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Basic Questions for 21st Century Science

ü How Does the Mass of the Nucleon Arise?

ü How Does the Spin of the Nucleon Arise?

üWhat Are the Emergent Properties of Dense Systems of Gluons? 

üwŜǎǇƻƴǎŜ Χ LƴǘŜǊƴŀǘƛƻƴŀƭ ŎƻƳƳǳƴƛǘȅ ƛǎ ƻǇŜǊŀǘƛƴƎΣ ōǳƛƭŘƛƴƎΣ ŀƴŘ ǇƭŀƴƴƛƴƎ ŦŀŎƛƭƛǘƛŜǎ ǿƛǘƘ ǘƘŜ 
potential for delivering answers
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Quantum Chromodynamics

üOne-line Lagrangian ςexpressed in terms of gluon and quark partons

üWhich are NOT the degrees-of-freedom measured in detectors
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Questions

üWhat are the (asymptotic) detectable degrees-of-freedom?

üHow are they built from the Lagrangian degrees-of-freedom? 

ü Is QCD really the theory of strong interactions?

üLǎ v/5 ǊŜŀƭƭȅ ŀ ǘƘŜƻǊȅ Χ ƻǊ Ƨǳǎǘ ŀƴƻǘƘŜǊ 9C¢Κ 
ᵼ Implications far beyond Standard Model



Emergence of Hadron Mass

ü Standard Model of Particle Physics has one obvious mass-generating mechanism

= Higgs BosonΧ ƛƳǇŀŎǘǎ ŀǊŜ ŎǊƛǘƛŎŀƭ ǘƻ ŜǾƻƭǳǘƛƻƴ ƻŦ ¦ƴƛǾŜǊǎŜ ŀǎ ǿŜ ƪƴƻǿ ƛǘ

ü However, Higgs boson alone is responsible for just Ḑ1%of the visible mass in the Universe

ütǊƻǘƻƴ Ƴŀǎǎ ōǳŘƎŜǘ Χ ƻƴƭȅ ф aŜ±κфоф aŜ± ƛǎ ŘƛǊŜŎǘƭȅ ŦǊƻƳ IƛƎƎǎ 
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ü Evidently, Nature has another very effective 
mechanism for producing mass:

Emergent Hadron Mass (EHM)

VAlone, it produces 94%ƻŦ ǘƘŜ ǇǊƻǘƻƴΩǎ Ƴŀǎǎ

VRemaining 5%is generated by constructive 
interference between EHM and Higgs-boson

Decomposition is
V gauge invariant
V Poincaré invariant 
V scale invariant

üWhat is the origin of EHM?
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Ancient History

ü 45 years ago 

Dynamical mass generation in continuum quantum chromodynamics, 
J.M. Cornwall, Phys. Rev. D 26 (мфумύ мпро Χ ρρππcitations 

üOwing to strong self-interactions, gluon partonsᵼgluon quasiparticles, 
described by a mass function that is large at infrared momenta
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3-gluon vertex

4-gluon vertex

Gluon propagator 
Χ continuumand 
lattice QCD agree

Truly mass from nothing
An interacting theory, written in 
terms of massless gluon fields, 
produces dressed gluon fields that 
are characterised by a mass function 
that is large at infrared momenta 

VQCD fact
VContinuum theory and 

lattice simulations agree

VEmpirical verification?

ρ

ά

/ƻǊƴǿŀƭƭΩǎ ŜǎǘƛƳŀǘŜΥ Í πȢυς'Å6 ά



Ancient History

üMore than 40 years ago 

Dynamical mass generation in continuum quantum chromodynamics, 
J.M. Cornwall, Phys. Rev. D 26 (мфумύ мпро Χ Ḑρπυπcitations 

üOwing to strong self-interactions, gluon partonsᵼgluon quasiparticles, 
described by a mass function that is large at infrared momenta
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3-gluon vertex

4-gluon vertex

Gluon propagator 
Χ continuumand 
lattice QCD agree

Truly mass from nothing
An interacting theory, written in 
terms of massless gluon fields, 
produces dressed gluon fields that 
are characterised by a mass function 
that is large at infrared momenta 

VQCD fact
VContinuum theory and 

lattice simulations agree

VEmpirical verification?

