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 The establishment by the mid-1970’s of QCD as the correct theory of the strong interactions completed 
what is now known prosaically as the Standard Model. 

 It offers a description of all known fundamental physics except for gravity, and gravity is something that has 
no discernible effect when particles are studied a few at a time. 

 However, the situation is a bit like the way that the Navier-Stokes equation accounts for the flow of water. 
The equations are at some level obviously correct, but there are only a few, limited circumstances in which 
their consequences can be worked out in any detail. 

 Nevertheless, many leading physicists were inclined to conclude in the late 1970’s that the task of basic 
physics was nearly complete, and we’d soon be out of jobs. 

 A famous example was the inaugural lecture of Stephen Hawking as Lucasian Professor of Mathematics, a 
chair first held by Isaac Barrow at Cambridge University. Hawking titled his lecture, “Is the End in Sight for 
Theoretical Physics?” And he argued strongly for “Yes”.

IWHSS 19 - Aveiro, Portugal                                                               (pgs = 63)

Craig Roberts. The Emergence of Mass

2



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

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

 Its formulation and verification 
describe a remarkable story.  

Where to now?
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2013: Englert & Higgs



 “The Higgs boson is often said to give mass to everything.”

“However, that is wrong. It only gives mass to some very 
simple particles, accounting for only 
one or two percent of the mass 
of more complex things …”

The vast majority of mass 
comes from the energy needed 
to hold quarks together inside hadrons
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2013: Englert & Higgs

confinement



 The most important chapter of the Standard Model is the least understood.  

 Quantum Chromodynamics (QCD) is that part of the Standard Model which is 
supposed to describe all of nuclear physics

– Gauge bosons = gluons 

– Matter = quarks (& perhaps gluons … hybrid bound-states)

 Yet, fifty years after the discovery of quarks, we are only just beginning to grasp 
how QCD moulds the basic bricks for nuclei: pions, neutrons, protons, etc. 
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Existence of our Universe depends critically on the following 
empirical facts:

 Proton is massive

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

 Proton is absolutely stable

– Despite being a composite object 
constituted from three valence quarks

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

– Despite 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



Quantum Chromodynamics

 Quite possibly, the most remarkable theory we have ever invented

 One line and two definitions are responsible for the 

origin, mass and size of (almost) all visible matter!
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F. Wilczek, QCD Made Simple
Physics Today 53N8 22-28, (2000)

http://ctpweb.lns.mit.edu/physics_today/phystoday/QCDmadesimple.pdf


Quantum Chromodynamics 

 Quite possibly, the most remarkable theory we have ever invented

 One line and two definitions are responsible for the 

origin, mass and size of (almost) all visible matter!
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F. Wilczek, QCD Made Simple
Physics Today 53N8 22-28, (2000)

http://ctpweb.lns.mit.edu/physics_today/phystoday/QCDmadesimple.pdf


Strong Interactions in the Standard Model

 Only apparent scale in chromodynamics is mass of the quark field

 Quark mass is said to be generated by Higgs boson.

 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

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

 Nuclear physics mass-scale – 1 GeV – is an emergent feature of the Standard Model
– No amount of staring at LQCD can reveal that scale

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

IWHSS 19 - Aveiro, Portugal                                                               (pgs = 63)

Craig Roberts. The Emergence of Mass

9



Whence Mass?

 Classical chromodynamics … non-Abelian local gauge theory 

 Remove the current mass … there’s no energy scale left

 No dynamics in a scale-invariant theory; only kinematics … the theory looks the 
same at all length-scales … there can be no clumps of anything … hence bound-
states are impossible.

