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Emergence of Hadron Mass

ü Standard Model of Particle Physics has one knownmass-generating mechanism

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

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

ü Proton mass budget

Only 9 MeV/939 MeV is directly from Higgs 
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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



Emergence of Hadron Mass - Basic Questions

ü What is the origin of EHM?  

ü Does it lie within the Standard Model, 
i.e., within QCD

ü²Ƙŀǘ ŀǊŜ ǘƘŜ ŎƻƴƴŜŎǘƛƻƴǎ ǿƛǘƘ Χ  

ςGluon and quark confinement?

ςDynamical chiral symmetry 
breaking (DCSB)?

ςNambu-Goldstone modes = ̄ ϧ K?

ü What is the role of Higgs in 
modulating observable properties of 
hadrons?

ςCritically, without Higgs 
mechanism of mass generation, ˉ 
and K would be indistinguishable

üWhence mass?
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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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ü²Ƙŀǘ ŀǊŜ ǘƘŜ ŀǎȅƳǇǘƻǘƛŎ ŘŜǘŜŎǘŀōƭŜ ŘŜƎǊŜŜǎπƻŦπŦǊŜŜŘƻƳΚ

üIƻǿ ŀǊŜ ǘƘŜȅ ōǳƛƭǘ ŦǊƻƳ ǘƘŜ [ŀƎǊŀƴƎƛŀƴ ŘŜƎǊŜŜǎπƻŦπŦǊŜŜŘƻƳΚ 

üLǎ v/5 ǊŜŀƭƭȅ ǘƘŜ ǘƘŜƻǊȅ ƻŦ ǎǘǊƻƴƎ ƛƴǘŜǊŀŎǘƛƻƴǎΚ

üLǎ v/5 ǊŜŀƭƭȅ ŀ ǘƘŜƻǊȅΚ ᵼLƳǇƭƛŎŀǘƛƻƴǎ ŦŀǊ ōŜȅƻƴŘ {ǘŀƴŘŀǊŘ aƻŘŜƭ
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Modern Understanding

Grew Slowly from AncientOrigins

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

пπƎƭǳƻƴ ǾŜǊǘŜȄ

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?
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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 

ρ

ά
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ᵺ
²ƘŀǘΩǎ ƘŀǇǇŜƴƛƴƎ 
out here?!
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This is where we live



Process independent 

effective charge = running coupling

üaƻŘŜǊƴ ǘƘŜƻǊȅ ŜƴŀōƭŜǎ 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

ςάLƴŦǊŀǊŜŘ {ƭŀǾŜǊȅέ ǇƛŎǘǳǊŜ ςƭƛƴŜŀǊ ǇƻǘŜƴǘƛŀƭ ςƛǎ ƴƻǘ 
ŎƻǊǊŜŎǘ ŜȄǇƭŀƴŀǘƛƻƴ ƻŦ ŎƻƴŦƛƴŜƳŜƴǘ

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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The QCD Running Coupling, 
A. Deur, S. J. Brodsky and G. F. de Teramond, Prog. Part. Nucl. Phys. 90 (2016) 1-74

Process independent strong running coupling
Daniele Binosiet al., arXiv:1612.04835 [nucl-th], Phys. Rev. D 96 (2017) 054026/1-7

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

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

http://inspirehep.net/record/1504060?ln=en
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!ōǎŜƴǘ IƛƎƎǎ ōƻǎƻƴ ŎƻǳǇƭƛƴƎǎΣ ǘƘŜ [ŀƎǊŀƴƎƛŀƴ ƻŦ v/5 ƛǎ ǎŎŀƭŜ ƛƴǾŀǊƛŀƴǘ

