_base64="xexSqWCetQJZwOtjW5pmLTGBkTY=">AAACEXicbVDLSsNAFJ34rPEVdekmWITioiRFscuCG5cV+oK2lsnkph06mcSZiRBCf8GNv+LGhSJu3bnzb5y2WdTWAxcO59w7c+/xYkalcpwfY219Y3Nru7Bj7u7tHxxaR8ctGSWCQJNELBIdD0tglENTUcWgEwvAoceg7Y1vpn77EYSkEW+oNIZ+iIecBpRgpaWBVep5MKQ8gweOhcDpxcRs3GeOMzF7wP0FeWAVnbIzg71K3JwUUY76wPru+RFJQuCKMCxl13Vi1c+wUJQw0O8nEmJMxngIXU05DkH2s9lFE/tcK74dREIXV/ZMXZzIcChlGnq6M8RqJJe9qfif101UUO1nlMeJAk7mHwUJs1VkT+OxfSqAKJZqgomgelebjLDAROkQTR2Cu3zyKmlVyu5l+equUqxV8zgK6BSdoRJy0TWqoVtUR01E0BN6QW/o3Xg2Xo0P43PeumbkMyfoD4yvX172nVM=</latexit>

Tµ⌫ = T
µ⌫

+ T̂µ⌫

<latexit sha1_base64="tOjnHmvxQGplMQzOKOXaLUBjoD8="></latexit>

traceless part T
µ⌫

= Tµ⌫ � T̂µ⌫

<latexit sha1_base64="vvK/QaR506wmTlILGbdbZqCoxsk="></latexit>

trace part T̂µ⌫ =
1

4
gµ⌫T↵

↵

<latexit sha1_base64="XzMX/aZrUU/hj9Bc9QGHNmO8odE="></latexit>

•Motivation: trace (scalar) part and traceless (tensor) part do not mix under renormalization

 anomaly energy

 mass energy

 (quark kinetic plus potential energy)[Ji]  

•Final four term sum rule obtained by

(i) decomposition of        and        into quark and gluon contributionsT
µ⌫

<latexit sha1_base64="YGgiaURnFq6WcyLR6Tb3amgncqs="></latexit>

T̂µ⌫

<latexit sha1_base64="mhSoxJgfMU3XxBUzcwOLRr4q4s4="></latexit>

(ii) rearranging in the quark sector (reshuffling between traceless and trace part)

Ha =
1

4


�

2g
(F 2)R + �m( ̄m )R

�

<latexit sha1_base64="waR+oPU1QgjHOEimR32WT88xziE="></latexit>

Hm = ( ̄m )R

<latexit sha1_base64="GY+yrNQgoxUn50ra/DIIv4EINGM="></latexit>

 (gluon energy)[Ji]  

Hq[Ji] = ( †i ~D · ~↵ )R[Ji]

<latexit sha1_base64="PFUNJF7iDkxBc4LcTkPOVbjw4hY="></latexit>

M = Mq[Ji] +Mm +Mg[Ji] +Ma = n
�
hHq[Ji]i+ hHmi+ hHg[Ji]i+ hHai

�

<latexit sha1_base64="88aQNxgFADCexFXgDmolVve2ZDA="></latexit>

Hg[Ji] =
1

2
(E2 +B2)R[Ji]

<latexit sha1_base64="bbWIlKLsVurLwl5qZma5MY7BWXY="></latexit>



=
1

2
(E2 +B2)R+

y � �m
4

(m ̄ )R � 1

4
(
�

2g
� x)(F 2)R

<latexit sha1_base64="bfvjrsPWExNEmLev3C20hbBP6Ag="></latexit>

Hg[Ji] = Hg�
1

4
(Tg,R)

µ
µ

<latexit sha1_base64="jUhvaK+YLo+7A7XjIu1l6IerDKI="></latexit>

• Similar result for Hq[Ji]

<latexit sha1_base64="iiz02I8LMFwIi6UiQnqc3sSysbk=">AAACIHicbVBNSwMxFMz6bf2qevQSLIJ4KLtFaY8FL+Kpgq1Cdylv09c2NJvdJlmhLPtTvPhXvHhQRG/6a0xrD2odCAwz83h5EyaCa+O6H87C4tLyyuraemFjc2t7p7i719Jxqhg2WSxidRuCRsElNg03Am8ThRCFAm/C4fnEv7lDpXksr804wSCCvuQ9zsBYqVOs+iH2ucxwJEEpGJ/khcxnIOhF3slG7cxXEb3keZD7KLs/Up1iyS27U9B54s1IiczQ6BTf/W7M0gilYQK0bntuYoIMlOFMYF7wU40JsCH0sW2phAh1kE0PzOmRVbq0Fyv7pKFT9edEBpHW4yi0yQjMQP/1JuJ/Xjs1vVqQcZmkBiX7XtRLBTUxnbRFu1whM2JsCTDF7V8pG4ACZmynBVuC9/fkedKqlL3T8tlVpVSvzepYIwfkkBwTj1RJnVyQBmkSRu7JI3kmL86D8+S8Om/f0QVnNrNPfsH5/AJPEqRH</latexit>

