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üThe 2013 Nobel Prize in Physics was awarded to Peter Higgs and Francois Englert
following discovery of the Higgs boson at the Large Hadron Collider.  

üWith this discovery the Standard Model of Particle Physics became complete.  

Where to now?
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Standard Model of Particle Physics

ü Standard Model (SM) offers a description of all 
known fundamental physics except gravity

üGravity has no discernible effect when 
particles are studied a few at a time.

ü{ƛƴŎŜ [I/Ωǎ ŘƛǎŎƻǾŜǊȅ ƻŦ ǘƘŜ IƛƎƎǎ ƛƴ нлмнΣ ǘƘŜ 
Higgs Boson has been promoted to the 
Centre of Things

ü Standard Model has 
17 particles and 19 parameters, 
most of which relate to the Higgs and all of 
which must be determined through 
comparison with experiment

ü SM supposedly describes most powerful forces 
in Nature

ü Yet, somewhat unsatisfactory
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üά¢ƘŜ IƛƎƎǎ ōƻǎƻƴ ƛǎ ƻŦǘŜƴ ǎŀƛŘ ǘƻ ƎƛǾŜ Ƴŀǎǎ ǘƻ ŜǾŜǊȅǘƘƛƴƎΦέ

üάHowever, that is wrong.It only gives mass to some very 
simple particles, accounting for only 
one or two percent of the mass 
ƻŦ ƳƻǊŜ ŎƻƳǇƭŜȄ ǘƘƛƴƎǎ Χέ

üThe vast majority of mass 
comes from the energy needed 
to hold quarks together inside hadrons

What does this mean?!
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Standard Model of Particle Physics

ü Strong Interactions in the Standard Model 
are supposed to be described by quantum 
chromodynamics (QCD)

üOnly two parameters are intrinsic to QCD

ςHiggs enters through current-quark 
masses

üOne of them ς̒ QCDςappears to be zero 
όŜȄŀŎǘƭȅ ƻǊ ŀƭƳƻǎǘύ Χ ƪƴƻǿ ǘƘƛǎ ōŜŎŀǳǎŜ 
nucleon EDM is (as yet) unmeasurably 
small

ü Just one parameter remains to be fixed

ü Perhaps science has a chance of 
understandingQCD ɴ SM?
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ü¢ƘŜ Ƴƻǎǘ ƛƳǇƻǊǘŀƴǘ ŎƘŀǇǘŜǊ ƻŦ ǘƘŜ {ǘŀƴŘŀǊŘ aƻŘŜƭ ƛǎ ǘƘŜ ƭŜŀǎǘ ǳƴŘŜǊǎǘƻƻŘΦ  

üvǳŀƴǘǳƳ /ƘǊƻƳƻŘȅƴŀƳƛŎǎ όv/5ύ ƛǎ ǎǳǇǇƻǎŜŘ ǘƻ ŘŜǎŎǊƛōŜ ŀƭƭ ƴǳŎƭŜŀǊ ǇƘȅǎƛŎǎ

ςaŀǘǘŜǊ Ґ ǉǳŀǊƪǎ

ςDŀǳƎŜ ōƻǎƻƴǎ Ґ Ǝƭǳƻƴǎ

ü¸ŜǘΣ ŦƛŦǘȅ ȅŜŀǊǎ ŀŦǘŜǊ ŘƛǎŎƻǾŜǊȅ ƻŦ ǉǳŀǊƪǎΣ ǿŜ ŀǊŜ ƻƴƭȅ Ƨǳǎǘ ōŜƎƛƴƴƛƴƎ ǘƻ 
ǳƴŘŜǊǎǘŀƴŘ Ƙƻǿ v/5 ƳƻǳƭŘǎ ǘƘŜ ōŀǎƛŎ ŜƭŜƳŜƴǘǎ ƻŦ ƴǳŎƭŜƛΥ 
ǇƛƻƴǎΣ ƴŜǳǘǊƻƴǎΣ ǇǊƻǘƻƴǎΣ ŜǘŎΦ 