ü¸Ŝǘ Χ 

ςaŀǎǎƭŜǎǎ Ǝƭǳƻƴǎ ōŜŎƻƳŜ ƳŀǎǎƛǾŜ

ς! ƳƻƳŜƴǘǳƳπŘŜǇŜƴŘŜƴǘ ǎŎŀƭŜπŜȄǇǊŜǎǎƛƴƎ 
ŎƘŀǊƎŜ ƛǎ ǇǊƻŘǳŎŜŘ

ςaŀǎǎƭŜǎǎ ǉǳŀǊƪǎ ōŜŎƻƳŜ ƳŀǎǎƛǾŜ

ü9Ia ƛǎ ŜȄǇǊŜǎǎŜŘ ƛƴ 
9±9w¸ ǎǘǊƻƴƎ ƛƴǘŜǊŀŎǘƛƻƴ ƻōǎŜǊǾŀōƭŜ

ü/ƘŀƭƭŜƴƎŜ ǘƻ ¢ƘŜƻǊȅ Ґ 
9ƭǳŎƛŘŀǘŜ ŀƭƭ ƻōǎŜǊǾŀōƭŜ ŎƻƴǎŜǉǳŜƴŎŜǎ ƻŦ ǘƘŜǎŜ ǇƘŜƴƻƳŜƴŀ 
ŀƴŘ ƘƛƎƘƭƛƎƘǘ ǘƘŜ ǇŀǘƘǎ ǘƻ ƳŜŀǎǳǊƛƴƎ ǘƘŜƳ

ü/ƘŀƭƭŜƴƎŜ ǘƻ 9ȄǇŜǊƛƳŜƴǘ Ґ 
¢Ŝǎǘ ǘƘŜ ǘƘŜƻǊȅ ǇǊŜŘƛŎǘƛƻƴǎ ǎƻ ǘƘŀǘ 
ǘƘŜ ōƻǳƴŘŀǊƛŜǎ ƻŦ ǘƘŜ {ǘŀƴŘŀǊŘ aƻŘŜƭ Ŏŀƴ Ŧƛƴŀƭƭȅ ōŜ ŘǊŀǿƴ

фǘƘ LƴǘŜǊƴΦ /ƻƴŦΦ ƻƴ vǳŀǊƪǎ ŀƴŘ bǳŎƭŜŀǊ tƘȅǎƛŎǎ όvbtнлннύ нлннκлфκлрπлф  όомύ
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QCD Fact Pion (Nambu-Goldstone modes) and mass

üIƛƎƎǎ ōƻǎƻƴ ŎƻǳǇƭƛƴƎǎ Ҧ л 

ü Pion exists and is massless

ü Pion Bethe-Salpeter amplitude

Pion wave function quark mass function

üThis identity is the most basic expression of the Nambu-
Goldstone Theorem in the Standard Model
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EHM demands equivalence between
one-body mass and two-body correlation strength
ƛƴ bŀǘǳǊŜΩǎ Ƴƻǎǘ ŦǳƴŘŀƳŜƴǘŀƭ Nambu-Goldstone bosons



QCD Fact Pion (Nambu-Goldstone modes) and mass

üIƛƎƎǎ ōƻǎƻƴ ŎƻǳǇƭƛƴƎǎ Ҧ л 

ü Pion exists and is massless

ü Pion Bethe-Salpeter amplitude

Pion wave function quark mass function

üEntails, enigmatically, properties of the nearly massless pion 
are the cleanest expression of EHM in the Standard Model !
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9Ia ŘŜƳŀƴŘǎ ŜǉǳƛǾŀƭŜƴŎŜ ōŜǘǿŜŜƴ
ƻƴŜπōƻŘȅ Ƴŀǎǎ ŀƴŘ ǘǿƻπōƻŘȅ ŎƻǊǊŜƭŀǘƛƻƴ ǎǘǊŜƴƎǘƘ
ƛƴ bŀǘǳǊŜΩǎ Ƴƻǎǘ ŦǳƴŘŀƳŜƴǘŀƭ bŀƳōǳπDƻƭŘǎǘƻƴŜ ōƻǎƻƴǎ
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In QCD, so is the absence of mass



EHM at
Existing and Future Facilities
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Baryon Structure and QCD
R.T. Cahill, C. D. Roberts, J. Praschifka
Austral. J. Phys. 42 (1989) 129-145 