 Our Universe can’t exist

 Higgs boson doesn’t solve this problem … 
– normal matter is constituted from light-quarks 

– the mass of protons and neutrons, the kernels of all visible matter, are 100-times larger than 
anything the Higgs produces in the light-quark sector

 Where did it all begin? … becomes … Where did it all come from?
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Trace Anomaly

 In a scale invariant theory

the energy-momentum tensor must be traceless: ∂μDμ = Tμμ ≡ 0

 Regularisation and renormalisation of (ultraviolet) divergences in 
Quantum Chromodynamics introduces a mass-scale 
… dimensional transmutation: 

Lagrangian’s constants (couplings and masses) become dependent on a mass-scale, ζ

 α → α(ζ) in QCD’s (massless) Lagrangian density, L(m=0)

⇒ ∂μDμ = Tμμ = δL/δσ = αβ(α) dL/dα = β(α) ¼Gμν Gμν = Tρρ =: Θ0

Quantisation of renormalisable four-dimensional theory forces nonzero value for 
trace of energy-momentum tensor
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Trace 
anomaly

QCD β function
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Trace Anomaly

 Knowing that a trace anomaly exists does not deliver a great deal
… Indicates only that a mass-scale must exist

 Can one compute and/or understand the magnitude of that scale?

 One can certainly measure the magnitude … consider proton:

 In the chiral limit the entirety of the proton’s mass is produced by the trace anomaly, Θ0

… In QCD, Θ0 measures the strength of gluon self-interactions 

… so, from one (partonic basis) perspective, 
mp is (somehow) completely generated by glue.
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 The vast majority of mass comes from the energy needed to hold quarks together inside nuclei
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Trace Anomaly

 In the chiral limit

⇒

 Does this mean that the scale anomaly vanishes trivially in the pion state, i.e. gluons 
contribute nothing to the pion mass? 

 Difficult way to obtain “zero”!

 Easier to imagine that “zero” owes to cancellations between different operator 
contributions to the expectation value of Θ0.  

 Of course, such precise cancellation should not be an accident.  

It could only arise naturally because 

of some symmetry and/or symmetry-breaking pattern.

IWHSS 19 - Aveiro, Portugal                                                               (pgs = 63)

Craig Roberts. The Emergence of Mass

16



Whence “1” and yet “0” ?

No statement of the question 

“How does the mass of the proton arise?” 

is complete without the additional clause 

“How does the pion remain ?”

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

– Expectation value of Θ0 in pion is always zero, 
irrespective of the size of the natural mass-scale for strong interactions = mp
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IR Behaviour of QCD

 Gluons are supposed to be massless

 This is true in perturbation theory

 Not preserved non-perturbatively!

No symmetry protects four-transverse 

“qν Πμν(q) = 0” gluon modes
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IR Behaviour of QCD

 Running gluon mass

 Gluons are cannibals – a particle species 
whose members become massive by 
eating each other!
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μg ≈ ½ mp

Dynamical mass generation in continuum quantum chromodynamics
J.M. Cornwall, Phys. Rev. D 26 (1981) 1453

The Gluon Mass Generation Mechanism: A Concise Primer
A.C. Aguilar, D. Binosi, J. Papavassiliou, Front. Phys. 11 (2016) 111203 

Interaction model for the gap equation, S.-x.Qin et al.,
arXiv:1108.0603 [nucl-th], Phys. Rev. C 84 (2011) 042202(R) [5 pages] Combining DSE, lQCD and pQCD

analyses of QCD’s gauge sector

Expression of trace anomaly:
Massless glue becomes massive
gluon mass-squared function

Power-law suppressed in 
ultraviolet, so invisible in 
perturbation theory

http://inspirebeta.net/record/921792?ln=en
http://inspirebeta.net/record/921792?ln=en
http://inspirebeta.net/record/921792?ln=en
http://link.aps.org/doi/10.1103/PhysRevC.84.042202
http://link.aps.org/doi/10.1103/PhysRevC.84.042202
http://link.aps.org/doi/10.1103/PhysRevC.84.042202
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⇐
What’s happening 
out here?!
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Process-independent effective-charge in QCD

 Modern continuum & lattice methods for 
analysing gauge sector enable 

“Gell-Mann – Low” 

running charge to be defined in QCD

 Combined continuum and lattice analysis of 
QCD’s gauge sector yields a parameter-free 
prediction

 N.B. Qualitative change in α̂PI(k) at k ≈ ½ mp
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Process independent strong running coupling
Binosi, Mezrag, Papavassiliou, Roberts, Rodriguez-Quintero
arXiv:1612.04835 [nucl-th], Phys. Rev. D 96 (2017) 054026/1-7

The QCD Running Coupling, 
A. Deur, S. J. Brodsky and G. F. de Teramond, Prog. Part. Nucl. Phys. 90 (2016) 1-74
Process-independent effective coupling. From QCD Green functions to phenomenology, 
Jose Rodríguez-Quintero et al., arXiv:1801.10164 [nucl-th]. Few Body Syst. 59 (2018) 121/1-9

http://inspirehep.net/record/1504060?ln=en


Process-independent effective-charge in QCD

 α̂PI is a new type of effective charge
– direct analogue of the Gell-Mann–Low effective coupling in 

QED, i.e. completely determined by the gauge-boson 
two-point function.