• Interpretation of operator of            and            ?Hg[Ji]

<latexit sha1_base64="qsFFjT91M9E/Fe+nvqtvKB6MJiA=">AAACIHicbVBNS8NAFNzUr1q/oh69LBZBPJSkKO1R8CKeKlgVmlBetq91cbOJuxuhhPwUL/4VLx4U0Zv+Gre1B20dWBhm5vH2TZQKro3nfTqlufmFxaXycmVldW19w93cutRJphi2WSISdR2BRsEltg03Aq9ThRBHAq+i25ORf3WPSvNEXphhimEMA8n7nIGxUtdtBBEOuMzxToJSMDwoKnnAQNDTopsPOnmgYnrGi7AIUPZ+pbpu1at5Y9BZ4k9IlUzQ6rofQS9hWYzSMAFad3wvNWEOynAmsKgEmcYU2C0MsGOphBh1mI8PLOieVXq0nyj7pKFj9fdEDrHWwziyyRjMjZ72RuJ/Xicz/WaYc5lmBiX7WdTPBDUJHbVFe1whM2JoCTDF7V8puwEFzNhOK7YEf/rkWXJZr/mHtaPzevW4OamjTHbILtknPmmQY3JKWqRNGHkgT+SFvDqPzrPz5rz/REvOZGab/IHz9Q0+5qQ9</latexit>

Hq[Ji]

<latexit sha1_base64="X5wWAVS09jK3eTj/peyyLK0Kemg=">AAACGnicbVBNS8NAEN3Ur1q/qh69LBZBPJSkKPYoeBFPFawKTSiT7bQubjbp7kYoIb/Di3/FiwdFvIkX/43bmoO2Phh4vDfDzLwwEVwb1/1ySnPzC4tL5eXKyura+kZ1c+tKx6li2GaxiNVNCBoFl9g23Ai8SRRCFAq8Du9Ox/71PSrNY3lpRgkGEQwk73MGxkrdqueHOOAyw6EEpWB0kFcyn4GgZ3k3G3bOeZD7KHu//G615tbdCegs8QpSIwVa3eqH34tZGqE0TIDWHc9NTJCBMpwJzCt+qjEBdgcD7FgqIUIdZJPXcrpnlR7tx8qWNHSi/p7IINJ6FIW2MwJzq6e9sfif10lNvxlkXCapQcl+FvVTQU1MxznRHlfIjBhZAkxxeytlt6CAGZtmxYbgTb88S64ade+wfnTRqJ00izjKZIfskn3ikWNyQs5Ii7QJIw/kibyQV+fReXbenPef1pJTzGyTP3A+vwFxdqG4</latexit>

Comparison with our renormalized operators 



• More recent result in dimensional regularisation (Ji, Liu, Schäfer, 2021)

Hm = ( ̄m )R

<latexit sha1_base64="GY+yrNQgoxUn50ra/DIIv4EINGM="></latexit>

Ha =
1

4


�

2g
(F 2)R + �m( ̄m )R

�

<latexit sha1_base64="waR+oPU1QgjHOEimR32WT88xziE="></latexit>

• It differs from original operator form by Ji

(Hq +Hg)[JLS] =

✓
 †i ~D · ~↵ +

2� 2✏

4� 2✏
E2 +

2

4� 2✏
B2

◆

R

<latexit sha1_base64="KiHyeaD1zp9IxDJYT2t9Z3czSBI="></latexit>



• More recent result in dimensional regularisation (Ji, Liu, Schäfer, 2021)

Hm = ( ̄m )R

<latexit sha1_base64="GY+yrNQgoxUn50ra/DIIv4EINGM="></latexit>

Ha =
1

4


�

2g
(F 2)R + �m( ̄m )R

�

<latexit sha1_base64="waR+oPU1QgjHOEimR32WT88xziE="></latexit>

• It differs from original operator form by Ji

• We find exact agreement with our result by using

� ✏

4
(E2 �B2) =

✏

8
F 2 = �1

4

✓
�m(m ̄ )R +

�

2g
(F 2)R

◆

<latexit sha1_base64="Ov+Uh8RP+z28Z6qjXgMvUGROugk="></latexit>

Hm +Ha + (Hq +Hg)[JLS] = Hm +Hq +Hg

<latexit sha1_base64="RxLaMqFy6vCn5wJYnVDRA+bmLRY="></latexit>

(Hq +Hg)[JLS] = Hq +Hg�Ha

<latexit sha1_base64="HUIYwrrLTkVx9MT97O+Y/Bls/e8="></latexit>

(Hq +Hg)[JLS] =

✓
 †i ~D · ~↵ +

2� 2✏

4� 2✏
E2 +

2

4� 2✏
B2

◆

R

<latexit sha1_base64="KiHyeaD1zp9IxDJYT2t9Z3czSBI="></latexit>



Two independent inputs from experiments

3

2
M2 aq = hT̄ 00

q,Ri

<latexit sha1_base64="Ta829/psPZGHeYU+9kY2t3soFrs="></latexit>

3

2
M2 ag = hT̄ 00

g,Ri

<latexit sha1_base64="58Qz7yCFqB7kifqEExhy+eeFaGc="></latexit>

(aq + ag = 1)