Structure of Baryons

ütƻƛƴŎŀǊŞŎƻǾŀǊƛŀƴǘ CŀŘŘŜŜǾŜǉǳŀǘƛƻƴǎǳƳǎ ŀƭƭ ǇƻǎǎƛōƭŜ ŜȄŎƘŀƴƎŜǎ ŀƴŘ ƛƴǘŜǊŀŎǘƛƻƴǎ ǘƘŀǘ Ŏŀƴ 
ǘŀƪŜ ǇƭŀŎŜ ōŜǘǿŜŜƴ ǘƘǊŜŜ ŘǊŜǎǎŜŘπǉǳŀǊƪǎ

ü5ƛǊŜŎǘ ǎƻƭǳǘƛƻƴ ƻŦ CŀŘŘŜŜǾŜǉǳŀǘƛƻƴ ǳǎƛƴƎ ǊŀƛƴōƻǿπƭŀŘŘŜǊ ǘǊǳƴŎŀǘƛƻƴ ƛǎ ƴƻǿ ǇƻǎǎƛōƭŜΣ ōǳǘ 
ƴǳƳŜǊƛŎŀƭ ŎƘŀƭƭŜƴƎŜǎ ǊŜƳŀƛƴ
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Structure of Baryons

ü Poincarécovariant Faddeevequationsums all possible exchanges and interactions that can 
take place between three dressed-quarks

ü Direct solution of Faddeevequation using rainbow-ladder truncation is now possible, but 
numerical challenges remain

ü For many/most applications, diquark approximation to quark+quarkscattering kernel is used

ü Prediction: owing to EHM phenomena, strong diquark correlations exist within baryons

ςǇǊƻǘƻƴ ŀƴŘ ƴŜǳǘǊƻƴ Χ ōƻǘƘ ǎŎŀƭŀǊ ŀƴŘ ŀȄƛŀƭ-vector diquarks are present
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V CSM prediction = 
presence of 
axialvector(AV) 
diquark correlation in 
the proton

V AV Responsible for 
τπϷof proton charge



Diquarks & Deep Inelastic Scattering
ü The ratio of neutron and proton structure functions at 

large ὼis keen discriminator between competing 
pictures of proton structure

ü Example: 

ςOnly scalar diquark in the proton (no axial-vector): 

ÌÉÍ
ᴼ

ςNo correlations in the proton wave function (SU(4) 

spin-flavour)  ÌÉÍ
ᴼ

ü Experiments have been trying to deliver reliable data 
on this ratio for fifty years!

üMARATHON ςa more-than ten-year effort, using a 
tritium target at JLab, has delivered precise results
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D. Abrams, et al., Measurement of the Nucleon Fn2/Fp2Structure 
Function Ratio by the Jefferson Lab MARATHON Tritium/Helium-3 Deep 
ϥnelastic Scattering Experiment ɀarXiv:2104.05850 [hep-ex], 
Phys. Rev. Lett. (2022) in press. 

π ƻƴƭȅ



MARATHON EXPERIMENT

- Schlessinger point method
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Valence quark ratio in the proton, Zhu-Fang Cui ( ), Fei Gao (
), Daniele Binosi, Lei Chang ( ), C. D. Roberts and S. M. Schmidt, 

NJU-INP 049/21, e-print: 2108.11493 [hep -ph], Chin. Phys. Lett. 
Express39 (04) (2022) 041401/1-5: Express Letter

ü Delivers model-independent prediction for all 
ratios

ςNo reference to models or physics theories

ü Provides benchmark against which all pictures 
of nucleon structure can be measured

ü Probability that scalar diquark only models of 
nucleon might be consistent with available 
data is 1/7,000,000