 α̂PI  is 
– process-independent
– known to unify a vast array of observables

 α̂PI possesses an infrared-stable fixed-point
– Nonperturbative analysis demonstrating absence of a Landau pole in QCD

 QCD is IR finite, owing to dynamical generation of gluon mass-scale, which also serves to 
eliminate the Gribov ambiguity 

 Asymptotic freedom ⇒ QCD is well-defined at UV momenta
 QCD is therefore unique amongst known 4D quantum field theories 

– Potentially, defined & internally consistent at all momenta
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Process independent strong running coupling
Binosi, Mezrag, Papavassiliou, Roberts, Rodriguez-Quintero
arXiv:1612.04835 [nucl-th], Phys. Rev. D 96 (2017) 054026/1-7

The QCD Running Coupling, 
A. Deur, S. J. Brodsky and G. F. de Teramond, Prog. Part. Nucl. Phys. 90 (2016) 1-74
Process-independent effective coupling. From QCD Green functions to phenomenology, 
Jose Rodríguez-Quintero et al., arXiv:1801.10164 [nucl-th]. Few Body Syst. 59 (2018) 121/1-9

http://inspirehep.net/record/1504060?ln=en
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Pion’s Goldberger

-Treiman relation

 Pion’s Bethe-Salpeter amplitude

Solution of the Bethe-Salpeter equation

 Dressed-quark propagator

 Axial-vector Ward-Takahashi identity 
entails
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Maris, Roberts and Tandy
nucl-th/9707003, Phys.Lett. B420 (1998) 267-273

Miracle: two body problem solved, 
almost completely, once solution of 
one body problem is known

B(k2)

Owing to DCSB
& Exact in
Chiral QCD

http://inspirebeta.net/record/445150?ln=en
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Rudimentary version of this relation is 
apparent in Nambu’s Nobel Prize work
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Rudimentary version of this relation is 
apparent in Nambu’s Nobel Prize work



Craig Roberts. The Emergence of Mass

27

IWHSS 19 - Aveiro, Portugal                                                               (pgs = 63)



Craig Roberts. The Emergence of Mass

28

IWHSS 19 - Aveiro, Portugal                                                               (pgs = 63)



Pion masslessness
 Obtain a coupled set of gap- and Bethe-Salpeter equations

– Bethe-Salpeter Kernel: 

• valence-quarks with a momentum-dependent running mass produced by self-interacting gluons, which have given 
themselves a running mass

• Interactions of arbitrary but enumerable complexity involving these “basis vectors”

– Chiral limit: 
• Algebraic proof

– at any & each finite order in symmetry-preserving construction of kernels for 

» the gap (quark dressing) 

» and Bethe-Salpeter (bound-state) equations, 

– there is a precise cancellation between 

» mass-generating effect of dressing the valence-quarks 

» and attraction introduced by the scattering events

• Cancellation guarantees that 

– simple system,  which began massless, 

– becomes a complex system, with 

» a nontrivial bound-state wave function 

» attached to a pole in the scattering matrix, which remains at P2=0 … 

• Interacting, bound system remains massless!
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Munczek, H. J., Phys. Rev. D 52 (1995) pp. 4736-4740
Bender, A., Roberts, C.D. and von Smekal, L., Phys. Lett. B 380 (1996) pp. 7-12
Maris, P. , Roberts, C.D. and Tandy, P.C., Phys. Lett. B 420 (1998) pp. 267-273
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Pion masslessness
 Obtain a coupled set of gap- and Bethe-Salpeter equations

– Bethe-Salpeter Kernel: 

• valence-quarks with a momentum-dependent running mass produced by self-interacting gluons, which have given 
themselves a running mass

