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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



Emergence of Hadron Mass - Basic Questions

ü What is the origin of EHM?  

ü Does it lie 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?

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

üWhat is and wherefrom 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
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The Frontier of Physics:
Emergence of □ἚἩἼἽἺἭ



Physics at AMBER international Workshop 2024/03/18-20                             (39/44)

Craig Roberts: cdroberts@nju.edu.cn  447 .. 24/03/19 ..."Emergent Hadron Mass and Pion and Kaon Structure"

5

Mass emerged 
0.000001 seconds 
after the Big Bang

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



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

üMore than 40 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
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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 ς
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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This is where we live

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

ςάLƴŦǊŀǊŜŘ {ƭŀǾŜǊȅέ ǇƛŎǘǳǊŜ ςƭƛƴŜŀǊ ǇƻǘŜƴǘƛŀƭ ςƛǎ ƴƻǘ 
ǾƛŀōƭŜ ŜȄǇƭŀƴŀǘƛƻƴ ƻŦ ǊŜŀƭπǿƻǊƭŘ 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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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

Ḑ2500 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, 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
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Three 
pillars 
of EHM

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

quantum corrections



QCD Fact Pion (Nambu-Goldstone modes) and mass

üIƛƎƎǎ ōƻǎƻƴ ŎƻǳǇƭƛƴƎǎ Ҧ л 

ütƛƻƴ ŜȄƛǎǘǎ ŀƴŘ ƛǎ ƳŀǎǎƭŜǎǎ

ütƛƻƴ .ŜǘƘŜπ{ŀƭǇŜǘŜǊ ŀƳǇƭƛǘǳŘŜ

tƛƻƴ ǿŀǾŜ ŦǳƴŎǘƛƻƴΥ н ōƻŘȅ ǇǊƻōƭŜƳǉǳŀǊƪ Ƴŀǎǎ ŦǳƴŎǘƛƻƴΥ ƻƴŜ ōƻŘȅ ǇǊƻōƭŜƳ

ü¢Ƙƛǎ ƛŘŜƴǘƛǘȅ ƛǎ ǘƘŜ Ƴƻǎǘ ōŀǎƛŎ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ǘƘŜ bŀƳōǳπ
DƻƭŘǎǘƻƴŜ ¢ƘŜƻǊŜƳ ƛƴ ǘƘŜ {ǘŀƴŘŀǊŘ aƻŘŜƭ
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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: 2 body problem quark mass function: one body problem

üEntails, enigmatically, properties of the nearly massless pion 
are the cleanest expression of EHM in the Standard Model !

tƘȅǎƛŎǎ ŀǘ !a.9w ƛƴǘŜǊƴŀǘƛƻƴŀƭ ²ƻǊƪǎƘƻǇ нлнпκлоκмуπнл                             όофκппύ
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EHM demands equivalence between
one-body mass and two-body correlation strength
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Charting EHM using
High Intensity, High Luminosity Facilities
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Wave Functions of NambuGoldstone Bosons

ü Physics Goals:

ςPion and kaon distribution amplitudes (DAs ς˒ ,̄K) 

ςNearest thing in quantum field theory to Schrödinger wave function

ςConsequently, fundamental to understanding ānd Kstructure.

ü Scientific Context:

ςFor 40 years, the x-dependence of the pion's dominant distribution 
amplitude (DA) has been controversial.  

ςModern theory ᵼEHM expressed in x-dependence of •ȟ ὼ

ɀ• ὼ is direct measure of dressed-quark running mass in chiral limit.

ςKaon DA = asymmetric around midpoint of its domain of support 
(0<x<1)

ωDegree of asymmetry is signature of constructive interference 
between EHM and HB mass-generating mechanisms
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Insights into the Emergence of Mass from Studies of Pion and Kaon 
Structure, Craig D. Roberts, David G. Richards, Tanja Horn and Lei 
Chang, NJU-INP 034/21, arXiv: 2102.01765 [hep -ph], Prog. Part. 
Nucl. Phys. 120 (2021) 103883/1 -65

DAs are 1D projection of 
ƘŀŘǊƻƴΩǎ ƭƛƎƘǘ-front wave 
function, obtained by 
integration Ḑ Ὠ᷿Ὧ ὼȟὯ

LF 
longitudinal 

direction

https://www.google.com/url?q=https%3A%2F%2Finspirehep.net%2Fliterature%2F1844559&sa=D&sntz=1&usg=AFQjCNFJw7F_vW8UdQ7CIDmvdhZVnOUo-A


Ⱬ& K DAs 
cf. asymptotic profile

ü EHM generates broadening in both “& K

ü EHM + Higgs-boson interference responsible for skewing in kaon

ςHB-only ᵼpeak shifted to πȢπςΧ wrong

ςLƴǎǘŜŀŘΣ 9IaϝI. ŦƻǊ ǳ ŀƴŘ ǎ ǉǳŀǊƪǎ Χ  
ᴼ

ᴼ
πȢτ
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These features have widespread impact 
in studies of (hard) exclusive processes.

Broadening can be verified, e.g., 
V in measurements of “and ὑelectric 

charge distributions (elastic form 
factor measurements at large ὗ ) 

V in “ ὴDrell-Yan measurements 

Exposing strangeness: projections for kaon electromagnetic form factors,Fei Gao et 
al., arXiv:1703.04875 [nucl-th], Phys. Rev. D96 (2017) 034024/1-8

Constraining the pion DA using Drell-Yan reactions on a proton, H.-Y. Xing ( ữ ) et 
al., NJU-INP 077/23, e-Print: 2308.13695 [hep-ph], Phys. Lett. B849(2024), 138462/1-7

ⱴἩἻὁἵἸἼἷἼἱἫ

http://inspirehep.net/record/1517490?ln=en
https://inp.nju.edu.cn/Publications/Bytime/20230829/i250033.html
https://inspirehep.net/literature/2691296
https://doi.org/10.1016/j.physletb.2024.138462
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Possibility discussed 

throughout the series of 

teleworkshops:

Perceiving EHM through 

AMBER @ CERN 

Crystalised during EHM 

AMBER @ CERN VI

2021 Sept 27-29

Large part of Hui-Yuôs 

PhD thesis



Pion DA

üHard gluon exchange between annihilating valence antiquark in pion and spectator 
valence quark (and the partner process)

ᵼassociated cross-section is sensitive to pion leading-twist two-particle DA •
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Pion DA

ü Angular distribution 
coefficients in 
unpolarised DY cross-
section

ü Uncertainties on all NA10 
data are too large for 
meaningful assessment

ü Comparison with E615is 
meaningful

ςDilated DA 

…Ⱦdof = 2.7

ςAsymptotic

…Ⱦdof = 4.8

ü Dilated DA is supported
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ütƭŀƛƴƭȅΣ ƘƻǿŜǾŜǊΣ ƳƻŘŜǊƴ ŜȄǇŜǊƛƳŜƴǘ ǿƛǘƘ 
ǇǊŜŎƛǎŜ Řŀǘŀ ƛǎ ƴŜŜŘŜŘ ǘƻ ƳŀƪŜ ŀ ǎǘǊƻƴƎ ŎŀǎŜΦ 