übŜǿ ƳŀǘƘŜƳŀǘƛŎŀƭ ƳŜǘƘƻŘ ŦƻǊ ƛƴǘŜǊǇƻƭŀǘƛƻƴ 
ŀƴŘ ŜȄǘǊŀǇƻƭŀǘƛƻƴ ƻŦ Řŀǘŀ

ςōŀǎŜŘ ƻƴ ŎƻƴǘƛƴǳŜŘπŦǊŀŎǘƛƻƴ ǊŜǇǊŜǎŜƴǘŀǘƛƻƴ 
ƻŦ ŦǳƴŎǘƛƻƴǎΣ ŀǳƎƳŜƴǘŜŘ ōȅ ǎǘŀǘƛǎǘƛŎŀƭ 
ǎŀƳǇƭƛƴƎ

https://www.google.com/url?q=https%3A%2F%2Finspirehep.net%2Fliterature%2F1912339&sa=D&sntz=1&usg=AOvVaw1rCIDDCEIyn_tYY0PdL5w9
https://www.google.com/url?q=https%3A%2F%2Fiopscience.iop.org%2Fjournal%2F0256-307X%2Fpage%2FExpress_Letters&sa=D&sntz=1&usg=AOvVaw1wr4Zzihwh798kH9caBrrC


Electroexcitation of 

baryon resonances
üThe ground state proton is not enough

üGround state of the hydrogen atom did not give us QED

ü Studies of the proton alone cannot reveal all the 
wonders of QCD, if QCD is truly the theory of strong 
interactions in the Standard Model

üModern and planned high-luminosity facilities provide 
unprecedented opportunities to move beyond the 100-
year focus on the structure of just one (or two = 
neutron) hadron(s)

üLƴǎƛƎƘǘǎ ƛƴǘƻ ǘƘŜ Ŧǳƭƭ ŀǊǊŀȅ ƻŦ bŀǘǳǊŜΩǎ ƘŀŘǊƻƴǎ ǿƛƭƭ 
greatly enrich our store of knowledge!

ü Poincaré-covariant Faddeev equation is shedding new 
light on the structure of ALL baryons
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Exposing orbital angular momentum structure of, 

e.g., ɝρχππΧ ǇǊƻǾƛŘƛƴƎ ƳƻǘƛǾŀǘƛƻƴ ŀƴŘ ǎǳǇǇƻǊǘ 

for extensive baryon resonance programmeat JLab

Wave functions of (I, JP) = (1/2,3/2 )ᴜ baryons
Langtian Liu ( ), Chen Chen ( ) and Craig D. Roberts, NJU-INP 064/22 , e-Print: 2208.12353 [hep -ph ]

Roper resonance: Toward a solution to the fifty-year puzzle, 
Volker D. Burkert and Craig D. Roberts, Rev. Mod. Phys. 91 (2019) 011003/1-18 

https://www.google.com/url?q=https%3A%2F%2Finp.nju.edu.cn%2FPublications%2FBytime%2F20220829%2Fi226788.html&sa=D&sntz=1&usg=AOvVaw04E2xJ4CaTkxRJl_V9dxii
https://www.google.com/url?q=https%3A%2F%2Finspirehep.net%2Fliterature%2F2142281&sa=D&sntz=1&usg=AOvVaw3F1lyMGytTnbhpQQC35bBw
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Proton and pion distribution functions in counterpoint

ü Today, despite enormous expense of time and 
effort, much must still be learnt before proton 
and pion structure may be considered 
understood in terms of DFs

ü Most simply, what are the differences, if any, 
between the distributions of partonswithin 
the proton and the pion?

ü The question of similarity/difference between 
proton and pion DFs has particular resonance 
today as science seeks to explain EHM

ü How are obvious macroscopic differences 
between protons and pionsexpressed in the 
structural features of these two bound-states? 

фǘƘ LƴǘŜǊƴΦ /ƻƴŦΦ ƻƴ vǳŀǊƪǎ ŀƴŘ bǳŎƭŜŀǊ tƘȅǎƛŎǎ όvbtнлннύ нлннκлфκлрπлф  όомύ
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Proton and pion distribution functions in counterpoint

ü±ŀƭŜƴŎŜπǉǳŀǊƪ ŘƻƳŀƛƴΥ ǘƘŜǊŜ ƛǎ ŀ ǎŎŀƭŜ ‒ ά ŀǘ ǿƘƛŎƘ

ü‒ ά Υ ǾŀƭΦ ᶿ ρ ὼ ȟΣ ‍ σ ‎Σ ‍ ς ‎

ςDƭǳƻƴ 5CǎΥ ‍ȟ ‍ȟ ρ

ς{Ŝŀ 5CǎΥ ‍ȟ ‍ȟ ς
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V These are simple consequences of DGLAP equations.  