• Interactions of arbitrary but enumerable complexity involving these “basis vectors”

– Chiral limit: 
• Algebraic proof

– at any & each finite order in symmetry-preserving construction of kernels for 

» the gap (quark dressing) 

» and Bethe-Salpeter (bound-state) equations, 

– there is a precise cancellation between 

» mass-generating effect of dressing the valence-quarks 

» and attraction introduced by the scattering events

• Cancellation guarantees that 

– simple system,  which began massless, 

– becomes a complex system, with 

» a nontrivial bound-state wave function 

» attached to a pole in the scattering matrix, which remains at P2=0 … 

• Interacting, bound system remains massless!
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Munczek, H. J., Phys. Rev. D 52 (1995) pp. 4736-4740
Bender, A., Roberts, C.D. and von Smekal, L., Phys. Lett. B 380 (1996) pp. 7-12
Maris, P. , Roberts, C.D. and Tandy, P.C., Phys. Lett. B 420 (1998) pp. 267-273
Binosi, Chang, Papavassiliou, Qin, Roberts, Phys. Rev. D 93 (2016) 096010/1-7

Quantum field theory statement: 
In the pseudsocalar channel, the dynamically 

generated mass of the two fermions is 
precisely cancelled by the attractive 

interactions between them – iff –
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Emergent Mass 

vs. Higgs Mechanism

 When does Higgs mechanism begin to 
influence mass generation?

 limit mquark→ ∞

φ(x) → δ(x-½)

 limit mquark → 0

φ(x) ∼ (8/π) [x(1-x)]½

 Transition boundary lies just above mstrange

 Comparison between distributions of light-
quarks and those involving strange-quarks is 
good place to seek signals for strong-mass 
generation
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Parton distribution amplitudes of S-wave heavy-quarkonia
Minghui Ding, Fei Gao, Lei Chang, Yu-Xin Liu and Craig D. Roberts
arXiv:1511.04943 [nucl-th], Phys. Lett. B 753 (2016) pp. 330-335

q+qbar: Emergent  
(strong mass)

c+cbar: Higgs
(weak mass)

asymptotic

s+sbar: 
on the border

http://inspirehep.net/record/1404882?ln=en
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Continuum QCD prediction of 

π valence-quark distributions

 Owing to absence of pion targets, the pion’s valence-quark distribution functions are 
measured via the Drell-Yan process:

π p → μ+ μ− X

 Consider a theory in which quarks scatter via a vector-boson exchange interaction 
whose k2>>mG

2 behaviour is (1/k2)β, 

 Then at a hadronic resolving scale, ζH …  uπ(x; ζH) ~ (1-x)2β

namely, the large-x behaviour of the quark distribution function is a direct measure of 
the momentum-dependence of the underlying interaction.

 In QCD, β=1 and hence 
QCD uπ(x; ζH) ~ (1-x)2
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Pion

QCD: Q> ζH ⇒ 2 → 2+γ, γ > 0
Distribution Functions of the Nucleon and Pion in the Valence Region, 
Roy J. Holt and Craig D. Roberts, arXiv:1002.4666 [nucl-th], Rev. Mod. 
Phys. 82 (2010) pp. 2991-3044

http://inspirebeta.net/record/846839?ln=en
http://rmp.aps.org/abstract/RMP/v82/i4/p2991_1


Empirical status of the Pion’s

valence-quark distributions

 Owing to absence of pion targets, the pion’s valence-quark distribution functions are 
measured via the Drell-Yan process:

π p → μ+ μ− X

 Three experiments: 

– CERN (1983 & 1985)

– FNAL (1989).  

 None more recent

 Conway et al.
Phys. Rev. D 39, 92 (1989)

– Leading-order analysis of the Drell-Yan data

– ~ 400 citations
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Pion

http://inspirebeta.net/record/280845?ln=en


 Owing to absence of pion targets, the pion’s valence-quark distribution functions 
are measured via the Drell-Yan process:

π p → μ+ μ− X

 Three experiments: 

– CERN (1983 & 1985)

– FNAL (1989).  

 None more recent

 Conway et al.
Phys. Rev. D 39, 92 (1989)

– Leading-order analysis of the Drell-Yan data

 Controversial!