<latexit sha1_base64="IHn+3V2OVtzB6BQUV7QPClGUq34="></latexit>

• First input: parton momentum fractions    , related to traceless parton operatorsai

<latexit sha1_base64="2QCVCFTHzlHYxurMgZyGocbslO4=">AAACEXicdVA9SwNBEN3zM8avqKXNYhDE4tg7TdQuYGOpYFRIQpjbTOLi3t65uyeEI3/Bxr9iY6GIrZ2d/8ZNjKCiDwYe780wMy9KpTCWsXdvYnJqema2MFecX1hcWi6trJ6ZJNMc6zyRib6IwKAUCutWWIkXqUaII4nn0dXh0D+/QW1Eok5tP8VWDD0luoKDdVK7tNWMsCdUjtcKtIb+9qBIoS1oE1Xnu1hsl8rMr4YHYTWkzGfVSiWsOBKwHRbs0sBnI5TJGMft0luzk/AsRmW5BGMaAUttKwdtBZc4KDYzgynwK+hhw1EFMZpWPvpoQDed0qHdRLtSlo7U7xM5xMb048h1xmAvzW9vKP7lNTLb3W/lQqWZRcU/F3UzSW1Ch/HQjtDIrew7AlwLdyvll6CBWxfiMISvT+n/5Cz0g12/chKWa/vjOApknWyQLRKQPVIjR+SY1Aknt+SePJIn78578J69l8/WCW88s0Z+wHv9ANC0nPc=</latexit>

2M2 b = (1 + �m) h(m ̄ )Ri

<latexit sha1_base64="9s0MKFFWDOaTdzSsT4RXupfO9xQ="></latexit>

• Second input: quark mass term related to sigma-term  

2M2 (1� b) =
�

2g
h(F 2)Ri

<latexit sha1_base64="0eIQdzqAFMQevQIAjK2JdY7mwSQ="></latexit>

- direct input on gluon trace anomaly (from experiment and/or LQCD) would be useful

- sigma term from pion-nucleon scattering



Two independent inputs from experiments

3

2
M2 aq = hT̄ 00

q,Ri

<latexit sha1_base64="Ta829/psPZGHeYU+9kY2t3soFrs="></latexit>

3

2
M2 ag = hT̄ 00

g,Ri

<latexit sha1_base64="58Qz7yCFqB7kifqEExhy+eeFaGc="></latexit>

(aq + ag = 1)

<latexit sha1_base64="IHn+3V2OVtzB6BQUV7QPClGUq34="></latexit>

• First input: parton momentum fractions    , related to traceless parton operatorsai
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2M2 b = (1 + �m) h(m ̄ )Ri

<latexit sha1_base64="9s0MKFFWDOaTdzSsT4RXupfO9xQ="></latexit>

• Second input: quark mass term related to sigma-term  

2M2 (1� b) =
�

2g
h(F 2)Ri

<latexit sha1_base64="0eIQdzqAFMQevQIAjK2JdY7mwSQ="></latexit>

- direct input on gluon trace anomaly (from experiment and/or LQCD) would be useful

- sigma term from pion-nucleon scattering

Mq =
3

4
M aq +

1

4
M

✓
(y � 3)b

1 + �m
+ x(1� b)

2g

�

◆

<latexit sha1_base64="N6a8vW3KS7m0etSi6JrTl8AgHg4="></latexit>

Mg =
3

4
M ag +

1

4
M


(�m � y)b

1 + �m
+

✓
1� x

2g

�

◆
(1� b)

�

<latexit sha1_base64="fmsvfv8/yekxtLqDnOz54jDs0Ao="></latexit>

Mm = M
b

1 + �m

<latexit sha1_base64="QRv8sWP6d2X+Txno3ekqU4xqxaQ="></latexit>

• For example: 3-term sum rule in terms of     and  ai

<latexit sha1_base64="2QCVCFTHzlHYxurMgZyGocbslO4=">AAACEXicdVA9SwNBEN3zM8avqKXNYhDE4tg7TdQuYGOpYFRIQpjbTOLi3t65uyeEI3/Bxr9iY6GIrZ2d/8ZNjKCiDwYe780wMy9KpTCWsXdvYnJqema2MFecX1hcWi6trJ6ZJNMc6zyRib6IwKAUCutWWIkXqUaII4nn0dXh0D+/QW1Eok5tP8VWDD0luoKDdVK7tNWMsCdUjtcKtIb+9qBIoS1oE1Xnu1hsl8rMr4YHYTWkzGfVSiWsOBKwHRbs0sBnI5TJGMft0luzk/AsRmW5BGMaAUttKwdtBZc4KDYzgynwK+hhw1EFMZpWPvpoQDed0qHdRLtSlo7U7xM5xMb048h1xmAvzW9vKP7lNTLb3W/lQqWZRcU/F3UzSW1Ch/HQjtDIrew7AlwLdyvll6CBWxfiMISvT+n/5Cz0g12/chKWa/vjOApknWyQLRKQPVIjR+SY1Aknt+SePJIn78578J69l8/WCW88s0Z+wHv9ANC0nPc=</latexit>