V Argument can be reversed: 

if large-x glue or sea DF exponent is smaller than 
that of valence DF at any given scale, then it is 
smaller at all lower scales.

V DF with lowest exponent 
defines the valence degree-of-freedom.

V Proton is supposed to be a stable bound-state of 
three valence-quarks

Yet, modern global analyses of proton DIS and 
related  data encompass fits with role of glue and 
valence-quarks reversed! 

Proton has valence glue but no valence quarks!

ü Further, no simultaneous global fits to 
proton and pion data have ever been 
performed
ςLargely because pion data are scarce

ü Existing approaches are unlikely to yield 
definitive answers because practitioners 
typically ignore QCD constraints

Proton and pion distribution functions in counterpoint, YaLu ( ) et al., 
NJU-INP 056/22, e-Print: 2203.00753 [hep-ph], Phys. Lett. B 830 (2022) 137130



Proton and pion distribution functions in counterpoint
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ü‒ ά Υ ǾŀƭΦ ᶿ ρ ὼ ȟΣ ‍ σ ‎Σ ‍ ς ‎

ςDƭǳƻƴ 5CǎΥ ‍ȟ ‍ȟ ρ

ς{Ŝŀ 5CǎΥ ‍ȟ ‍ȟ ς
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ü Further, no simultaneous global fits to 
proton and pion data have ever been 
performed
ςLargely because pion data are scarce

ü Existing approaches are unlikely to yield 
definitive answers because practitioners 
typically ignore QCD constraints

V These are simple consequence of DGLAP equations.  

CT18: large-Ȅ ǇƻǿŜǊ ƻŦ ƎƭǳŜ ŘƛǎǘǊƛōǳǘƛƻƴ ŀǘ ǘƘŜ ǎŎŀƭŜ ʸ Ґ 
masscharm is (almost) identical to that of valence-quarks.  

With this behavior, proton has valence-gluon 
degrees of freedom at all scales.  That would make 
the proton a hybrid baryon, which it is not.

CT18Z: large-x power of glue distribution is a2=1.87, 
whereas that on the valence quarks is a2=3.15, 

i.eΦΣ ŀǘ ʸ Ґ masscharmvalence-quarks are subleading
degrees-of-freedom.  Instead, gluons dominate on 
what is typically called the valence-quark domain.

Proton and pion distribution functions in counterpoint, YaLu ( ) et al., 
NJU-INP 056/22, e-Print: 2203.00753 [hep-ph], Phys. Lett. B 830 (2022) 137130



Proton and pion distribution functions in counterpoint

ü{ȅƳƳŜǘǊȅπǇǊŜǎŜǊǾƛƴƎ ŀƴŀƭȅǎŜǎ ǳǎƛƴƎ ŎƻƴǘƛƴǳǳƳ {ŎƘǿƛƴƎŜǊ 
ŦǳƴŎǘƛƻƴ ƳŜǘƘƻŘǎ ό/{aǎύ ŘŜƭƛǾŜǊ ƘŀŘǊƻƴ ǎŎŀƭŜ 5Cǎ ǘƘŀǘ 
ŀƎǊŜŜ ǿƛǘƘ v/5 ŎƻƴǎǘǊŀƛƴǘǎ