ü!ƴŘ ǘƘŜǊŜ ŀǊŜ ŎƻƴǘǊƻǾŜǊǎƛŜǎ ςŀǎ ǘƘŜƻǊȅ ōŜƎƛƴǎ ǘƻ ǇǊŜŘƛŎǘ ǉǳŀƴǘƛǘƛŜǎ ǘƘŀǘ ƘƛǘƘŜǊǘƻ 
ǿŜǊŜ ƻƴƭȅ ƛƴŦŜǊǊŜŘ ŦǊƻƳ ƳŜŀǎǳǊŜƳŜƴǘǎ Ǿƛŀ ǇƘŜƴƻƳŜƴƻƭƻƎƛŎŀƭ Ŧƛǘǎ
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Why are we here?
ü Supposequantum field theories are the correct paradigm for understanding Nature

ü We find ourselves in a Universe where time and space give us Four Dimensions (D = 4)

ü D = 4 is a critical point
ςvǳŀƴǘǳƳ CƛŜƭŘ ¢ƘŜƻǊƛŜǎ ǿƛǘƘ 5 ґ п ǇƻǎǎŜǎǎ ŀƴ ŜȄǇƭƛŎƛǘ Ƴŀǎǎ-dimension
ςCouplings are mass-dimensioned, setting scale for all quantities

ω5 Ҕ п Χ ǳƴŎƻƴǘǊƻƭƭŀōƭŜ ǳƭǘǊŀǾƛƻƭŜǘ ŘƛǾŜǊƎŜƴŎŜǎ

ω5 ғ п Χ ǎǳǇŜǊ-convergent, but hierarchy problem with dynamical effects being < 10% of 
explicit scale

ü Standard Model is built from scale-invariant classical field theories (Ignoring Higgs couplings)

ςSuch theories are renormalizable & Procedure introduces a mass scale

ςThe size of the mass-scale is not determined by the theory

ü What determines the natural mass-scale for visible matter?

ü We know it is ά ά ρ'Å6

ςIƻǿ ƳǳŎƘ ǘƻƭŜǊŀƴŎŜ ŜȄƛǎǘǎΚ Χ ²Ŝ Ŏŀƴ ŜȄƛǎǘ ǎƻ ƭƻƴƎ ŀǎ ά ρ ȩ'Å6
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Existence of our Universe depends critically on, inter alia, the 
following empirical facts:

ü Proton is massive

ς i.e., the mass-scale for strong interactions is vastly different to 
that of electromagnetism

ü Proton is absolutely stable

ςDespite being a composite object 
constituted from three valence quarks

ü Pion is unnaturally light (not massless, but lepton-like mass)

ςDespite being a strongly interacting composite object built from a 
valence-quark and valence antiquark
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Emergence: low-level rules 
producing high-level 
phenomena, with enormous 
apparent complexity



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?

уǘƘ LƴǘŜǊƴΦ {ȅƳǇΦ ƻƴ {ȅƳƳŜǘǊƛŜǎ ƛƴ {ǳōŀǘƻƳƛŎ tƘȅǎ ό{{tнлннύ ннΦлуκнфπлфκлн  όплύ
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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?

ü Is QCD really a theory? ᵼ Implications far beyond Standard Model



Strong Interactions in the Standard Model

üOnly apparent scale in chromodynamics is mass of the quark field

üQuark mass is said to be generated by Higgs boson.

ü In connection with everyday matter, that mass is 1/250th of the natural (empirical) scale for 
strong interactions,

viz. more-than two orders-of-magnitude smaller

ü Plainly, the Higgs-generated mass is very far removed from the natural scale for strongly-
interacting matter

ü Nuclear physics mass-scale ς1 GeV ςis an emergent feature of the Standard Model
ςNo amount of staring at LQCDcan reveal that scale

ü Contrast with quantum electrodynamics, e.g. spectrum of hydrogen levels measured in 
units of me, which appears in LQED
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Whence Mass?