EHM means
Gluons are 
massive via 
Schwinger 
Mechanism

ρ

ά

D. Binosi, Emergent Hadron Mass in Strong 
Dynamics, Few Body Syst. 63 (2022) 42.

M. N. Ferreira, J. Papavassiliou, Gauge 
Sector Dynamics in QCD, Particles 6 (1) 
(2023) 312ς363. ¢ƻŘŀȅΩǎ ōŜǎǘ ŜǎǘƛƳŀǘŜΥ ά πȢτσρ'Å6

Gauge Invariance and Mass, 
J. S. Schwinger
Phys. Rev. 125 (1962) 397-398
It is argued that the gauge invariance of 
a vector field does not necessarily imply 
zero mass for an associated particle if 
the current vector coupling is sufficiently 
strong.



Process independent 

effective charge = running coupling

üaƻŘŜǊƴ ǘƘŜƻǊȅ ςŜȄǇƭƻƛǘƛƴƎ ǇƛƴŎƘ ǘŜŎƘƴƛǉǳŜ ŀƴŘ 
ōŀŎƪƎǊƻǳƴŘ ŦƛŜƭŘ ƳŜǘƘƻŘ ςŜƴŀōƭŜǎ ǳƴƛǉǳŜ v/5 
ŀƴŀƭƻƎǳŜ ƻŦ

άDŜƭƭπaŀƴƴ ς[ƻǿέ 

ǊǳƴƴƛƴƎ ŎƘŀǊƎŜ ǘƻ ōŜ 
ǊƛƎƻǊƻǳǎƭȅ ŘŜŦƛƴŜŘ ŀƴŘ ŎŀƭŎǳƭŀǘŜŘ

ü!ƴŀƭȅǎƛǎ ƻŦ v/5Ωǎ ƎŀǳƎŜ ǎŜŎǘƻǊ 

ȅƛŜƭŘǎ ŀ  ǇŀǊŀƳŜǘŜǊπŦǊŜŜ ǇǊŜŘƛŎǘƛƻƴ

übΦ.Φ vǳŀƭƛǘŀǘƛǾŜ ŎƘŀƴƎŜ ƛƴ ʰȸtLόkύ ŀǘ k Ғ ѹ mp
übƻ [ŀƴŘŀǳ tƻƭŜ

ü.Ŝƭƻǿ ὯḐά ȟƛƴǘŜǊŀŎǘƛƻƴǎ ōŜŎƻƳŜ ǎŎŀƭŜ 

ƛƴŘŜǇŜƴŘŜƴǘΣ Ƨǳǎǘ ŀǎ ǘƘŜȅ ǿŜǊŜ ƛƴ ǘƘŜ [ŀƎǊŀƴƎƛŀƴΤ 
ǎƻΣ v/5 ōŜŎƻƳŜǎ ǇǊŀŎǘƛŎŀƭƭȅ ŎƻƴŦƻǊƳŀƭ ŀƎŀƛƴ
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V Process independent strong running coupling
Daniele Binosi et al., arXiv:1612.04835 [nucl-th], Phys. Rev. D 96 (2017) 054026/1-7

V9ȄǇŜǊƛƳŜƴǘŀƭ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ v/5 ŜŦŦŜŎǘƛǾŜ ŎƘŀǊƎŜ ʰg1(Q). 
A. Deur; V. Burkert; J.-P. Chen; W. Korsch, Particles 5 (2022) 171

VQCD Running Couplings and Effective Charges,Alexandre Deur, Stanley J. Brodsky and 
Craig Roberts,e-Print: 2303.00723 [hep-ph], Prog. Part. Nucl. Phys. 134(2024) 104081

W  orkshopon Dyson-Schwinger Equations in Modern Mathematics 
and Physics (DSEMP2014) Trento, Italy, September 22-26, 2014