ü±ŀƭŜƴŎŜπǉǳŀǊƪ ŘŜƎǊŜŜǎπƻŦπŦǊŜŜŘƻƳ ŎŀǊǊȅ ŀƭƭ ƘŀŘǊƻƴΩǎ 
ƳƻƳŜƴǘǳƳ ŀǘ ‒Υ

ü5ƛǉǳŀǊƪ ŎƻǊǊŜƭŀǘƛƻƴǎ ƛƴ ǇǊƻǘƻƴΣ ƛƴŘǳŎŜŘ ōȅ 9Ia

ᵼό ὼ ςὨ ὼ

ütǊƻǘƻƴ ŀƴŘ Ǉƛƻƴ ǾŀƭŜƴŎŜπǉǳŀǊƪ 5Cǎ ƘŀǾŜ ƳŀǊƪŜŘƭȅ 
ŘƛŦŦŜǊŜƴǘ ōŜƘŀǾƛƻǳǊ

ɀό ὼȠ‒ ƛǎ bŀǘǳǊŜΩǎ Ƴƻǎǘ ŘƛƭŀǘŜŘ 5C

ƛΦάhōǾƛƻǳǎέ ōŜŎŀǳǎŜ ρ ὼ ǾǎΦ ρ ὼ ōŜƘŀǾƛƻǳǊ
ϧ ǇǊŜǎŜǊǾŀǘƛƻƴ ƻŦ ǘƘƛǎ ǳƴƛǘ ŘƛŦŦŜǊŜƴŎŜ ǳƴŘŜǊ ŜǾƻƭǳǘƛƻƴ

ƛƛΦ!ƭǎƻ άƘƛŘŘŜƴέ Ґ ǎǘǊƻƴƎ 9IaπƛƴŘǳŎŜŘ ōǊƻŀŘŜƴƛƴƎ

фǘƘ LƴǘŜǊƴΦ /ƻƴŦΦ ƻƴ vǳŀǊƪǎ ŀƴŘ bǳŎƭŜŀǊ tƘȅǎƛŎǎ όvbtнлннύ нлннκлфκлрπлф  όомύ
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u in proton
d in proton
u in pion

Proton and pion distribution functions in counterpoint, YaLu ( ) et al., 
NJU-INP 056/22, e-Print: 2203.00753 [hep-ph], Phys. Lett. B 830 (2022) 137130

dilation

dilation



Proton and pion distribution functions in counterpoint

ðglue and sea

ü/{a ǇǊŜŘƛŎǘƛƻƴ ŦƻǊ ƎƭǳŜπƛƴπǇƛƻƴ 5C ŎƻƴŦƛǊƳŜŘ ōȅ ǊŜŎŜƴǘ ƭv/5
ǎƛƳǳƭŀǘƛƻƴ 

ώwŜƎŀǊŘƛƴƎ ǘƘŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƻŦ ƎƭǳŜ ƛƴ ǘƘŜ ǇƛƻƴΣ [Ŝƛ /ƘŀƴƎ όύ ŀƴŘ /ǊŀƛƎ 5 wƻōŜǊǘǎΣ ŜπtǊƛƴǘΥ 
нмлсΦлупрм ώƘŜǇπǇƘϐΣ /ƘƛƴΦ tƘȅǎΦ [ŜǘǘΦ оу όуύ όнлнмύ луммлмκмπсϐ

üDƭǳŜπƛƴπ̄  5C ǇƻǎǎŜǎǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƳƻǊŜ ǎǳǇǇƻǊǘ ƻƴ ǘƘŜ ǾŀƭŜƴŎŜ 
ŘƻƳŀƛƴ ὼ πȢςǘƘŀƴ ǘƘŜ ƎƭǳŜπƛƴπǇ 5C 

ü{Ŝŀπƛƴπ̄  5C ǇƻǎǎŜǎǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƳƻǊŜ ǎǳǇǇƻǊǘ ƻƴ ǘƘŜ ǾŀƭŜƴŎŜ 
ŘƻƳŀƛƴ ǘƘŀƴ ǎŜŀπƛƴπǇ 5CǎΦ