ü/ƭŀǎǎƛŎŀƭ ŎƘǊƻƳƻŘȅƴŀƳƛŎǎ Χ ƴƻƴ-Abelian local gauge theory 

üwŜƳƻǾŜ ǘƘŜ ŎǳǊǊŜƴǘ Ƴŀǎǎ Χ ǘƘŜǊŜΩǎ ƴƻ ŜƴŜǊƎȅ ǎŎŀƭŜ ƭŜŦǘ

üNo dynamics in a scale-invariant theoryΤ ƻƴƭȅ ƪƛƴŜƳŀǘƛŎǎ Χ ǘƘŜ ǘƘŜƻǊȅ ƭƻƻƪǎ ǘƘŜ 
same at all length-scales Χ ǘƘŜǊŜ Ŏŀƴ ōŜ ƴƻ ŎƭǳƳǇǎ ƻŦ ŀƴȅǘƘƛƴƎ Χ hence bound-
states are impossible.

ü hǳǊ ¦ƴƛǾŜǊǎŜ ŎŀƴΩǘ ŜȄƛǎǘ

üIƛƎƎǎ ōƻǎƻƴ ŘƻŜǎƴΩǘ ǎƻƭǾŜ ǘƘƛǎ ǇǊƻōƭŜƳΧ 
ςnormal matter is constituted from light-quarks 

ς the mass of protons and neutrons, the kernels of all visible matter, are 100-times larger than 
anything the Higgs can produce

ü ²ƘŜǊŜ ŘƛŘ ƛǘ ŀƭƭ ōŜƎƛƴΚ Χ ōŜŎƻƳŜǎ Χ ²ƘŜǊŜ ŘƛŘ ƛǘ ŀƭƭ ŎƻƳŜ ŦǊƻƳΚ
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Trace Anomaly

ü In a scale invariant theory

the energy-momentum tensor must be traceless: T˃˃  л

ü Regularisation and renormalisation of (ultraviolet) divergences in Quantum
Chromodynamics introduces a mass-scale 
Χ dimensional transmutation: 
[ŀƎǊŀƴƎƛŀƴΩǎconstants(couplings and masses) become dependent on a mass-ǎŎŀƭŜΣ ʸ

ü Ҧh hόʸύƛƴ v/5Ωǎ όƳŀǎǎƭŜǎǎύ Lagrangiandensity, L(m=0)

ᵼҜ˃D =˃ ɻ L/ʵ =̀ h ό̡ʰύdL/Ř Ґh ό̡ʰύ¼G˃ G˄˃ =˄ T́ =́: ɸ0

Quantisation of renormalisablefour-dimensional theory forces 
nonzero value for trace of energy-momentum tensor

уǘƘ LƴǘŜǊƴΦ {ȅƳǇΦ ƻƴ {ȅƳƳŜǘǊƛŜǎ ƛƴ {ǳōŀǘƻƳƛŎ tƘȅǎ ό{{tнлннύ ннΦлуκнфπлфκлн  όплύ

Craig Roberts: cdroberts@nju.edu.cn  413 "Origin of the proton mass"

15

Trace anomaly

QCD ̡ ŦǳƴŎǘƛƻƴ Χ ǎǇŜŎƛŦƛŜǎ Ƙƻǿ ǘƘŜ ŎƻǳǇƭƛƴƎ άǊǳƴǎέ



Trace Anomaly

ü Knowing that a trace anomaly exists does not deliver a great deal
Χ LƴŘƛŎŀǘŜǎ ƻƴƭȅ ǘƘŀǘ ŀ Ƴŀǎǎ-scale must exist

ü Key Question: Can one compute and/or understand the magnitude of that scale?