Empirical status of the Pion’s

valence-quark distributions
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Pion

∝ (1-x)1

QCD uπ(x; ζ >ζH) ~ (1-x)2+γ

http://inspirebeta.net/record/280845?ln=en


π valence-quark distributions

20 Years of Evolution
 1989 … Conway et al. Phys. Rev. D 39, 92 (1989)

– Leading-order analysis of Drell-Yan data
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∝ (1-x)1
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π valence-quark distributions

20 Years of Evolution
 1989 … Conway et al. Phys. Rev. D 39, 92 (1989)

– Leading-order analysis of Drell-Yan data

 2000 … Hecht et al. Phys.Rev. C 63 (2001) 025213
– QCD-connected model prediction 
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π valence-quark distributions

20 Years of Evolution
 1989 … Conway et al. Phys. Rev. D 39, 92 (1989)

– Leading-order analysis of Drell-Yan data

 2000 … Hecht et al. Phys.Rev. C 63 (2001) 025213
– QCD-connected model prediction 

 2005 … Wijesooriya, Reimer, Holt, Phys. Rev. C 72
(2005) 065203 

– Partial NLO analysis of E615 data
– Large-x power-law → 1.54±0.08
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π valence-quark distributions

20 Years of Evolution
 1989 … Conway et al. Phys. Rev. D 39, 92 (1989)

– Leading-order analysis of Drell-Yan data

 2000 … Hecht et al. Phys.Rev. C 63 (2001) 025213
– QCD-connected model prediction

 2005 … Wijesooriya, Reimer, Holt Phys. Rev. C 72
(2005) 065203 

– Partial NLO analysis of E615 data
– Large-x power-law → 1.54±0.08

 2010/02 … Controversy highlighted: Holt & 
Roberts, Rev. Mod. Phys. 82 (2010) 2991-3044
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π valence-quark distributions

20 Years of Evolution
 1989 … Conway et al. Phys. Rev. D 39, 92 (1989)

– Leading-order analysis of Drell-Yan data

 2000 … Hecht et al. Phys.Rev. C 63 (2001) 025213

– QCD-connected model prediction

 2010/02 … Controversy highlighted: Holt & 
Roberts, Rev. Mod. Phys. 82 (2010) 2991-3044

 2010/09 … Reconsideration of data: Aicher et al., 
Phys. Rev. Lett. 105 (2010) 252003 

– Consistent next-to-leading-order analysis
– Large-x power-law → 2.6(1)
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π valence-quark distributions

20 Years of Evolution
 1989 … Conway et al. Phys. Rev. D 39, 92 (1989)

– Leading-order analysis of Drell-Yan data

 2000 … Hecht et al. Phys.Rev. C 63 (2001) 025213

– QCD-connected model prediction

 2010/02 … Controversy highlighted: Holt & 
Roberts, Rev. Mod. Phys. 82 (2010) 2991-3044

 2010/09 … Reconsideration of data: Aicher et al., 
Phys. Rev. Lett. 105 (2010) 252003 

– Consistent next-to-leading-order analysis
– Large-x power-law → 2.6(1)
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Symmetry, Symmetry Breaking, 

& Pion Parton Distributions

 Pion structure function is given by imaginary part of the virtual-photon – pion forward 
Compton scattering amplitude: 

γ*(q) + π(P) → γ* (q) + π(P)

 Any nonperturbative analysis will compute the structure function at an hadronic scale, ζH

 Using the leading-order truncation of the continuum bound-state problem, this collection of 
diagrams is necessary and sufficient to preserve all Ward-Green-Takahashi identities:
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Symmetry, symmetry breaking, and pion parton distributions, 
M. Ding, K. Raya, D. Binosi, L. Chang, C.D. Roberts and S. M. Schmidt, 
arXiv:1905.05208 [nucl-th]

+ -

http://www.google.com/url?q=http%3A%2F%2Finspirehep.net%2Frecord%2F1734911%3Fln%3Den&sa=D&sntz=1&usg=AFQjCNEsjZCQY_qJAgkTs-D4oNzEXIiQbQ


Symmetry, Symmetry Breaking, 

& Pion Parton Distributions

 Continuum calculations should be renormalised at hadronic scale, where dressed 
quasiparticles are the correct degrees-of-freedom.  

