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analyses to be prepared for the extraction of QCD-interpretable quantities 
from the future data with the US EIC?
• Nucleon Spinè Longitudinal Spin + TMDs + GPDs  è lab12 & EIC
• Understanding low-x dynamics in hadrons è Is theory ready? Problems?

2. How can we gain insight into hadron mass generation and the mass and 
pressure distributions within nucleons and nuclei from future EIC studies of 
the nucleon glue component? 
• Can the saturation regime manifest itself in any particular behavior of the 

mass and pressure distributions at small xB?
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Nucleon 
Structure: 

parton
distributions 
& dynamics

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
public soon

Dedicated Softwares to study GPDs

GeParD PARtonic 
Tomography 
Of 
Nucleon 
Softwarepartons.cea.fr not yet public

Efforts to combine different inputs to understand TMDs and GPDs in an unified framework 
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Nucleon gravitational form factors

Ji sum rule

graviton

All the form factors are interesting and measurable! 

Pressure

Mass, pressure
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Mass, pressure

Radial pressure distribution 
inside nucleon 

data before 6 GeV 

6 GeV JLab 

projected 12 GeV JLab 

Radial pressure distribution

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

Kumericki, Nature 570 (2019) 7759

Talks of Elouadrhiri, Shanahan, Trawinski 
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Are there interesting ”pressure” 
signals from low-x/saturation?

It’s a twist-2 term, dominated by large-x partons, but  the 
Cq which  is a twist-4 gravitational form factor & related to 
the trace anomaly.
èIs a connection to small-x?
èModel dependence addressed via Q2 lever arm @EIC?
Comment? DISUCUSSION?



Low-x and mass 
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Proton mass decomposition

M = Mq +Mg +Mm +Ma
<latexit sha1_base64="8EbNQQ9ojNqGaGGmc3iHobHLbuk=">AAACFnicbVDLSsNAFJ3UV42vqks3wSKIYklb8AEKBTduChXsA9oSJtPbdOhkEmcmQgn9Cjf+ihsXirgVd/6Nk7SKrwMHDufcy8w9bsioVLb9bmRmZufmF7KL5tLyyupabn2jIYNIEKiTgAWi5WIJjHKoK6oYtEIB2HcZNN3heZI3b0BIGvArNQqh62OP0z4lWGnLyR10XPAojzGjHt8bm9WzqnO9X3U8TV8Tmx3gvc/YyeXtgp3C+iuKU5FHU9Sc3FunF5DIB64Iw1K2i3aoujEWihIGY7MTSQgxGWIP2lpy7IPsxulZY2tHOz2rHwhNrqzU/b4RY1/Kke/qSR+rgfydJeZ/WTtS/eNuTHkYKeBk8lA/YpYKrKQjq0cFEMVGWmAiqP6rRQZYYKJ0k2ZawkmCw6+T/4pGqVAsF8qXpXzldFpHFm2hbbSLiugIVdAFqqE6IugW3aNH9GTcGQ/Gs/EyGc0Y051N9APG6wdi1Z5f</latexit>

X. Ji, PRD 52 (1995) 271

quark/gluon kinetic energy｛
quark mass trace anomaly

Mq +Mg :
<latexit sha1_base64="gaf2e0ZuiRK40d2zfP2OwEVYf48=">AAACDHicbVDLSsNAFJ3UV62vqks3wSKIQklaUOuq4MZNoYJ9QFvKZHKTDp1M4sxEKKEf4MZfceNCEbd+gDv/xmkbRa0HBg7nnMude5yIUaks68PILCwuLa9kV3Nr6xubW/ntnaYMY0GgQUIWiraDJTDKoaGoYtCOBODAYdByhhcTv3ULQtKQX6tRBL0A+5x6lGClpX6+0HXApzzBjPr8aJyr9W+Oa33/vAvc/RJ1yipaU5jzxE5JAaWo9/PvXTckcQBcEYal7NhWpHoJFooSBuNcN5YQYTLEPnQ05TgA2Uumx4zNA624phcK/bgyp+rPiQQHUo4CRycDrAbyrzcR//M6sfLOegnlUayAk9kiL2amCs1JM6ZLBRDFRppgIqj+q0kGWGCidH+5aQmVCU6+T54nzVLRLhfLV6VCtZLWkUV7aB8dIhudoiq6RHXUQATdoQf0hJ6Ne+PReDFeZ9GMkc7sol8w3j4BH9+bIg==</latexit>