b

<latexit sha1_base64="psF61HHTbAOgVlzUASwIlQtBrvY=">AAACDHicdVDLSgMxFM34rOOr6tJNsAjiYsiMba07wY1LBauFtpRMetuGZjJjkhHK0A9w46+4caGIWz/AnX9j+hCq6IHA4ZxzubknTATXhpBPZ25+YXFpObfirq6tb2zmt7avdZwqBlUWi1jVQqpBcAlVw42AWqKARqGAm7B/NvJv7kBpHssrM0igGdGu5B3OqLFSK19ohNDlMoNbSZWig8OhG7oNkO0ZxaaIVw5OgnKAiUfKpVJQssQnR8QvYt8jYxTQFBet/EejHbM0AmmYoFrXfZKYZkaV4UzA0G2kGhLK+rQLdUsljUA3s/ExQ7xvlTbuxMo+afBYnZ3IaKT1IAptMqKmp397I/Evr56aTqWZcZmkBiSbLOqkApsYj5rBba6AGTGwhDLF7V8x61FFmbH9ubaE70vx/+Q68PyiV7oMCqeVaR05tIv20AHy0TE6RefoAlURQ/foET2jF+fBeXJenbdJdM6ZzuygH3DevwA1ZJu0</latexit>



Overview: comparison of sum rules 

(T 00)

<latexit sha1_base64="0Z7kBMa7tobXlT/Fsr/cMJJkEZo=">AAACFXicbVBNS8NAEN34WeNX1KOXYBGqSEmKYo8FLx4r9AvaWDbbSbt0s4m7GyGE/gkv/hUvHhTxKnjz35i0OdTWBwOP92aYmeeGjEplWT/ayura+sZmYUvf3tnd2zcODlsyiASBJglYIDoulsAoh6aiikEnFIB9l0HbHd9kfvsRhKQBb6g4BMfHQ049SrBKpb5x0XNhSHkCDxwLgePziV5q3CeWNTnTe8AH84beN4pW2ZrCXCZ2ToooR71vfPcGAYl84IowLGXXtkLlJFgoShhM9F4kIcRkjIfQTSnHPkgnmX41MU9TZWB6gUiLK3Oqzk8k2Jcy9t2008dqJBe9TPzP60bKqzoJ5WGkgJPZIi9ipgrMLCJzQAUQxeKUYCJoeqtJRlhgotIgsxDsxZeXSatSti/LV3eVYq2ax1FAx+gElZCNrlEN3aI6aiKCntALekPv2rP2qn1on7PWFS2fOUJ/oH39AsJfneA=</latexit>

• 3-term energy decomposition

(T 00)

<latexit sha1_base64="0Z7kBMa7tobXlT/Fsr/cMJJkEZo=">AAACFXicbVBNS8NAEN34WeNX1KOXYBGqSEmKYo8FLx4r9AvaWDbbSbt0s4m7GyGE/gkv/hUvHhTxKnjz35i0OdTWBwOP92aYmeeGjEplWT/ayura+sZmYUvf3tnd2zcODlsyiASBJglYIDoulsAoh6aiikEnFIB9l0HbHd9kfvsRhKQBb6g4BMfHQ049SrBKpb5x0XNhSHkCDxwLgePziV5q3CeWNTnTe8AH84beN4pW2ZrCXCZ2ToooR71vfPcGAYl84IowLGXXtkLlJFgoShhM9F4kIcRkjIfQTSnHPkgnmX41MU9TZWB6gUiLK3Oqzk8k2Jcy9t2008dqJBe9TPzP60bKqzoJ5WGkgJPZIi9ipgrMLCJzQAUQxeKUYCJoeqtJRlhgotIgsxDsxZeXSatSti/LV3eVYq2ax1FAx+gElZCNrlEN3aI6aiKCntALekPv2rP2qn1on7PWFS2fOUJ/oH39AsJfneA=</latexit>

• 4-term sum rule

 additional relation (virial theorem)

• 2-term trace decomposition (Tµ
µ )

<latexit sha1_base64="lbYgbfhLY/xyZuYnV7VqcCpSlig=">AAACGHicbVBNS8NAEN3Urxq/qh69BItQPdSkKPZY8OKxQr+giWGznbaLm03c3Qgl9Gd48a948aCI1978N27aHmrrg4HHezPMzAtiRqWy7R8jt7a+sbmV3zZ3dvf2DwqHRy0ZJYJAk0QsEp0AS2CUQ1NRxaATC8BhwKAdPN5mfvsZhKQRb6hRDF6IB5z2KcFKS37h0g1gQHkKTxwLgUcXY7PUeHDDxNd1brrAe4ue6ReKdtmewlolzpwU0Rx1vzBxexFJQuCKMCxl17Fj5aVYKEoYjE03kRBj8ogH0NWU4xCkl04fG1tnWulZ/Ujo4sqaqosTKQ6lHIWB7gyxGsplLxP/87qJ6le9lPI4UcDJbFE/YZaKrCwlq0cFEMVGmmAiqL7VIkMsMFE6yywEZ/nlVdKqlJ2r8vV9pVirzuPIoxN0ikrIQTeohu5QHTURQS/oDX2gT+PVeDe+jO9Za86YzxyjPzAmv7een4E=</latexit>