Effective charge from lattice QCD , Zhu-Fang Cui, Jin-Li Zhang et al., 
NJU-INP 014/19, arXiv:1912.08232 [hep-ph], Chin. Phys. C 44 (2020) 083102/1-10

total downloads

http://inspirehep.net/record/1504060?ln=en
https://inspirehep.net/literature/2637736
http://www.google.com/url?q=http%3A%2F%2Finspirehep.net%2Frecord%2F1771514%3Fln%3Den&sa=D&sntz=1&usg=AFQjCNET20BeXjPH93dCyyROC0b_FEzg6w
http://www.google.com/url?q=http%3A%2F%2Fcpc.ihep.ac.cn%2Farticle%2Fdoi%2F10.1088%2F1674-1137%2F44%2F8%2F083102&sa=D&sntz=1&usg=AFQjCNG6FBW7FVAvE_kugoNC2xYymh1WmA


EHM Basics
ü Absent Higgs boson couplings, 

v/5 [ŀƎǊŀƴƎƛŀƴ ƛǎ ǎŎŀƭŜ ƛƴǾŀǊƛŀƴǘ Χ ȅŜǘ Χ 

VMassless gluons become massive

VA momentum-dependent, IR saturating charge is 
produced

VMassless quarks become massive
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Three 
pillars 
of EHM

Vσ ὓπ sets the scale of 
the proton mass.  
VMeson-loops provide ςπ% 

quantum corrections



EHM Basics
ü!ōǎŜƴǘ IƛƎƎǎ ōƻǎƻƴ ŎƻǳǇƭƛƴƎǎΣ 

v/5 [ŀƎǊŀƴƎƛŀƴ ƛǎ ǎŎŀƭŜ ƛƴǾŀǊƛŀƴǘ Χ ȅŜǘ Χ 

VaŀǎǎƭŜǎǎ Ǝƭǳƻƴǎ ōŜŎƻƳŜ ƳŀǎǎƛǾŜ

V! ƳƻƳŜƴǘǳƳπŘŜǇŜƴŘŜƴǘΣ Lw ǎŀǘǳǊŀǘƛƴƎ ŎƘŀǊƎŜ ƛǎ 
ǇǊƻŘǳŎŜŘ

VaŀǎǎƭŜǎǎ ǉǳŀǊƪǎ ōŜŎƻƳŜ ƳŀǎǎƛǾŜ
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Three 
pillars 
of EHM

Vσ ὓπ sets the scale of 
the proton mass.  
VMeson-loops provide ςπ% 

quantum corrections

This result is the key to EHM in matter sector
Massless quark partons

become massive quark quasiparticles

ὪḐὓ π
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Era of Meson òTargetsó

ü JLab & EIC & EicC

ςHigh luminosity electron ( + ion) beams

ςAccess to meson targets via the Sullivan Process, 

ƛΦŜΦΣ ŀ ōŀǊȅƻƴΩǎ άƳŜǎƻƴ ŎƭƻǳŘέ

ü AMBER @ CERN SPS

ςHigh-intensity beams of pions

( 107 pions/sec in Phase-1 = approved) 

and kaons (5×106 kaons/sec Phase-2 = proposal    
being prepared) 

ςDrell-Yan, J/ʕ production, prompt photon 
production

Χ ŦǊƻƳ ǇǊƻǘƻƴ ŀƴŘ ƴǳŎƭŜŀǊ ǘŀǊƎŜǘǎ 
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Pseudoscalar Meson Electromagnetic Form Factors

ü First precise data (beyond charge radius domain) obtained at 
JLaband published in 2001

J. Volmer et al., Measurement of the Charged Pion 
Electromagnetic Form-Factor, Phys. Rev. Lett. 86 (2001) 1713-
1716

Obtained using Sullivan Process 
Ґ ǎŎŀǘǘŜǊƛƴƎ ŜƭŜŎǘǊƻƴǎ ŦǊƻƳ Ǉƛƻƴǎ ƛƴ ǘƘŜ ǇǊƻǘƻƴΩǎ ƳŜǎƻƴ ŎƭƻǳŘ

ü Today, 9 precise data are available, out to ὗ ςȢυ'Å6

ü New results from JLabanticipated within 1 year, pushing 
coverage to ὗ ω'Å6

ü High-profile experiments planned and being developed for EIC 
and EicC
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Why?