related to <x>q,g      from DIS 

Mm :
<latexit sha1_base64="IGttqJQ3O5j1SQ4NDaiBHYSCLbU=">AAACCHicbVA9SwNBEN2LX/H8OrW0cDEIYhEuCaixCtjYCBHMByQh7G3mkiW7e8funhCOlDb+FRsLRWz9CXb+Gy/JKWp8MPB4b4aZeV7ImTau+2FlFhaXlleyq/ba+sbmlrO9U9dBpCjUaMAD1fSIBs4k1AwzHJqhAiI8Dg1veDHxG7egNAvkjRmF0BGkL5nPKDGJ1HX22x70mYwJZ315PLavuuK8DbL3JXSdnJt3p8DzpJCSHEpR7Trv7V5AIwHSUE60bhXc0HRiogyjHMZ2O9IQEjokfWglVBIBuhNPHxnjw0TpYT9QSUmDp+rPiZgIrUfCSzoFMQP915uI/3mtyPhnnZjJMDIg6WyRH3FsAjxJBfeYAmr4KCGEKpbciumAKEJNkp09DaE8wcn3y/OkXswXSvnSdTFXKadxZNEeOkBHqIBOUQVdoiqqIYru0AN6Qs/WvfVovVivs9aMlc7sol+w3j4BdfqZuA==</latexit>

quark condensate             sigma term    

Ma :
<latexit sha1_base64="St+86WJgQhpGPOolhIzRHz1TAog=">AAACCHicbVA9SwNBEN2LX/H8OrW0cDEIYhEuCaixCtjYCBHMByQh7G3mkiV7e8funhCOlDb+FRsLRWz9CXb+GzfJKWp8MPB4b4aZeV7EmdKu+2FlFhaXlleyq/ba+sbmlrO9U1dhLCnUaMhD2fSIAs4E1DTTHJqRBBJ4HBre8GLiN25BKhaKGz2KoBOQvmA+o0Qbqevstz3oM5EQzvrieGxfdcl5G0TvS+g6OTfvToHnSSElOZSi2nXe272QxgEITTlRqlVwI91JiNSMchjb7VhBROiQ9KFlqCABqE4yfWSMD43Sw34oTQmNp+rPiYQESo0Cz3QGRA/UX28i/ue1Yu2fdRImoliDoLNFfsyxDvEkFdxjEqjmI0MIlczciumASEK1yc6ehlCe4OT75XlSL+YLpXzpupirlNM4smgPHaAjVECnqIIuURXVEEV36AE9oWfr3nq0XqzXWWvGSmd20S9Yb59jLpms</latexit>

⇡N
<latexit sha1_base64="BinKV4ABhvTTfjEuzBDroXQpLcE=">AAACCXicbVBNS8NAEN3Ur1q/oh69LBZBPJSkBbW3ghdPUsF+QFvKZjtNl242YXcjlNCrF/+KFw+KePUfePPfuE2jqPXBwOO9GWbmeRFnSjvOh5VbWl5ZXcuvFzY2t7Z37N29pgpjSaFBQx7KtkcUcCagoZnm0I4kkMDj0PLGFzO/dQtSsVDc6EkEvYD4gg0ZJdpIfRt3PfCZSAhnvjiZFroRw1ddEIMvpW8XnZKTAi8SNyNFlKHet9+7g5DGAQhNOVGq4zqR7iVEakY5mA2xgojQMfGhY6ggAahekn4yxUdGGeBhKE0JjVP150RCAqUmgWc6A6JH6q83E//zOrEenvcSJqJYg6DzRcOYYx3iWSx4wCRQzSeGECqZuRXTEZGEahNeIQ2hOsPp98uLpFkuuZVS5bpcrFWzOPLoAB2iY+SiM1RDl6iOGoiiO/SAntCzdW89Wi/W67w1Z2Uz++gXrLdPH4CaEg==</latexit>

