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Basic Questions in Nature é

é that physics might answer in the foreseeable future

üWhat is the origin of the nuclear-physics mass scale 

ά proton mass 

that characterises all visible matter?

üWhatever it is, why is the pion seemingly oblivious?

üHow is this phenomenon expressed in measurable quantities?

VThe expressions are (almost) certainly system specific!
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Mass emerged ρ‘ί
after the Big Bang

Its appearance was 
crucial to the formation 
of the Universe as we 
know it



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 

.                    XVI QCHSC, Cairns - 24/08/19-24                                                           (40)

Craig Roberts: cdroberts@nju.edu.cn  454 .. 24/08/23 ..."Hadron Structure: Perspective and Insights"

5

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?



Emergence of Hadron Mass - Basic Questions

ü What is the origin of EHM?  

ü Does it lie within QCD?

ü²Ƙŀǘ ŀǊŜ 9IaΩǎ 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 EHM expressions in 
observable properties of hadrons?

ςWithout Higgs mechanism of mass 
generation, ̄  and K would be 
indistinguishable

üWhat and wherefrom is mass?
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Proton and ”-meson mass budgets are practically identical 

“- and ὑ-meson mass budgets 
are completely different from those of proton and ”

Decompositions are
V gauge invariant
V Poincaré invariant 
V scale invariant



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
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Modern Understanding

Grew Slowly from AncientOrigins

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



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

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.
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ᵺ
²ƘŀǘΩǎ ƘŀǇǇŜƴƛƴƎ 
out here?!
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Asymptotic Freedom
Interaction becomes weaker 
as energy grows
(as charges get closer together)
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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

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


Process independent 

effective charge = running coupling
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EHM Basics
ü Absent Higgs boson couplings, QCD Lagrangian is scale invariant

ü¸Ŝǘ Χ 

ςMassless gluons become massive

ςA momentum-dependent charge is produced

ςMassless quarks become massive

ü EHM is expressed in 
EVERY strong interaction observable

ü Challenge to Theory = 

Elucidate all observable consequences of these phenomena 
and highlight the paths to measuring them

ü Challenge to Experiment = 

Test the theory predictions so that 
the boundaries of the Standard Model can finally be drawn

.                    XVI QCHSC, Cairns - 24/08/19-24                                                           (40)

Craig Roberts: cdroberts@nju.edu.cn  454 .. 24/08/23 ..."Hadron Structure: Perspective and Insights"

15

Three 
pillars 
of EHM

Vσ ὓπǎŜǘǎ ǘƘŜ ǎŎŀƭŜ ƻŦ 
ǘƘŜ ǇǊƻǘƻƴ ƳŀǎǎΦ  
VaŜǎƻƴπƭƻƻǇǎ ǇǊƻǾƛŘŜ ςπ҈ 
ǉǳŀƴǘǳƳ ŎƻǊǊŜŎǘƛƻƴǎ



/ƘŀǊǘƛƴƎ 9Ia ǳǎƛƴƎ
IƛƎƘ LƴǘŜƴǎƛǘȅΣ IƛƎƘ [ǳƳƛƴƻǎƛǘȅ CŀŎƛƭƛǘƛŜǎ
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Φ                    ·±L v/I{/Σ /ŀƛǊƴǎ πнпκлуκмфπнп                                                           όплύ

/ǊŀƛƎ wƻōŜǊǘǎΥ ŎŘǊƻōŜǊǘǎϪƴƧǳΦŜŘǳΦŎƴ  прп ΦΦ нпκлуκно ΦΦΦϦIŀŘǊƻƴ {ǘǊǳŎǘǳǊŜΥ tŜǊǎǇŜŎǘƛǾŜ ŀƴŘ LƴǎƛƎƘǘǎϦ
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bǳŎƭŜƻƴ Ƴŀǎǎ ŦǊƻƳ ŀ ŎƻǾŀǊƛŀƴǘ ǘƘǊŜŜπǉǳŀǊƪ CŀŘŘŜŜǾ Ŝǉǳŀǘƛƻƴ
DΦ 9ƛŎƘƳŀƴƴ Ŝǘ ŀƭΦΣ tƘȅǎΦ wŜǾΦ [ŜǘǘΦ млп όнлмлύ нлмслм 
bǳŎƭŜƻƴ ŎƘŀǊƎŜ ŀƴŘ ƳŀƎƴŜǘƛǎŀǘƛƻƴ ŘƛǎǘǊƛōǳǘƛƻƴǎΥ ŦƭŀǾƻǳǊ ǎŜǇŀǊŀǘƛƻƴ ŀƴŘ ȊŜǊƻŜǎΣ
½Ƙŀƻπvƛŀƴ ¸ŀƻ Ŝǘ ŀƭΦΣŜπtǊƛƴǘΥ нплоΦлулуу ώƘŜǇπǇƘϐ

https://inspirehep.net/literature/2768352


Nucleon charge and magnetisationdistributions: 