 1 indep. termM = Mq +Mg

<latexit sha1_base64="/Qsgw8TGs/GqqVHBIraA9i5SvBA="></latexit>

M = Mq +Mm +Mg

<latexit sha1_base64="+oP12eqrZ6ZYcI/YV+seabJ7Gqc="></latexit>

M = Mq[Ji] +Mm +Mg[Ji] +Ma

<latexit sha1_base64="PynnTijkGrrtSFFsJ8D7FZCHEdU="></latexit>

 2 indep. terms

 2 indep. terms

(b)

<latexit sha1_base64="bCZw1l5NoZ90dleZSv7IIZ/b7/E=">AAACEXicdVBNS8NAEN34bfyKevSyWITqISQl1XgTvHisYKvQlLLZTtulm03c3Qgh9C948a948aCIV2/e/DcmtYKKPhh4vDfDzLww4Uxpx3k3Zmbn5hcWl5bNldW19Q1rc6ul4lRSaNKYx/IqJAo4E9DUTHO4SiSQKORwGY5OS//yBqRisbjQWQKdiAwE6zNKdCF1rWoQwoCJHK4FkZJkB2MTV8N9MwDR+y6aXavi2N6hd+zVsGM7dc93D0viO3X/GLu2M0EFTdHoWm9BL6ZpBEJTTpRqu06iOzmRmlEOYzNIFSSEjsgA2gUVJALVyScfjfFeofRwP5ZFCY0n6veJnERKZVFYdEZED9VvrxT/8tqp7vudnIkk1SDo56J+yrGOcRkP7jEJVPOsIIRKVtyK6ZBIQnURYhnC16f4f9Kq2a5n189rlRN/GscS2kG7qIpcdIRO0BlqoCai6Bbdo0f0ZNwZD8az8fLZOmNMZ7bRDxivHxRMnIM=</latexit>

(a, b)

<latexit sha1_base64="ZShB/VlWsE5Dfu6FP54EGuKFkgo="></latexit>

(a, b)

<latexit sha1_base64="ZShB/VlWsE5Dfu6FP54EGuKFkgo="></latexit>

Mq[Ji] = � 3�m
4 + �m

Mm +Mg[Ji] � 3Ma = 0

<latexit sha1_base64="UTvbGvo1MrgVL8Bn37p+ZkAhesA="></latexit>



Overview: comparison of sum rules 

(T 00)

<latexit sha1_base64="0Z7kBMa7tobXlT/Fsr/cMJJkEZo=">AAACFXicbVBNS8NAEN34WeNX1KOXYBGqSEmKYo8FLx4r9AvaWDbbSbt0s4m7GyGE/gkv/hUvHhTxKnjz35i0OdTWBwOP92aYmeeGjEplWT/ayura+sZmYUvf3tnd2zcODlsyiASBJglYIDoulsAoh6aiikEnFIB9l0HbHd9kfvsRhKQBb6g4BMfHQ049SrBKpb5x0XNhSHkCDxwLgePziV5q3CeWNTnTe8AH84beN4pW2ZrCXCZ2ToooR71vfPcGAYl84IowLGXXtkLlJFgoShhM9F4kIcRkjIfQTSnHPkgnmX41MU9TZWB6gUiLK3Oqzk8k2Jcy9t2008dqJBe9TPzP60bKqzoJ5WGkgJPZIi9ipgrMLCJzQAUQxeKUYCJoeqtJRlhgotIgsxDsxZeXSatSti/LV3eVYq2ax1FAx+gElZCNrlEN3aI6aiKCntALekPv2rP2qn1on7PWFS2fOUJ/oH39AsJfneA=</latexit>

• 3-term energy decomposition

(T 00)

<latexit sha1_base64="0Z7kBMa7tobXlT/Fsr/cMJJkEZo=">AAACFXicbVBNS8NAEN34WeNX1KOXYBGqSEmKYo8FLx4r9AvaWDbbSbt0s4m7GyGE/gkv/hUvHhTxKnjz35i0OdTWBwOP92aYmeeGjEplWT/ayura+sZmYUvf3tnd2zcODlsyiASBJglYIDoulsAoh6aiikEnFIB9l0HbHd9kfvsRhKQBb6g4BMfHQ049SrBKpb5x0XNhSHkCDxwLgePziV5q3CeWNTnTe8AH84beN4pW2ZrCXCZ2ToooR71vfPcGAYl84IowLGXXtkLlJFgoShhM9F4kIcRkjIfQTSnHPkgnmX41MU9TZWB6gUiLK3Oqzk8k2Jcy9t2008dqJBe9TPzP60bKqzoJ5WGkgJPZIi9ipgrMLCJzQAUQxeKUYCJoeqtJRlhgotIgsxDsxZeXSatSti/LV3eVYq2ax1FAx+gElZCNrlEN3aI6aiKCntALekPv2rP2qn1on7PWFS2fOUJ/oH39AsJfneA=</latexit>