Hard QCD Prediction

ü5ŜƭƛǾŜǊŜŘ τυȅŜŀǊǎ ŀƎƻ Χ ǇƻǎƛǘƛǾŜπŎƘŀǊƎŜ ǇǎŜǳŘƻǎŎŀƭŀǊ ƳŜǎƻƴ ὖΣ ŎƻƴǎǘƛǘǳǘŜŘ ŦǊƻƳ 
ǾŀƭŜƴŎŜ ὪȟӶὫǉǳŀǊƪǎΥ

ü‌ ὗ ƛǎ v/5 ǊǳƴƴƛƴƎ ŎƻǳǇƭƛƴƎ

üὪƛǎ ǇǎŜǳŘƻǎŎŀƭŀǊ ƳŜǎƻƴϥǎ ƭŜǇǘƻƴƛŎ ŘŜŎŀȅ Ŏƻƴǎǘŀƴǘ

ü• ὼȠὗ ƛǎ ƳŜǎƻƴΩǎ ƭŜŀŘƛƴƎ ǇŀǊǘƻƴ ŘƛǎǘǊƛōǳǘƛƻƴ ŀƳǇƭƛǘǳŘŜ ό5!ύ ςƭƛƪŜ ŀ ǉǳŀƴǘǳƳ ŦƛŜƭŘ 
ǘƘŜƻǊȅ ǿŀǾŜ ŦǳƴŎǘƛƻƴ ςŜǾŀƭǳŀǘŜŘ ŀǘ ǘƘŜ ƘŀǊŘ ǎŎŀƭŜ ƻŦ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ
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G. P. Lepage, S. J. Brodsky, Phys. Lett. B 87 (1979) 359ς365. 
A. V. Efremov, A. V. Radyushkin, Phys. Lett. B 94 (1980) 245ς250.
G. P. Lepage, S. J. Brodsky, Exclusive Processes in Perturbative Quantum Chromodynamics, 
Phys. Rev. D 22 (1980) 2157ς2198. 



Hard QCD Prediction

ü Hard QCD prediction is remarkable.

ςbeyond some momentum scale, the meson form factor is precisely known

ωmagnitude (normalisation) is set by meson leptonic decay constant, which is an 
order parameter for dynamical chiral symmetry breaking (DCSB) ςa corollary of EHM

ωand scaling violations are apparent, with ὗ dependence determined by that of the 
running coupling and evolution of the DA (wave function)

ςAnalogous proton equation ςmagnitude (normalization) is not known

üOn domain ḗπᵼ• ȟ ὼ φὼρ ὼ and right-hand side ᵼρφ“‌ ὗ Ὢ

ü Two outstanding issues:

ςwhat is value of ὗ for which scaling violations become apparent?

ςand what is pointwise form of • ὼȠὗ at scales for which terrestrial experiments are possible?

ü These questions can only be answered using a nonperturbative approach to QCD.
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Pseudoscalar Meson Electromagnetic Form Factors

ü ὴ ὴὊ ὗ Ὡἂὖὴ ‪‎‪ὖὴἃ

Hadron part of Ὡ ὓᴼὩὓmatrix element 
defines meson form factor

ü Leading order in systematically improvable, 
symmetry preserving truncation of QCD equations 
of motion (Dyson-Schwinger equations)

ü Calculate the displayed matrix element using

V2-point Schwinger functions (propagators) and 
effective charge describe above

VPoincaré-covariant Bethe-Salpeter equation to 
deliver 

Vmeson wave function

Vphoton-quark vertex
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photon

ƳŜǎƻƴ ƛƴ meson out

dressed (quasiparticle)
quark

Meson Bethe-Salpeter 
amplitude

dressed photon-
quark vertex



Pion Form Factor

ü Low ὗ : CSM predictions for ὗὊ ὗ ςpurple curve

ςCharge radius agrees with experiment: πȢφχfm

ɀὗ dependence matches that JLabprecision measurements 
[Horn:2007ug, Huber:2008id] (gold symbols)