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

ςGap equation + Bethe-Salpeter Equation + 3-body Faddeev
Equation 

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

ü Verification within JLabreach 
Nucleon charge and magnetisation distributions: flavour separation and zeroes,
Zhao-Qian Yao et al., e-Print: 2403.08088 [hep-ph]
Onset of scaling violation in pion and kaon elastic electromagnetic form factors,
Zhao-Qian Yao ( Ɫ׳) et al., e-Print: 2405.04681 [hep-ph], Phys. Lett. B 855 (2024) 138823/1-7

Prediction underestimates
Ὃ ὗ by 20%

https://inspirehep.net/literature/2768352
https://inspirehep.net/literature/2784400
https://doi.org/10.1016/j.physletb.2024.138823


Structure of Baryons

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

ü9ǾƛŘŜƴǘƭȅΣ ŘƛǊŜŎǘ ǎƻƭǳǘƛƻƴ ƻŦ CŀŘŘŜŜǾŜǉǳŀǘƛƻƴ ǳǎƛƴƎ ǊŀƛƴōƻǿπƭŀŘŘŜǊ ǘǊǳƴŎŀǘƛƻƴ ƛǎ ƴƻǿ 
ǇƻǎǎƛōƭŜ Χ ǊŜƳŀƛƴǎ ŀ ŎƘŀƭƭŜƴƎƛƴƎ ƴǳƳŜǊƛŎŀƭ ǇǊƻōƭŜƳ
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Structure of Baryons

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

ü Evidently, direct solution of Faddeevequation using rainbow-ladder truncation is now 
ǇƻǎǎƛōƭŜ Χ ǊŜƳŀƛƴǎ ŀ ŎƘŀƭƭŜƴƎƛƴƎ ƴǳƳŜǊƛŎŀƭ ǇǊƻōƭŜƳ

ü For many applications, diquark approximation to quark + quark scattering 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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нм

V CSM prediction = 
presence of 
axialvector(AV) 
diquark correlation in 
the proton

V AV Responsible for 
τπϷof proton charge

Solution delivers 
Poincaré-covariant 
proton wave function



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 applications, diquark approximation to quark+quarkscattering kernel is used

ü Prediction: owing to EHM: 

ü proton wave function is not just S-wave, but contains strong P-wave contributions

baryon wave functions 

necessarily contain 

orbital angular momentum
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V/{a ǇǊŜŘƛŎǘƛƻƴ Ґ ŎŀƴƻƴƛŎŀƭ 
ƴƻǊƳŀƭƛȊŀǘƛƻƴ ŘƻƳƛƴŀǘŜŘ ōȅ 
ὛṧὛΣ ōǳǘ ǊŜŎŜƛǾŜǎ ƭŀǊƎŜ 
ὛṧὖŀƴŘ ὖṧὖ
ŎƻƴǘǊƛōǳǘƛƻƴǎ

VbƻƴπὛṧὛƳŀƪŜπǳǇ сπϷƻŦ 
ǇǊƻǘƻƴ ŎƘŀǊƎŜ

Solution delivers 
Poincaré-covariant 
proton wave function



Baryon Structure

ü Poincaré covariance ᵼ irrespective of quark model assignments ὲ Љ,

every hadron contains orbital angular momentum, e.g.,
ɀ“contains two S-wave components and two P-wave components
ςFew systems are simply radial excitations of another

ü No separation of ὐinto ὒ Ὓis Poincaré invariant
ςConsequently, e.g., negative parity states are not simply orbital angular momentum 

excitations of positive parity ground states 

ü In quantum field theory, there is no direct connection between parity and orbital angular 
momentum
ςParity is a Poincaré invariant quantum number
ɀὒƛǎ ƴƻǘ tƻƛƴŎŀǊŞ ƛƴǾŀǊƛŀƴǘ Ґ ǾŀƭǳŜ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ƻōǎŜǊǾŜǊΩǎ ŦǊŀƳŜ ƻŦ ǊŜŦŜǊŜƴŎŜ

üQCD structure of hadrons ςmesons and baryons ςis far richer than can be produced by 
quark models, relativized or not
VBaryons are the most fundamental three-body systems in Nature
VLŦ ǿŜ ŘƻƴΩǘ ǳƴŘŜǊǎǘŀƴŘ Ƙƻǿ v/5Σ ŀ Poincaré-invariant quantum field theory, builds each 

of the baryons in the complete spectrum, then we don't understand Nature. 
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Composition of low-lying J=-baryons

ütƻƛƴŎŀǊŞπŎƻǾŀǊƛŀƴǘ ǉǳŀǊƪҌŘƛǉǳŀǊƪCŀŘŘŜŜǾŜǉǳŀǘƛƻƴ 

ᵼƛƴǎƛƎƘǘǎ ƛƴǘƻ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ŦƻǳǊ ƭƛƎƘǘŜǎǘ Ὅȟὐ ȟ ōŀǊȅƻƴ ƳǳƭǘƛǇƭŜǘǎΦ  