üOne can certainly measureǘƘŜ ƳŀƎƴƛǘǳŘŜ Χ ŎƻƴǎƛŘŜǊ ǇǊƻǘƻƴΥ

üLƴ ǘƘŜ ŎƘƛǊŀƭ ƭƛƳƛǘ ǘƘŜ ŜƴǘƛǊŜǘȅ ƻŦ ǘƘŜ ǇǊƻǘƻƴΩǎ Ƴŀǎǎ ƛǎ ǇǊƻŘǳŎŜŘ ōȅ ǘƘŜ ǘǊŀŎŜ ŀƴƻƳŀƭȅΣ ɸ0

Χ Lƴ v/5Σ ɸ0 measures the strength of gluon self-interactions 

Χ ǎƻΣ ŦǊƻƳ ƻƴŜ ǇŜǊǎǇŜŎǘƛǾŜΣ 
mp is (somehow) completely generated by glue.
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Trace Anomaly

üLƴ ǘƘŜ ŎƘƛǊŀƭ ƭƛƳƛǘΣ Ǉƛƻƴ ƛǎ ƳŀǎǎƭŜǎǎ bŀƳōǳπDƻƭŘǎǘƻƴŜ ōƻǎƻƴΥ

ᵼ

ü5ƻŜǎ ǘƘƛǎ ƳŜŀƴǘƘŀǘ ǘƘŜ ǎŎŀƭŜ ŀƴƻƳŀƭȅ ǾŀƴƛǎƘŜǎ ǘǊƛǾƛŀƭƭȅ ƛƴ ǘƘŜ Ǉƛƻƴ ǎǘŀǘŜΣ ƛΦŜΦ Ǝƭǳƻƴǎ 
ŎƻƴǘǊƛōǳǘŜ ƴƻǘƘƛƴƎ ǘƻ ǘƘŜ Ǉƛƻƴ ƳŀǎǎΚ 

ü5ƛŦŦƛŎǳƭǘ ǿŀȅ ǘƻ ƻōǘŀƛƴ άȊŜǊƻέΗ

ü9ŀǎƛŜǊ ǘƻ ƛƳŀƎƛƴŜ ǘƘŀǘ άȊŜǊƻέ ƻǿŜǎ ǘƻ ŎŀƴŎŜƭƭŀǘƛƻƴǎ ōŜǘǿŜŜƴ ŘƛŦŦŜǊŜƴǘ ƻǇŜǊŀǘƻǊ 
ŎƻƴǘǊƛōǳǘƛƻƴǎ ǘƻ ǘƘŜ ŜȄǇŜŎǘŀǘƛƻƴ ǾŀƭǳŜ ƻŦ ɸлΦ  

ühŦ ŎƻǳǊǎŜΣ ǎǳŎƘ ǇǊŜŎƛǎŜ ŎŀƴŎŜƭƭŀǘƛƻƴ ǎƘƻǳƭŘ ƴƻǘ ōŜ ŀƴ ŀŎŎƛŘŜƴǘΦ  

Lǘ ŎƻǳƭŘ ƻƴƭȅ ŀǊƛǎŜ ƴŀǘǳǊŀƭƭȅ ōŜŎŀǳǎŜ 

ƻŦ ǎƻƳŜ ǎȅƳƳŜǘǊȅ ŀƴŘκƻǊ ǎȅƳƳŜǘǊȅπōǊŜŀƪƛƴƎ ǇŀǘǘŜǊƴΦ
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Whence ò1ó and yet ò0ó ?

üNo statement of the question 

άIƻǿ ŘƻŜǎ ǘƘŜ Ƴŀǎǎ ƻŦ ǘƘŜ ǇǊƻǘƻƴ ŀǊƛǎŜΚέ 

is complete without the additional clause 

άIƻǿ ŘƻŜǎ ǘƘŜ Ǉƛƻƴ ǊŜƳŀƛƴ Κέ

üNatural visible-matter mass-scale must emerge simultaneously with apparent 
preservation of scale invariance in related systems

ςExpectation value of ɸ0 in pion is always zero, 
irrespective of the size of the natural mass-scale for strong interactions = mp
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Whence ò1ó and yet ò0ó ?