• 4-term sum rule

 additional relation (virial theorem)

• 2-term trace decomposition (Tµ
µ )

<latexit sha1_base64="lbYgbfhLY/xyZuYnV7VqcCpSlig=">AAACGHicbVBNS8NAEN3Urxq/qh69BItQPdSkKPZY8OKxQr+giWGznbaLm03c3Qgl9Gd48a948aCI1978N27aHmrrg4HHezPMzAtiRqWy7R8jt7a+sbmV3zZ3dvf2DwqHRy0ZJYJAk0QsEp0AS2CUQ1NRxaATC8BhwKAdPN5mfvsZhKQRb6hRDF6IB5z2KcFKS37h0g1gQHkKTxwLgUcXY7PUeHDDxNd1brrAe4ue6ReKdtmewlolzpwU0Rx1vzBxexFJQuCKMCxl17Fj5aVYKEoYjE03kRBj8ogH0NWU4xCkl04fG1tnWulZ/Ujo4sqaqosTKQ6lHIWB7gyxGsplLxP/87qJ6le9lPI4UcDJbFE/YZaKrCwlq0cFEMVGmmAiqL7VIkMsMFE6yywEZ/nlVdKqlJ2r8vV9pVirzuPIoxN0ikrIQTeohu5QHTURQS/oDX2gT+PVeDe+jO9Za86YzxyjPzAmv7een4E=</latexit>

 1 indep. termM = Mq +Mg

<latexit sha1_base64="/Qsgw8TGs/GqqVHBIraA9i5SvBA="></latexit>

M = Mq +Mm +Mg

<latexit sha1_base64="+oP12eqrZ6ZYcI/YV+seabJ7Gqc="></latexit>

M = Mq[Ji] +Mm +Mg[Ji] +Ma

<latexit sha1_base64="PynnTijkGrrtSFFsJ8D7FZCHEdU="></latexit>

 2 indep. terms

 2 indep. terms

(b)

<latexit sha1_base64="bCZw1l5NoZ90dleZSv7IIZ/b7/E=">AAACEXicdVBNS8NAEN34bfyKevSyWITqISQl1XgTvHisYKvQlLLZTtulm03c3Qgh9C948a948aCIV2/e/DcmtYKKPhh4vDfDzLww4Uxpx3k3Zmbn5hcWl5bNldW19Q1rc6ul4lRSaNKYx/IqJAo4E9DUTHO4SiSQKORwGY5OS//yBqRisbjQWQKdiAwE6zNKdCF1rWoQwoCJHK4FkZJkB2MTV8N9MwDR+y6aXavi2N6hd+zVsGM7dc93D0viO3X/GLu2M0EFTdHoWm9BL6ZpBEJTTpRqu06iOzmRmlEOYzNIFSSEjsgA2gUVJALVyScfjfFeofRwP5ZFCY0n6veJnERKZVFYdEZED9VvrxT/8tqp7vudnIkk1SDo56J+yrGOcRkP7jEJVPOsIIRKVtyK6ZBIQnURYhnC16f4f9Kq2a5n189rlRN/GscS2kG7qIpcdIRO0BlqoCai6Bbdo0f0ZNwZD8az8fLZOmNMZ7bRDxivHxRMnIM=</latexit>

(a, b)

<latexit sha1_base64="ZShB/VlWsE5Dfu6FP54EGuKFkgo="></latexit>

(a, b)

<latexit sha1_base64="ZShB/VlWsE5Dfu6FP54EGuKFkgo="></latexit>

Mq[Ji] = � 3�m
4 + �m

Mm +Mg[Ji] � 3Ma = 0

<latexit sha1_base64="UTvbGvo1MrgVL8Bn37p+ZkAhesA="></latexit>

• measuring         (further constraints on b) is relevant for all sum ruleshF 2i

<latexit sha1_base64="VLkBli7kKGk8Wan6FBzGeO9Wwj4="></latexit>

• Key experiments: heavy quarkonium photo- and electro-production at threshold

- measurements at JLab (GlueX and SoLID) for  
- at EIC:        and     photo- and electro-production

J/ 

<latexit sha1_base64="ky4Fs7DrzK+Vzdec9xl9CgHLnkY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CbaCp7pbKnoseBFPFewHtEvJptk2NJusSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8c3Mbz9RpZkUD2YSUz/CQ8FCRrCxUqd8d9FraFbuF0tuxZ0DrRIvIyXI0OgXv3oDSZKICkM41rrrubHxU6wMI5xOC71E0xiTMR7SrqUCR1T76fzeKTqzygCFUtkSBs3V3xMpjrSeRIHtjLAZ6WVvJv7ndRMTXvspE3FiqCCLRWHCkZFo9jwaMEWJ4RNLMFHM3orICCtMjI2oYEPwll9eJa1qxatVLu+rpXotiyMPJ3AK5+DBFdThFhrQBAIcnuEV3pxH58V5dz4WrTknmzmGP3A+fwCus48L</latexit>