üὗ τ'Å6

ςcf. phenomenological ςmuch loved, much used ςvector 
meson dominance (VMD) result = dot-dashed red 

ωVMD curve begins to deviate significantly from data and 
CSM prediction at upper bound of available JLab
measurements

ωBest available lQCD(grey points) ςpioneering work, 
pushing to high ὗ Χ IŜƴƎ-Tong Ding, et al., Phys. Rev. 
Lett. 133(2024) 181902

ςDesirable to improve precision
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Pion Form Factor

ü Salient feature of CSM predictions is existence of maximum in 
ὗὊ ὗ , which occurs on ὗ ḗτȢφυ'Å6

ü Thereafter, scaling violation apparent, 

ὗὊ ὗ falls steadily toward zero as

ρȾÌÎὗ , ‎ ρȢρ

consistent with hard QCD prediction

ü N.B. Any model that expresses VMD must exhibit opposite 
trend, viz. result for ὗὊ ὗ which rises steadily with 
increasing ὗ , without inflection, toward finite ultraviolet limit.

ü Future: may see lattice-QCD reach and precision improved to 
(potentially) see breakaway from VMD and scaling violation

ü green pointfarthest reach of anticipated JLabdata 

ςJLabis potentially capable of seeing breakaway from VMD

ü black asterisksςanticipated EIC will see scaling violation
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V Nucleon mass from a covariant three-quark Faddeev equation
G. Eichmann et al., Phys. Rev. Lett. 104 (2010) 201601

V Poincaré-covariant analysis of heavy-quark baryons
Si-Xue Qin ( ) et al., Phys.Rev. D 97 (2018) 114017/1-13

V Nucleon Gravitational Form Factors, 
Z.-Q. Yao ( ) et al., Eur. Phys. J. A 61 (2025) 92/1-13



Nucleon as a Bound State

ü Nucleon bound-state problem can be addressed 
in any approach that provides access to the three-quark six-point Schwinger function

ςUsing CSMs, one begins with the Poincaré-invariant Faddeevequation

ςToday, there are υpeople in the world who can solve this problem

ü The analysis to be described uses preciselythe same approach (approximation and 
interaction) as that employed for pion and kaon electromagnetic form factors

ςThus, one arrives at unifying set of parameter-free predictions for all pion and kaon and 
nucleon elastic electromagnetic and gravitational form factors and their species 
separations to large values of momentum transfer

ςAll predictions link observables directly with fundamental QCD Schwinger functions and 
thereby expose novel expressions of emergent phenomena in QCD.
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Nucleon charge and magnetisation distributions: flavour separation and zeroes,
Zhao-Qian Yao( ), e-Print: 2403.08088 [hep-ph], Fund. Res. (2025) in press.

https://inspirehep.net/literature/2768352
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Nucleon mass from a covariant three-quark Faddeev equation
G. Eichmann et al., Phys. Rev. Lett. 104 (2010) 201601 
Nucleon charge and magnetisation distributions: flavour separation and zeroes,
Zhao-Qian Yao et al., e-Print: 2403.08088 [hep-ph]

https://inspirehep.net/literature/2768352


Nucleon charge and magnetisation distributions: 

zeroes and flavour separation
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ü Parameter-free unification of pion, kaon, nucleon 
electromagnetic form factors

ςEquations: Gap + Bethe-Salpeter + 3-body Faddeev

ü Proton electric form factor possesses a zero:
ὗ ψȢψφȢ

Ȣ 'Å6

ü{ta Χ working with the 29 available data on ‘ὋȾὋ :

VPredicts, with 50% confidence, data are consistent with 
existence of a zero on ὗ ρπȢτ'Å6

VLevel of confidence increases to 99.9% on ὗ ρσȢρ'Å6

VLikelihood that existing data are consistent with absence of 
zero in ratio on ὗ ρτȢυ'Å6 is 1/1-million

Nucleon charge and magnetisation distributions: flavour 
separation and zeroes,Zhao-Qian Yao et al., e-Print: 2403.08088 
[hep-ph], Fund.Res(2025) in press