üNo statement of the question 

άIƻǿ ŘƻŜǎ ǘƘŜ Ƴŀǎǎ ƻŦ ǘƘŜ ǇǊƻǘƻƴ ŀǊƛǎŜΚέ 

is complete without the additional clause 

άIƻǿ ŘƻŜǎ ǘƘŜ Ǉƛƻƴ ǊŜƳŀƛƴ Κέ

üNatural visible-matter mass-scale must emerge simultaneously with apparent 
preservation of scale invariance in related systems

ςExpectation value of ɸ0 in pion is always zero, 
irrespective of the size of the natural mass-scale for strong interactions = mp
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Modern Physics must 
Elucidate the entire array of Empirical Consequences

of the Mechanism responsible 
so that the Standard Model can be Validated
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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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оπƎƭǳƻƴ ǾŜǊǘŜȄ

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?
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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

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?

9Ia 
ƳŜŀƴǎ
Dƭǳƻƴǎ ŀǊŜ 
ƳŀǎǎƛǾŜ 

ρ

ά
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ᵺ
²ƘŀǘΩǎ ƘŀǇǇŜƴƛƴƎ 
out here?!
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¢Ƙƛǎ ƛǎ ǿƘŜǊŜ ǿŜ ƭƛǾŜ



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

8th Intern. Symp. on Symmetries in Subatomic Phys (SSP2022) 22.08/29-09/02  (40)

Craig Roberts: cdroberts@nju.edu.cn  413 "Origin of the proton mass"

26

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
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EHM Basics
ü Absent Higgs boson couplings, the Lagrangian of QCD is scale invariant

ü¸Ŝǘ Χ 

ςMassless gluons become massive

ςA momentum-dependent scale-expressing 
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
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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



EHM at
Existing and Future Facilities

8th Intern. Symp. on Symmetries in Subatomic Phys (SSP2022) 22.08/29-09/02  (40)

Craig Roberts: cdroberts@nju.edu.cn  413 "Origin of the proton mass"

30



уǘƘ LƴǘŜǊƴΦ {ȅƳǇΦ ƻƴ {ȅƳƳŜǘǊƛŜǎ ƛƴ {ǳōŀǘƻƳƛŎ tƘȅǎ ό{{tнлннύ ннΦлуκнфπлфκлн  όплύ

Craig Roberts: cdroberts@nju.edu.cn  413 "Origin of the proton mass"

31



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? 
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ǇǊƻǘƻƴ pion

massive almost massless



Proton and pion distribution functions in counterpoint

ü Valence-quark domain: there is a scale ‒ ά at which

ü‒ ά : val. θ ρ ὼ ȟ , ‍ σ ‎, ‍ ς ‎

ςGluon DFs: ‍ȟ ‍ȟ ρ

ςSea DFs: ‍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

ü Valence-quark domain: there is a scale ‒ ά at which

ü‒ ά : val. θ ρ ὼ ȟ , ‍ σ ‎, ‍ ς ‎

ςGluon DFs: ‍ȟ ‍ȟ ρ

ςSea DFs: ‍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 Symmetry-preserving analyses using continuum Schwinger 
function methods (CSMs) deliver hadron scale DFs that 
agree with QCD constraints

ü Valence-quark degrees-of-ŦǊŜŜŘƻƳ ŎŀǊǊȅ ŀƭƭ ƘŀŘǊƻƴΩǎ 
momentum at ‒:

ü Diquark correlations in proton, induced by EHM

ᵼό ὼ ςὨ ὼ

ü Proton and pion valence-quark DFs have markedly 
different behaviour

ɀό ὼȠ‒ ƛǎ bŀǘǳǊŜΩǎ Ƴƻǎǘ ŘƛƭŀǘŜŘ 5C

i. άhōǾƛƻǳǎέ ōŜŎŀǳǎŜ ρ ὼ vs. ρ ὼ behaviour
& preservation of this unit difference under evolution

ii. !ƭǎƻ άƘƛŘŘŜƴέ Ґ ǎǘǊƻƴƎ 9Ia-induced broadening
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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
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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