– Recognises that a given meson's Poincaré covariant wave function and correlated 
vertices, too, must evolve with ζ … [Lepage:1979zb, Efremov:1979qk, Lepage:1980fj]

 Such evolution enables dressed-quark and -antiquark degrees-of-freedom, in terms of 
which the wave function is expressed at a given scale ζ2 = Q2, to undress … 

– split into less-well dressed partons via emission of gluons and sea quarks 

as prescribed by QCD dynamics.  

 These effects are automatically incorporated in bound-state problems when complete 
quark-antiquark scattering kernel is used

– aspects are lost when kernel is truncated, e.g. RL truncation.
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Hadronic Scale = ζH

 What is the natural value for the hadronic scale, ζH ? 

 Recall QCD’s process-independent effective charge

 This running-coupling saturates in the infrared:

αPI(k
2=0) ≈ π

owing to dynamical generation of gluon mass-scale

 These features and a smooth connection with pQCD are 
expressed in the following algebraic expression

β0 = 11 – (2/3) nf

mα = 0.3 GeV ∼ ΛQCD
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 mα = essentially nonperturbative scale whose existence ensures 
that modes with k2 ≤ mα

2 are screened from interactions.  
 mα therefore serves to define the natural boundary between 

soft and hard physics

Identify  ζH = mα



qπ(x,ζH)

 Reconstruct PDF from Mellin moments using 
novel numerical and algebraic techniques 

 Dashed Blue = scale-free parton-model-like 
result 30 x2 (1-x)2

 Solid Black = continuum-QCD prediction

 Distribution is a broad concave function.  

 Similar effect observed in the pion's leading-
twist valence-quark distribution amplitude 
[Chang:2013pq] & those of other mesons 
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 Cause is identical: qπ(x,ζH) is hardened owing to DCSB 

=  realisation of the mechanism responsible for the emergence of mass in the Standard Model

 DCSB is expressed in momentum-dependence of all QCD Schwinger functions.  

 Therefore manifest in pointwise behaviour of wave functions, elastic and transition form factors, 
etc.; and as now seen, also in parton distributions.  

 Expected, given the connection between light-front wave functions and parton distributions

DCSB-induced
hardening 



Evolution of qπ(x,ζH) 

 qπ(x,ζH) computed at ζH = mα … but … 

– existing lQCD calculations of low-order moments 

& phenomenological fits to pion parton distributions 

are typically quoted at ζ2 = 2 GeV

– and the scale relevant to the E615 data is ζ5 = 5.2 GeV 

 Therefore employ QCD evolution

– qπ(x,ζH) → qπ(x,ζ2) → qπ(x,ζ5) 

using the process-independent running coupling

 Given that ζH = mα is fixed by the analysis, all results are predictions

 αPI(ζH)/(2π) = 0.20 & [αPI(ζH)/(2π)]2 = 0.04 

… so LO evolution should serve as a good approximation  

 Results reported with ζH →  (1 ± 0.1) ζH

IWHSS 19 - Aveiro, Portugal                                                               (pgs = 63)

Craig Roberts. The Emergence of Mass

49



qπ(x,ζH) → qπ(x,ζ2)

 Nonsinglet evolution for valence-quark

 Dashed black curve = [Hecht:2000xa] 

 Valence-quarks carry only ½ pion’s light-
front momentum 

 At ζH, pion is solely bound-state of 
dressed-quark and dressed-antiquark

 Glue and sea distributions are zero at ζH

 g & S distributions are generated by 
singlet evolution on ζ > ζH
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β(ζ2) = 2.38(9)



qπ(x,ζH) → qπ(x,ζ2)

 Nonsinglet evolution for valence-quark

 Dashed black curve = [Hecht:2000xa] 

 Valence-quarks carry only ½ pion’s light-front 
momentum 

 Pion is solely bound-state of dressed-quark and 
dressed-antiquark at ζH

 Glue and sea distributions are zero at ζH

 g & S distributions are generated by singlet 
evolution on ζ > ζH
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β(ζ2) = 2.38(9)



qπ(x,ζH) → qπ(x,ζ5)