üǎŀƴŘ ŎǎŜŀ 5Cǎ ŀǊŜ ŎƻƳƳŜƴǎǳǊŀǘŜ ƛƴ ǎƛȊŜ ǿƛǘƘ ǘƘƻǎŜ ƻŦ ǘƘŜ ƭƛƎƘǘπ
ǉǳŀǊƪ ǎŜŀ 5Cǎ

üCƻǊ ǎπŀƴŘ ŎπǉǳŀǊƪǎΣ ǘƻƻΣ ǘƘŜ Ǉƛƻƴ 5Cǎ ǇƻǎǎŜǎǎ ǎƛƎƴƛŦƛŎŀƴǘƭȅ ƎǊŜŀǘŜǊ 
ǎǳǇǇƻǊǘ ƻƴ ǘƘŜ ǾŀƭŜƴŎŜ ŘƻƳŀƛƴ ǘƘŀƴ ǘƘŜ ƪƛƴŘǊŜŘ ǇǊƻǘƻƴ 5CǎΦ 

ü¢ƘŜǎŜ ƻǳǘŎƻƳŜǎ ŀǊŜ ƳŜŀǎǳǊŀōƭŜ ŜȄǇǊŜǎǎƛƻƴǎ ƻŦ 9Ia

9th Intern. Conf. on Quarks and Nuclear Physics (QNP2022) 2022/09/05-09  (31)

Craig Roberts: cdroberts@nju.edu.cn  414 "Emergence of Hadron Mass and Structure"

27



Proton and pion distribution functions in counterpoint

ü CSMs have delivered 1st ever unified body of predictions for all proton and pion DFs 
ςvalence, glue, and four-flavour-separated sea. 

üWithin mesons & baryons that share familial flavourstructure, light-front momentum 
fractions carried by identifiable, distinct parton classes are identical at any scale. 

üOn the other hand, x-dependence of DFs is strongly hadron dependent

Smoking gun for EHM

ς!ǘ ŀƴȅ ǊŜǎƻƭǾƛƴƎ ǎŎŀƭŜΣ ʸΣ ǘƘƻǎŜ ƛƴ ǘƘŜ Ǉƛƻƴ ŀǊŜ ǘƘŜ ƘŀǊŘŜǎǘ όƳƻǎǘ ŘƛƭŀǘŜŘύΦ 

ü All CSM DFs comply with QCD constraints on endpoint (low- and high-x) scaling behaviour. 

ü However, existing global fits ignore QCD constraints, so:

ςFail to deliver realistic DFs, even from abundant proton data

ςMeson data almost nonexistent and controversial results from fits

üOnly after imposing QCD constraints on future phenomenological data fits will it be possible 
to draw reliable pictures of hadron structure. 

ü Especially important for attempts to expose and understand differences between Nambu-
Goldstone bosons and seemingly less complex hadrons. 
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Many, Many Other Expressions of EHM

ü EHM ᵼ formation of nonpointlike diquark correlations within baryons

ςAll baryons, including those with one or more heavy quarks

ü Proton possess π isoscalar& ρ isovectorcorrelations

ςMarathon data  ᵼProbability that proton contains 

scalar-diquark-only = 
ȟ ȟ

ü Nucleon resonances 
Ŏƻƴǘŀƛƴ ƳƻǊŜ ŎƻǊǊŜƭŀǘƛƻƴǎ Χ π isoscalar, ρ isoscalar & ρ isovector

ü Nucleon-elastic & nucleon-to-resonance transition form factors can test these and other 
structural predictions

ü Electroweak transitions: heavy+lightsystems (Higgs boson dominant mass mechanism) to 
light (lighter) final states (in which EHM dominates) ςƛƴǘŜǊŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ bŀǘǳǊŜΩǎ ǘǿƻ 
mass-generating mechanisms

üProgress demands Synergy between Experiment + Phenomenology + Theory
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Emergent Hadron Mass

üv/5 ƛǎ ǳƴƛǉǳŜ ŀƳƻƴƎǎǘ ƪƴƻǿƴ ŦǳƴŘŀƳŜƴǘŀƭ ǘƘŜƻǊƛŜǎ ƻŦ ƴŀǘǳǊŀƭ ǇƘŜƴƻƳŜƴŀ

ς¢ƘŜ ŘŜƎǊŜŜǎπƻŦπŦǊŜŜŘƻƳ ǳǎŜŘ ǘƻ ŜȄǇǊŜǎǎ ǘƘŜ ǎŎŀƭŜπŦǊŜŜ [ŀƎǊŀƴƎƛŀƴ ŀǊŜ ƴƻǘ ŘƛǊŜŎǘƭȅ ƻōǎŜǊǾŀōƭŜ