ü9Ia ᵼŦƻǊƳŀǘƛƻƴ ƻŦ ƴƻƴǇƻƛƴǘƭƛƪŜ ŘƛǉǳŀǊƪ ŎƻǊǊŜƭŀǘƛƻƴǎ ǿƛǘƘƛƴ ōŀǊȅƻƴǎ

ς!ƭƭ ōŀǊȅƻƴǎΣ ƛƴŎƭǳŘƛƴƎ ǘƘƻǎŜ ǿƛǘƘ ƻƴŜ ƻǊ ƳƻǊŜ ƘŜŀǾȅ ǉǳŀǊƪǎ

ütǊƻǘƻƴ ǇƻǎǎŜǎǎ π ƛǎƻǎŎŀƭŀǊϧ ρ ƛǎƻǾŜŎǘƻǊŎƻǊǊŜƭŀǘƛƻƴǎ

ςaŀǊŀǘƘƻƴ Řŀǘŀ  ᵼtǊƻōŀōƛƭƛǘȅ ǘƘŀǘ ǇǊƻǘƻƴ Ŏƻƴǘŀƛƴǎ 

ǎŎŀƭŀǊπŘƛǉǳŀǊƪπƻƴƭȅ Ґ 
ȟ ȟ

übǳŎƭŜƻƴ ǊŜǎƻƴŀƴŎŜǎ 
Ŏƻƴǘŀƛƴ ƳƻǊŜ ŎƻǊǊŜƭŀǘƛƻƴǎ Χ π ƛǎƻǎŎŀƭŀǊΣ ρ ƛǎƻǎŎŀƭŀǊ ϧ ρ ƛǎƻǾŜŎǘƻǊ

übǳŎƭŜƻƴπŜƭŀǎǘƛŎ ϧ ƴǳŎƭŜƻƴπǘƻπǊŜǎƻƴŀƴŎŜ ǘǊŀƴǎƛǘƛƻƴ ŦƻǊƳ ŦŀŎǘƻǊǎ Ŏŀƴ ǘŜǎǘ ǘƘŜǎŜ ŀƴŘ ƻǘƘŜǊ 
ǎǘǊǳŎǘǳǊŀƭ ǇǊŜŘƛŎǘƛƻƴǎ

ü9ƭŜŎǘǊƻǿŜŀƪ ǘǊŀƴǎƛǘƛƻƴǎΥ ƘŜŀǾȅҌƭƛƎƘǘǎȅǎǘŜƳǎ όIƛƎƎǎ ōƻǎƻƴ ŘƻƳƛƴŀƴǘ Ƴŀǎǎ ƳŜŎƘŀƴƛǎƳύ ǘƻ 
ƭƛƎƘǘ όƭƛƎƘǘŜǊύ Ŧƛƴŀƭ ǎǘŀǘŜǎ όƛƴ ǿƘƛŎƘ 9Ia ŘƻƳƛƴŀǘŜǎύ ςƛƴǘŜǊŦŜǊŜƴŎŜ ōŜǘǿŜŜƴ bŀǘǳǊŜΩǎ ǘǿƻ 
ƳŀǎǎπƎŜƴŜǊŀǘƛƴƎ ƳŜŎƘŀƴƛǎƳǎ

ütǊƻƎǊŜǎǎ ŘŜƳŀƴŘǎ {ȅƴŜǊƎȅ ōŜǘǿŜŜƴ 9ȄǇŜǊƛƳŜƴǘ Ҍ tƘŜƴƻƳŜƴƻƭƻƎȅ Ҍ ¢ƘŜƻǊȅ
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