 Solid Blue = nonsinglet evolution for valence-quark

 Dashed black curve = [Hecht:2000xa] 

 Valence-quarks carry less-than ½ pion’s light-front 
momentum 

 g & S distributions are generated by singlet 
evolution on ζ > ζH
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β(ζ5) = 2.66(12)

0.42 (3)



qπ(x,ζH) → qπ(x,ζ5)

 Solid Blue = nonsinglet evolution for valence-quark

 Dashed black curve = [Hecht:2000xa] 

 Valence-quarks carry less-than ½ pion’s light-front 
momentum 

 g & S distributions are generated by singlet 
evolution on ζ > ζH
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β(ζ5) = 2.66(12)

0.42 (3)



qπ(x,ζH) → qπ(x,ζ5)

 Solid Blue = nonsinglet evolution for valence-
quark

 Dashed black curve = [Hecht:2000xa] 

 Valence-quarks carry less-than ½ pion’s light-
front momentum 

 dot-dot-dashed (grey) = lQCD result for the 
pion valence-quark distribution function 
[Sufian:2019bol] 

 Pointwise form of the lQCD prediction agrees 
with continuum result (within errors)

 Significant: two disparate treatments of pion 
structure have arrived at the same prediction 
for qπ(x,ζ5)
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β(ζ5) = 2.66(12)

0.42 (3)



Symmetry, Symmetry Breaking, 

& Pion Parton Distributions

 Continuum and Lattice results agree on valence-
quark distributions

– No parameters varied to achieve this outcome

– Nor any other

 Remarkable, modern confluence, 

– Suggests that real strides are being made 
toward understanding pion structure.

 Realistic predictions for glue & sea content of pion 
– results match phenomenological expectations

 After 30 years, experimental facilities are 
available/planned that can validate these crucial 
aspects of Strong QCD
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Symmetry, symmetry breaking, and pion parton distributions, 
M. Ding, K. Raya, D. Binosi, L. Chang, C.D. Roberts and S. M. Schmidt, 
arXiv:1905.05208 [nucl-th]

http://www.google.com/url?q=http%3A%2F%2Finspirehep.net%2Frecord%2F1734911%3Fln%3Den&sa=D&sntz=1&usg=AFQjCNEsjZCQY_qJAgkTs-D4oNzEXIiQbQ


 Urgent need for Newer Data
– Persistent controversy regarding the Bjorken-x ≃1 behaviour of the pion’s valence-

quark PDF ⇒ phenomenological analyses should include soft-gluon resummation
– Confluence of continuum and lattice results ⇒ Prediction that must be checked

– Single modest-quality measurement of uK(x)/uπ(x) (1980) cannot be considered 
definitive. 

 Approved experiment, using tagged DIS at JLab 12, should contribute to a resolution of 
pion question

 Similar technique might also serve for the kaon … TDIS experiment approved at JLab

 Future: 
– New mesonic Drell-Yan measurements at modern facilities 

could yield valuable information on π and K PDFs
• “Letter of Intent: A New QCD facility at the M2 beam line of the CERN SPS 

(COMPASS++/AMBER)” [http://arxiv.org/abs/arXiv:1808.00848]

– EIC would be capable of providing access to π and K PDFs through measurements of 
forward nucleon structure functions. 

IWHSS 19 - Aveiro, Portugal                                                               (pgs = 63)

Craig Roberts. The Emergence of Mass

56



Kaon’s 

gluon content

 〈x〉g
K(ζH) = 0.05 ± 0.05

⇒ Valence quarks carry    
95% of kaon’s      
momentum at ζH

 DGLAP-evolved to ζ2

Valence-quarks carry ⅔ of kaon’s light-

front momentum

Cf. Only ½ for the pion
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π & K PDFs
 Marked differences between π & K gluon content

– ζH: 

• Whilst  
1

3
∼

1

5
of pion’s light-front momentum carried by glue

• 𝑂𝑛𝑙𝑦
1

20
of the kaon’s light-front momentum lies with glue

– ζ2
2 = 4 GeV2

• Glue carries 
1

2
of pion’s momentum but only 

1

3
of kaon’s momentum

– Evident in differences between large-x behaviour of valence-quark 
distributions in these two mesons