J/ 

<latexit sha1_base64="ky4Fs7DrzK+Vzdec9xl9CgHLnkY=">AAAB73icbVBNSwMxEJ2tX7V+VT16CbaCp7pbKnoseBFPFewHtEvJptk2NJusSVYoS/+EFw+KePXvePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etbRMFKFNIrlUnQBrypmgTcMMp51YURwFnLaD8c3Mbz9RpZkUD2YSUz/CQ8FCRrCxUqd8d9FraFbuF0tuxZ0DrRIvIyXI0OgXv3oDSZKICkM41rrrubHxU6wMI5xOC71E0xiTMR7SrqUCR1T76fzeKTqzygCFUtkSBs3V3xMpjrSeRIHtjLAZ6WVvJv7ndRMTXvspE3FiqCCLRWHCkZFo9jwaMEWJ4RNLMFHM3orICCtMjI2oYEPwll9eJa1qxatVLu+rpXotiyMPJ3AK5+DBFdThFhrQBAIcnuEV3pxH58V5dz4WrTknmzmGP3A+fwCus48L</latexit>

⌥

<latexit sha1_base64="DrOwZaMa9EU41mGcxw4kSWygAWE=">AAAB8XicbVBNTwIxEJ3FL8Qv1KOXRjDxRHYJRo8kXjxi4gIRNqRbutDQbTdt14Rs+BdePGiMV/+NN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTtpapItQnkkvVDbGmnAnqG2Y47SaK4jjktBNObud+54kqzaR4MNOEBjEeCRYxgo2VHqt9P9GMS1EdlCtuzV0ArRMvJxXI0RqUv/pDSdKYCkM41rrnuYkJMqwMI5zOSv1U0wSTCR7RnqUCx1QH2eLiGbqwyhBFUtkSBi3U3xMZjrWexqHtjLEZ61VvLv7n9VIT3QQZE0lqqCDLRVHKkZFo/j4aMkWJ4VNLMFHM3orIGCtMjA2pZEPwVl9eJ+16zWvUru7rlWYjj6MIZ3AOl+DBNTThDlrgAwEBz/AKb452Xpx352PZWnDymVP4A+fzB+2DkGQ=</latexit>



Overview: comparison of sum rules 

(T 00)

<latexit sha1_base64="0Z7kBMa7tobXlT/Fsr/cMJJkEZo=">AAACFXicbVBNS8NAEN34WeNX1KOXYBGqSEmKYo8FLx4r9AvaWDbbSbt0s4m7GyGE/gkv/hUvHhTxKnjz35i0OdTWBwOP92aYmeeGjEplWT/ayura+sZmYUvf3tnd2zcODlsyiASBJglYIDoulsAoh6aiikEnFIB9l0HbHd9kfvsRhKQBb6g4BMfHQ049SrBKpb5x0XNhSHkCDxwLgePziV5q3CeWNTnTe8AH84beN4pW2ZrCXCZ2ToooR71vfPcGAYl84IowLGXXtkLlJFgoShhM9F4kIcRkjIfQTSnHPkgnmX41MU9TZWB6gUiLK3Oqzk8k2Jcy9t2008dqJBe9TPzP60bKqzoJ5WGkgJPZIi9ipgrMLCJzQAUQxeKUYCJoeqtJRlhgotIgsxDsxZeXSatSti/LV3eVYq2ax1FAx+gElZCNrlEN3aI6aiKCntALekPv2rP2qn1on7PWFS2fOUJ/oH39AsJfneA=</latexit>

• 3-term energy decomposition

(T 00)

<latexit sha1_base64="0Z7kBMa7tobXlT/Fsr/cMJJkEZo=">AAACFXicbVBNS8NAEN34WeNX1KOXYBGqSEmKYo8FLx4r9AvaWDbbSbt0s4m7GyGE/gkv/hUvHhTxKnjz35i0OdTWBwOP92aYmeeGjEplWT/ayura+sZmYUvf3tnd2zcODlsyiASBJglYIDoulsAoh6aiikEnFIB9l0HbHd9kfvsRhKQBb6g4BMfHQ049SrBKpb5x0XNhSHkCDxwLgePziV5q3CeWNTnTe8AH84beN4pW2ZrCXCZ2ToooR71vfPcGAYl84IowLGXXtkLlJFgoShhM9F4kIcRkjIfQTSnHPkgnmX41MU9TZWB6gUiLK3Oqzk8k2Jcy9t2008dqJBe9TPzP60bKqzoJ5WGkgJPZIi9ipgrMLCJzQAUQxeKUYCJoeqtJRlhgotIgsxDsxZeXSatSti/LV3eVYq2ax1FAx+gElZCNrlEN3aI6aiKCntALekPv2rP2qn1on7PWFS2fOUJ/oH39AsJfneA=</latexit>