Prediction underestimates
Ὃ ὗ by 20%

Likelihood of a zero in the proton elastic electric form 
factor,Peng Cheng ( ), Zhao-Qian Yao ( ) et al., 
NJU-INP 095/24,e-Print: 2412.10598 [hep-ph], Phys. Lett. 
B862(2025)139323/1-6

https://inspirehep.net/literature/2768352
https://inspirehep.net/literature/2859845
https://kwnsfk27.r.eu-west-1.awstrack.me/L0/https:%2F%2Fdoi.org%2F10.1016%2Fj.physletb.2025.139323/1/010201951568b845-f57e2e79-ce01-4075-b742-6789ba2c7de2-000000/ycpFXjpwkjjjLj92F4anSGjFrfs=413


Nucleon charge and magnetisation distributions: 

zeroes and flavour separation
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ü Parameter-free unification of pion, kaon, nucleon 
electromagnetic form factors

ςEquations: Gap + Bethe-Salpeter + 3-body Faddeev 

ü Proton electric form factor possesses a zero:
ὗ ψȢψφȢ

Ȣ 'Å6

ü Neutron electric form factor is positive definite 

ᵼὋ ὗ Ὃ ὗ on ὗ τȢχ'Å6

ςOn this domain, electric form factor of charge-neutral 
neutron is larger than that of charge-one proton

ςVerification is within JLabreach 

Prediction underestimates
Ὃ ὗ by 20%

Nucleon charge and magnetisation distributions: flavour 
separation and zeroes,Zhao-Qian Yao et al., e-Print: 2403.08088 
[hep-ph], Fund.Res(2025) in press

https://inspirehep.net/literature/2768352


ü/ǳǊǊŜƴǘ Χ ŎƻƳǇƭŜƳŜƴǘƛƴƎ ǎƻƭǳǘƛƻƴ ƻŦ Faddeevequation, then all elements are known

ü/ǳǊǊŜƴǘ Χ 

Nucleon Gravitational Form Factors
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Åὃὗ mass distribution form factor
ὃὗ π ρ

Åὐὗ spin distribution form factor
ὐὗ π ρȾς

ÅὈὗ pressure distribution form factor
Ὀὗ π ȩ

Last unknown/unmeasured global property of nucleon

Quark+ graviton vertex
Pion and kaon electromagnetic and gravitational form factors,
Yin-Zhen Xu ( ), Minghui Ding ( ) et al.,
NJU-INP 081/23, e-Print: 2311.14832 [hep-ph], Eur. Phys. J. C84 (2024) 2, 191/1-13

https://inp.nju.edu.cn/Publications/Bytime/20231201/i254067.html
https://inspirehep.net/literature/2726595
https://doi.org/10.1140/epjc/s10052-024-12518-x


Predicted GFFs

ü{ƻƭƛŘ ŎǳǊǾŜǎ Χ ǇŀǊŀƳŜǘŜǊ-free CSM predictions

ü Points lQCDresults [Hackett:2023rif]

ςAgreement within (large) lattice uncertainties

ü Symmetry-preserving character of CSM analysis is evident in 
values of 

ɀὃπ ρ

ɀὐπ ρȾς

üƴǳŎƭŜƻƴ ά5-ǘŜǊƳέ Χ ǇǊŜŘƛŎǘƛƻƴ Ὀπ σȢρρρ

ü Is this big or small?  For the pion, answer = -1.
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Mass-energy density form factor

üMass-energy density form factor

üMechanical (normal force) radius, viz. force 
directed along 4-spherical radius vector

ü Poincaré- and scale-independent 

= OBSERVABLES

üὶ πȢψψχσfm 
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üOn the other hand, species separated form 
factors are frame- and scale-dependent 

ςEssentially subjective.  

ü No comparison between proton charge 
radius and quark-ŦƭŀǾƻǳǊ ǊŀŘƛǳǎ ƻǊ ǇǊƻǘƻƴΩǎ 
gluon radius is objectively valid.