ςaŀǎǎƭŜǎǎ ƎŀǳƎŜ ōƻǎƻƴǎ ōŜŎƻƳŜ ƳŀǎǎƛǾŜΣ ǿƛǘƘ ƴƻ άƘǳƳŀƴέ ƛƴǘŜǊŦŜǊŜƴŎŜ

ςDƭǳƻƴ Ƴŀǎǎ ŜƴǎǳǊŜǎ ŀ ǎǘŀōƭŜΣ ƛƴŦǊŀǊŜŘ ŎƻƳǇƭŜǘƛƻƴ ƻŦ ǘƘŜ ǘƘŜƻǊȅ ǘƘǊƻǳƎƘ ǘƘŜ ŀǇǇŜŀǊŀƴŎŜ ƻŦ ŀ 
ǊǳƴƴƛƴƎ ŎƻǳǇƭƛƴƎ ǘƘŀǘ ǎŀǘǳǊŀǘŜǎ ŀǘ ƛƴŦǊŀǊŜŘ ƳƻƳŜƴǘŀΣ ōŜƛƴƎ ŜǾŜǊȅǿƘŜǊŜ ŦƛƴƛǘŜ

ςaŀǎǎƭŜǎǎ ŦŜǊƳƛƻƴǎ ōŜŎƻƳŜ ƳŀǎǎƛǾŜΣ ǇǊƻŘǳŎƛƴƎ

ωaŀǎǎƛǾŜ ōŀǊȅƻƴǎ ŀƴŘ ǎƛƳǳƭǘŀƴŜƻǳǎƭȅ aŀǎǎƭŜǎǎ ƳŜǎƻƴǎ

ü¢ƘŜǎŜ ŜƳŜǊƎŜƴǘ ŦŜŀǘǳǊŜǎ ƻŦ v/5 ŀǊŜ ŜȄǇǊŜǎǎŜŘ ƛƴ ŜǾŜǊȅ ǎǘǊƻƴƎ ƛƴǘŜǊŀŎǘƛƻƴ ƻōǎŜǊǾŀōƭŜ 

ü¢ƘŜȅ Ŏŀƴ ŀƭǎƻ ōŜ ǊŜǾŜŀƭŜŘ Ǿƛŀ 

9Ia ƛƴǘŜǊŦŜǊŜƴŎŜ ǿƛǘƘ bŀǘǳǊŜΩǎ ƻǘƘŜǊ ƪƴƻǿƴ ǎƻǳǊŎŜ ƻŦ Ƴŀǎǎ Ґ IƛƎƎǎ

ü²Ŝ ŀǊŜ ŎŀǇŀōƭŜ ƻŦ ōǳƛƭŘƛƴƎ ŦŀŎƛƭƛǘƛŜǎ ǘƘŀǘ Ŏŀƴ ǾŀƭƛŘŀǘŜ ǘƘŜǎŜ ŎƻƴŎŜǇǘǎΣ ǇǊƻǾƛƴƎ v/5 ǘƻ ōŜ 

ǘƘŜ мǎǘǿŜƭƭπŘŜŦƛƴŜŘ ŦƻǳǊπŘƛƳŜƴǎƛƻƴŀƭ ǉǳŀƴǘǳƳ ŦƛŜƭŘ ǘƘŜƻǊȅ ŜǾŜǊ ŎƻƴǘŜƳǇƭŀǘŜŘ

ü¢Ƙƛǎ Ƴŀȅ ƻǇŜƴ ŘƻƻǊǎ ǘƘŀǘ ƭŜŀŘ ŦŀǊ ōŜȅƻƴŘ ǘƘŜ {ǘŀƴŘŀǊŘ aƻŘŜƭ
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