• 4-term sum rule

 additional relation (virial theorem)

• 2-term trace decomposition (Tµ
µ )

<latexit sha1_base64="lbYgbfhLY/xyZuYnV7VqcCpSlig=">AAACGHicbVBNS8NAEN3Urxq/qh69BItQPdSkKPZY8OKxQr+giWGznbaLm03c3Qgl9Gd48a948aCI1978N27aHmrrg4HHezPMzAtiRqWy7R8jt7a+sbmV3zZ3dvf2DwqHRy0ZJYJAk0QsEp0AS2CUQ1NRxaATC8BhwKAdPN5mfvsZhKQRb6hRDF6IB5z2KcFKS37h0g1gQHkKTxwLgUcXY7PUeHDDxNd1brrAe4ue6ReKdtmewlolzpwU0Rx1vzBxexFJQuCKMCxl17Fj5aVYKEoYjE03kRBj8ogH0NWU4xCkl04fG1tnWulZ/Ujo4sqaqosTKQ6lHIWB7gyxGsplLxP/87qJ6le9lPI4UcDJbFE/YZaKrCwlq0cFEMVGmmAiqL7VIkMsMFE6yywEZ/nlVdKqlJ2r8vV9pVirzuPIoxN0ikrIQTeohu5QHTURQS/oDX2gT+PVeDe+jO9Za86YzxyjPzAmv7een4E=</latexit>

 1 indep. termM = Mq +Mg

<latexit sha1_base64="/Qsgw8TGs/GqqVHBIraA9i5SvBA="></latexit>

M = Mq +Mm +Mg

<latexit sha1_base64="+oP12eqrZ6ZYcI/YV+seabJ7Gqc="></latexit>

M = Mq[Ji] +Mm +Mg[Ji] +Ma

<latexit sha1_base64="PynnTijkGrrtSFFsJ8D7FZCHEdU="></latexit>

 2 indep. terms

 2 indep. terms

(b)

<latexit sha1_base64="bCZw1l5NoZ90dleZSv7IIZ/b7/E=">AAACEXicdVBNS8NAEN34bfyKevSyWITqISQl1XgTvHisYKvQlLLZTtulm03c3Qgh9C948a948aCIV2/e/DcmtYKKPhh4vDfDzLww4Uxpx3k3Zmbn5hcWl5bNldW19Q1rc6ul4lRSaNKYx/IqJAo4E9DUTHO4SiSQKORwGY5OS//yBqRisbjQWQKdiAwE6zNKdCF1rWoQwoCJHK4FkZJkB2MTV8N9MwDR+y6aXavi2N6hd+zVsGM7dc93D0viO3X/GLu2M0EFTdHoWm9BL6ZpBEJTTpRqu06iOzmRmlEOYzNIFSSEjsgA2gUVJALVyScfjfFeofRwP5ZFCY0n6veJnERKZVFYdEZED9VvrxT/8tqp7vudnIkk1SDo56J+yrGOcRkP7jEJVPOsIIRKVtyK6ZBIQnURYhnC16f4f9Kq2a5n189rlRN/GscS2kG7qIpcdIRO0BlqoCai6Bbdo0f0ZNwZD8az8fLZOmNMZ7bRDxivHxRMnIM=</latexit>

(a, b)

<latexit sha1_base64="ZShB/VlWsE5Dfu6FP54EGuKFkgo="></latexit>

(a, b)

<latexit sha1_base64="ZShB/VlWsE5Dfu6FP54EGuKFkgo="></latexit>

Mq[Ji] = � 3�m
4 + �m

Mm +Mg[Ji] � 3Ma = 0

<latexit sha1_base64="UTvbGvo1MrgVL8Bn37p+ZkAhesA="></latexit>

• measuring         (further constraints on b) is relevant for all sum ruleshF 2i
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• Key experiments: heavy quarkonium photo- and electro-production at threshold

- measurements at JLab (GlueX and SoLID) for  
- at EIC:        and     photo- and electro-production
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• All the sum rules are scale and scheme dependent 

• Closest agreement in D2 scheme (x=y=0)
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Mass decompositions in D2 scheme

Trace decomposition
3-term  

energy decomposition
4-term  

sum rule (Ji)



Summary

• Understanding the strong interaction dynamics of non-pQCD and ``how'' hadrons emerge from 
fundamental QCD principles, is a complex problem which demands different approaches and  
precise measurements of multiple observables

• Unique insight from JLab exp. program (JLab12, positron beam, JLab22) and EIC

• I have just considered a few examples from two-photon processes: 
 
- VVCS and VCS polarizabilities to probe the long distance dynamics 
 
- GPDs/EMT to probe the “mechanical” and mass properties of the proton emerging from parton   
dynamics

• Following talks: perspectives to unravel the complex properties of hadronization and TMD physics 
from JLab, EIC, LHCspin with a better understanding theory foundations and new phenomenological 
tools  

• Congratulations to Pavia, Cagliari, Torino for the new approved PRIN project “ProtoTaste: Tasting the 
flavor of the proton in its full dimensions”!