ü Even a comparison between quark and glue 
radii is subjective

ςThis ratio is different at different scales



GFF Species Decomposition (scale dependent, ⱡ ἑἭἤ)

ü CSM prediction ςspecies decomposition, 

for each form factor:

Ὂ ὗȠ‒

Ὂ ὗȠ‒
ÃÏÎÓÔÁÎÔ‒

üÃÏÎÓÔÁÎÔ‒ πȢχρτ

namely, at a given scale, the ratio of glue:quark

contributions is the same ὗ -independent number 

for each form factor

Important to test this prediction

ü lQCDǊŜǎǳƭǘǎ Χ ǎŜŜ ŦƛƎǳǊŜ

ςConsistent with prediction 

ɀÃÏÎÓÔÁÎÔ‒ πȢψςρψ
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Proton Pressure Profiles

ü Pressure and shear-force density profiles: determined by Ὀὗ
for proton and — ὗ for pion

ü Pion (green) peak values are roughly twice those in the proton
ςExpected because 
ωpressures Ḑɰ
ωsimilar interior QCD dynamics + more compact object

ᵼ ὴȾὶ &  ὶ ςὶ

ü Scale is order-of-magnitude greater than neutron star core

ü ὶ πȢψρυὶ ὶ πȢχςςὶ

ü Species decomposition (‒)

ɀ ὶ πȢφςτὶ ὶ πȢυςσὶ

ɀ ὶ πȢυυτὶ ὶ πȢτχσὶ

ü No existing experiment provides objective information on 
glue contributions to proton GFFs
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J/Ǔ photoproduction: threshold to very high energy,Lin Tang ( ) et al.,
e-Print: 2405.17675 [hep-ph], Phys. Lett. B856(2024) 138904/1-7

Exclusive photoproduction of light and heavy vector mesons: thresholds to very high energies,
Lin Tang ( ) et al., NJU-INP 105/25,e-Print: 2510.08845 [hep-ph]

https://inspirehep.net/literature/2790831
https://inspirehep.net/literature/3066766


Trace Anomaly Form Factor

ü Some practitioners imagine that objective access 
to in-proton expectation value of trace of QCD 
energy momentum tensor

ἂὴ ȿὝ ὗȿὴὯἃ

possible via photoproduction from proton of 
vector mesons that share no valence degrees of 
freedom in common with the proton

ü Consequently, extensive new data available on    
‎ ὴO ὐȾ‪ ὴ

ü Desire to calculate/predict the trace anomaly 
form factor 

ü Also, its species decomposition

Ç In misguided attempt to decide whether the 
gluon parton density extends further than 
the proton charge radius
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±a5 ŀǎǎǳƳǇǘƛƻƴ



üMass-energy density form factor

Nonnegative function = good for a mass distribution

ü In-proton expectation value of QCD trace anomaly:

Trace Anomaly Form Factor
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ü —ὗ is not positive definite

ςspecies decompositions have 
same feature. 

ü Unusual outcome for global property 
of a nucleon mass distribution 

ü Distributions of charge involve positive 
and negative charge carriers, hence 
can possess domains of negative 
support

ü All physical mass is positive definite, 
so there is no good reason why a form 
factor definitive of mass should 
become negative. 

ü Somewhat arbitrary outcome: just 
Ὀ ᴼσὈ



üMass-energy density form factor

Nonnegative function = good for a mass distribution

ü In-proton expectation value of QCD trace anomaly:

Trace Anomaly Form Factor
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ü —ὗ is not positive definite

ςspecies decompositions have 
same feature. 

ü Unusual outcome for global property 
of a nucleon mass distribution 

ü Distributions of charge involve positive 
and negative charge carriers, hence 
can possess domains of negative 
support

ü All physical mass is positive definite, 
so there is no good reason why a form 
factor definitive of mass should 
become negative. 

ü Somewhat arbitrary outcome: just 
Ὀ ᴼσὈ

V Objective interpretation of this result = one particular combination 
of proton gravitational form factors has a larger slope than 
another chosen combination of electromagnetic form factors. 

V No sense in which this means that gluons are distributed over a 
larger spacetime volume than quarks because total form factor, 
being scale invariant, does not express information about a 
subjective species decomposition.