???? possibly from exclusive production of heavy quarkonia at threshold    talk of Y. Hatta 

Lattice QCD 
Y.-B. Yang, et al., PRL 121 (2018) 

• different proton mass decompositions  [C. Roberts, C. Lorcé] 

• clearly identify observables directly linked to gluon anomaly and measurable at JLab and EIC 

Kharzeev et al. (1998), Brodsky et al. (2000)

Threshold 
production of 
J/Y @ SoLID
U @ EIC

Kinetic energy terms are twist two and hence dominated by high-x partons.
Small x partons by definition have low momentum and hence don’t contribute.
However trace anomaly-- Twist-4 entity characterized as ”non-perturbative gluon 
condensate”. Does this non-perturbative gluon condensate have any connection the 
low-x physics at the EIC (including the Color Glass Condensate)?
Anyone care to comment? 
What happens in other (C. Roberts & C. Lorce’) decompositions of mass?
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???? possibly from exclusive production of heavy quarkonia at threshold    talk of Y. Hatta 

Lattice QCD 
Y.-B. Yang, et al., PRL 121 (2018) 

• different proton mass decompositions  [C. Roberts, C. Lorcé] 

• clearly identify observables directly linked to gluon anomaly and measurable at JLab and EIC 

Kharzeev et al. (1998), Brodsky et al. (2000)

Threshold 
production of 
J/Y @ SoLID
U @ EIC

Jianwei’s comment:

In the proton's rest frame, there is no large momentum scale involved, the matrix elements of the high twist local 
operators do not have to be smaller than the matrix elements of lower twist local operators, since all of them are 
related by the same mass scale. That is, we expect these terms are in a similar size.

The mass decomposition is "useful" only if individual terms can be measured independently. Since none of the 
matrix elements of quark and gluon operators are direct physical observable, the relation is more valuable if all 
terms can be measured with similar controllable approximation.



Small-x: factorization, much needs to be pursued 
• A thought experiment: an electron vs. a quark come to rest from a state of 

motion…. After they are @ rest, no radiation around an electron (abelian QED), 
but ample radiation (& keeps growing) around the quark (non-Abelian QCD)
• F. Wilczek in his 2004 Nobel Lecture, Origin of Mass: “a color thundercloud”
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Eur. Phys. J. C75 (2015) 580

M. Wing talk, Initial Stages 2019

Only saturation can fix the low-x 
power law growth in a non-
Abelian theory

Exp. Confirmation of gluon 
saturation is fundamental test of 
UV completeness in the SM and 
more generally in QFT 

– Matt Sievert @ IS2019



Low-x measurements
Experimentally: limited x-Q2 space 
èNeed >1 measurements to confirm novel  low-x effects
èGlobal Analyses: NLO and power 
suppressed corrections
è LO Ok, but NLO not fully understood yet!

11/8/19 Abhay Deshpande 12



Low-x measurements
Experimentally: limited x-Q2 space 
èNeed >1 measurements to confirm novel  low-x effects
èGlobal Analyses: NLO and power 
suppressed corrections
è LO Ok, but NLO not fully understood yet!

11/8/19 Abhay Deshpande 13

T. Lappi, H. Mantysaari, Phys. Rev. D91 (2015) 074016Stasto, B.-W. Xiao, D. Zaslavsky, Phys. Rev. Lett. 
112 (2014) 012302

Resummation cures these 
unphysical results but no 
unique definition of the NLO 
accuracy yet and may create 
scheme dependent answers
– Matt Sievert @ IS2019
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T. Lappi, H. Mantysaari, Phys. Rev. D91 (2015) 074016Stasto, B.-W. Xiao, D. Zaslavsky, Phys. Rev. Lett. 
112 (2014) 012302

Resummation cures these 
unphysical results but no 
unique definition of the NLO 
accuracy yet and may create 
scheme dependent answers

Jianwei’s comment:

Either factorization formalism is not valid, or the calculations and organization of scales are not done correctly

None of the low x factorization formalisms proposed have been proven to all orders in perturbative theory. 
Hence such a discovery of strange behavior is very valuable and could be a first step towards identifying a true 
all order formalism.

Comments or/and discussion?



Thank you: comments, 
discussion, criticism welcome
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