ütǊŜŘƛŎǘƛƻƴΥ ²Ƙƛƭǎǘ ǘƘŜǎŜ ǎȅǎǘŜƳǎ Ŏŀƴ Ŏƻƴǘŀƛƴ ƛǎƻǾŜŎǘƻǊπŀȄƛŀƭǾŜŎǘƻǊρȟρ ŀƴŘ ƛǎƻǾŜŎǘƻǊπ
ǾŜŎǘƻǊ ρȟρ ŘƛǉǳŀǊƪǎΣ ƻƴŜ Ƴŀȅ ƴŜƎƭŜŎǘ ǘƘŜ ƭŀǘǘŜǊ ŀƴŘ ǎǘƛƭƭ ŀǊǊƛǾŜ ŀǘ ŀ ǊŜƭƛŀōƭŜ ŘŜǎŎǊƛǇǘƛƻƴΦ
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ü ȟ ) are the simpler systems & 

features bear some resemblance 
to quark model pictures

ςMost prominent rest-frame 
orbital angular momentum 
component is Ὓ-wave 

ɀɝρφππmay fairly be viewed 

as radial excitation ofɝρςσς

ɝρφππmainly Ὓ-wave, 

but significant Ὀ-wave.ɝρςσςmainly Ὓ-wave.

wŜǎǘπŦǊŀƳŜ ŀƴƎǳƭŀǊ ƳƻƳŜƴǘǳƳ ŘŜŎƻƳǇƻǎƛǘƛƻƴǎ

Composition of low-lying J = 3/2±ɦ-baryons,LangtianLiu (
ְ╡ᶾ) et al., NJU-ϥNP 057/22, e-Print:2203.12083 [hep-
ph],Phys. Rev. D105(2022)114047/1-13

https://inp.nju.edu.cn/Publications/Bytime/20220324/i220085.html
https://inspirehep.net/literature/2057346
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.114047


Composition of low -lying J= -baryons

ü Poincaré-covariant quark+diquarkFaddeevequation 

ᵼ insights into the structure of four lightest Ὅȟὐ ȟ baryon multiplets.  

ü Prediction: Whilst these systems can contain isovector-axialvectorρȟρ and isovector-
vector ρȟρ diquarks, one may neglect the latter and still arrive at a reliable description.
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ü ȟ ) are the simpler systems & 

features bear some resemblance 
to quark model pictures

ςMost prominent rest-frame 
orbital angular momentum 
component is Ὓ-wave 

ɀɝρφππmay fairly be viewed 

as radial excitation ofɝρςσς

ɝρφππƳŀƛƴƭȅ ὛπǿŀǾŜΣ 

ōǳǘ ǎƛƎƴƛŦƛŎŀƴǘ ὈπǿŀǾŜΦɝρςσςƳŀƛƴƭȅ ὛπǿŀǾŜΦ

Rest-frame angular momentum decompositions

Large momentum transfer resonance electroexcitation 
experiments can test these predictions; so, will shed light 
on the nature of emergent hadron mass.

Composition of low-lying J = 3/2±ɦ-baryons, Langtian Liu (
ְ╡ᶾ) et al., NJU-INP 057/22, e-Print: 2203.12083 [hep -
ph], Phys. Rev. D105 (2022) 114047/1 -13

https://inp.nju.edu.cn/Publications/Bytime/20220324/i220085.html
https://inspirehep.net/literature/2057346
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.114047


Composition of low -lying J= -baryons

ü Poincaré-covariant quark+diquarkFaddeevequation 

ᵼ insights into the structure of four lightest Ὅȟὐ ȟ baryon multiplets.  

ü Prediction: Whilst these systems can contain isovector-axialvectorρȟρ and isovector-
vector ρȟρ diquarks, one may neglect the latter and still arrive at a reliable description.

.                    XVI QCHSC, Cairns - 24/08/19-24                                                           (40)

/ǊŀƛƎ wƻōŜǊǘǎΥ ŎŘǊƻōŜǊǘǎϪƴƧǳΦŜŘǳΦŎƴ  прп ΦΦ нпκлуκно ΦΦΦϦIŀŘǊƻƴ {ǘǊǳŎǘǳǊŜΥ tŜǊǎǇŜŎǘƛǾŜ ŀƴŘ LƴǎƛƎƘǘǎϦ

нс

ü ȟ ) are the simpler systems & 

features bear some resemblance 
to quark model pictures

ςMost prominent rest-frame 
orbital angular momentum 
component is Ὓ-wave 

ɀɝρφππmay fairly be viewed 

as radial excitation ofɝρςσς

ɝρφππmainly Ὓ-wave, 

but significant Ὀ-wave.ɝρςσςmainly Ὓ-wave.

Rest-frame angular momentum decompositions

9ȄŀƳǇƭŜ Χ ǊŜŎŜƴǘ ǇǊƻƎǊŜǎǎ

V. I. Mokeev et al., Phys. Rev. C 108 
(2023) 2, 025204 New analyses of 
CLAS ὩὴO Ὡ““ὴcross sections

Comparison with CSM predictions 
made 4 years before: Ya Lu et al. Phys. 
Rev. D 100 (2019) 034001/1-13

Remarkable agreement, suggesting 
confirmation of CSM predictions for 
structure of baryon wave functions

CSM
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