 Signal of Nambu-Goldstone boson character of π

– Nearly complete cancellation between 
one-particle dressing and binding attraction 
in this almost-massless pseudoscalar system

2 MassQ + Ug ≈ 0
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Valence-quark distribution functions in the kaon and pion, 
Chen Chen, Lei Chang et al.
arXiv:1602.01502 [nucl-th], Phys. Rev. D93 (2016) 074021/1-11

http://inspirehep.net/record/1419649?ln=en
http://dx.doi.org/10.1103/PhysRevD.93.074021


π & K PDFs

 Understanding the emergence and structure of Nambu-Goldstone modes in the 
Standard Model is critical to solving the Standard Model …

– Nambu-Goldstone modes are nonpointlike!

– Intimately connected with origin of mass!

– Possibly/Probably(?) inseparable from expression of confinement!

 Difference between gluon content of π & K is measurable 

– mesonic Drell-Yan measurements at modern facilities

– using well-designed EIC 

 Write a definitive new chapter in future textbooks on the Standard Model 
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Valence-quark distribution functions in the kaon and pion, 
Chen Chen, Lei Chang et al.
arXiv:1602.01502 [nucl-th], Phys. Rev. D93 (2016) 074021/1-11

http://inspirehep.net/record/1419649?ln=en
http://dx.doi.org/10.1103/PhysRevD.93.074021


 Provides analysis of the mass budget of the pion and proton in QCD

 Discusses the special role of the kaon, which lies near the boundary between dominance of 
Higgs- and strong-mass generation mechanisms

 Explains the need for a coherent effort in phenomenology & continuum calculations, in 
exascale computing, and in experiments … to make progress in understanding the origins of 
hadron masses and the distribution of that mass within them.

 Compares the unique capabilities foreseen at an electron-ion collider (EIC) with those at the 
hadron-electron ring accelerator (HERA)

 Describes five key experimental measurements, enabled by the EIC and aimed at delivering 
fundamental insights and generating concrete answers to the questions of 

– How does mass and structure arise in the pion and kaon, the Standard Model's NG modes?

N.B. Their surprisingly low mass is critical to the evolution of our Universe.
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Epilogue

 LHC has NOT found the “God Particle” because the Higgs boson is NOT the origin of 
mass

– Higgs-boson only produces a little bit of mass

– Higgs-generated mass-scales explain neither the proton’s mass 
nor the pion’s (near-) masslessness

– Hence LHC has, as yet, taught us very little about the origin, structure and nature of the 
nuclei whose existence support the Cosmos

 Strong interaction sector of the Standard Model,
i.e. QCD, is the key to understanding the 

origin, existence and properties 
of (almost) all known matter
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 Challenge: Explain & Understand the Origin & Distribution of the Bulk of Visible Mass

 Current Paradigm: Quantum Chromodynamics

 QCD is plausibly a mathematically well-defined quantum field theory, 
The only one we’ve ever produced

– Consequently, it is a worthwhile paradigm for developing Beyond-SM theories

 Challenge is to reveal the content of strong-QCD

 Progress and Insights

being delivered by amalgam of 
– Experiment … Phenomenology …Theory 

 Must continue into the modern era of 

new opportunities at existing and planned facilities

Epilogue
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i. Measurement of pion and kaon structure functions and their GPDs will render insights 
into quark and gluon energy contributions to hadron masses.

ii. Measurements of open charm production will settle the question of whether gluons 
persist or disappear within pions in the chiral limit – if they persist it proves the 
cancellation of terms that must occur such that the pion mass is driven by Higgs-
generated current quark masses, albeit with a huge emergent magnification factor.

iii. Measurement of pion form factor up to Q2 ≈ 35 GeV2, which can be quantitatively related 
to emergent-mass acquisition from dynamical chiral symmetry breaking.

iv. Measurement of the behavior of (valence) u-quarks in the pion and kaon, which gives a 
quantitative measure of the contributions of gluons to NG boson masses and differences 
between the impacts of emergent- and Higgs-mass generating mechanisms.

v. Measurement of the fragmentation of quarks into pions and kaons, a timelike analogue of 
mass acquisition, which can potentially reveal relationships between dynamical chiral 
symmetry breaking and the confinement mechanism.
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