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ChEFT

ü Basic Features

ςSystematic, order-by-order expansion of hadron and nuclear observables in powers of 
the ratio of a low momentum to a high-energy scale

ü Success depends on dynamical chiral symmetry breaking (DCSB) in QCD

ςEmergence of a large mass-scale against which some hadron masses and momenta may 
be considered small

ü The large scale is supposed to be σς“Ὢ ρ'Å6 (see ““scattering)

ü How does that scale emerge in a theory described by a scale-free Action?

ɀὪ πin a scale-free theory

ɀά πin a scale-free theory

ü This is the question that underlies all of physics: 

ςHow does the proton mass emerge from a massless, scale invariant theory?
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The Pion

ü The pion is the basic degree of freedom in ChEFT

üMany practitioners take it for granted

ü However, the pion is NOT elementary, and its structure is NOT understood

ςForm factor?

ςDistribution amplitude?

ς5ƛǎǘǊƛōǳǘƛƻƴ ŦǳƴŎǘƛƻƴǎ Χ ǾŀƭŜƴŎŜΣ ǎŜŀΣ ƎƭǳŜΚ

ςFragmentation functions?

ςGeneralised parton DFs?

ςTransverse momentum dependent DFs

ςHow do pion DFs differ from those of the proton, which are also unknown on a large 
domain of light-front momentum fraction
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ά¢ƘŜǊŜ ŀǊŜ ƳƻǊŜ ǘƘƛƴƎǎ ƛƴ ƘŜŀǾŜƴ ŀƴŘ ŜŀǊǘƘΣ IƻǊŀǘƛƻΣ 
ǘƘŀƴ ŀǊŜ ŘǊŜŀƳǘ ƻŦ ƛƴ ȅƻǳǊ ǇƘƛƭƻǎƻǇƘȅΦέ



Quantum Chromodynamics

üOne-line Lagrangian ςexpressed in terms of 
massless gluon (ὃ ) and Higgs-mass quark (‪) partons

üWhich are NOT the degrees-of-freedom measured in detectors
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Advantages of the ColorOctet Gluon Picture,  
H. Fritzsch, Murray Gell-Mann, H. Leutwyler, Phys. Lett. B 47 (1973) 365-368

üά¢ƘŜ ǉǳŀǊƪǎ ŎƻƳŜ ƛƴ ǘƘǊŜŜ ϦŎƻƭƻǊǎΣϦ ōǳǘ ŀƭƭ ǇƘȅǎƛŎŀƭ ǎǘŀǘŜǎ ŀƴŘ ƛƴǘŜǊŀŎǘƛƻƴǎ ŀǊŜ 
supposed to be singlets with respect to the SU(3) of color. Thus, we do not accept 
theories in which quarks are real, observable particles; nor do we allow any scheme 
in which the color non-ǎƛƴƎƭŜǘ ŘŜƎǊŜŜǎ ƻŦ ŦǊŜŜŘƻƳ Ŏŀƴ ōŜ ŜȄŎƛǘŜŘΦέ

Dƭǳƻƴ ŀƴŘ vǳŀǊƪ /ƻƴŦƛƴŜƳŜƴǘ



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

Dƭǳƻƴ ŀƴŘ vǳŀǊƪ /ƻƴŦƛƴŜƳŜƴǘ



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 

Φ      нлнр hŎǘƻōŜǊ муπнлΥ bWb¦ млǘƘ {ȅƳǇƻǎƛǳƳ ƻƴ /Ƙ9C¢                                   όнуύ

Craig Roberts cdroberts@nju.edu.cn  474  Hadron Structural Features Behind the Efficacy of ChPT

6

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

ü²Ƙŀǘ ƛǎ ǘƘŜ ƻǊƛƎƛƴ ƻŦ 9IaΚ
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Lƴ ǘƘŜ .ŜƎƛƴƴƛƴƎΧ



Ancient History

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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оπƎƭǳƻƴ ǾŜǊǘŜȄ

пπƎƭǳƻƴ ǾŜǊǘŜȄ

Gluon propagator 
Χ continuumand 
lattice QCD agree

¢Ǌǳƭȅ Ƴŀǎǎ ŦǊƻƳ ƴƻǘƘƛƴƎ
!ƴ ƛƴǘŜǊŀŎǘƛƴƎ ǘƘŜƻǊȅΣ ǿǊƛǘǘŜƴ ƛƴ 
ǘŜǊƳǎ ƻŦ ƳŀǎǎƭŜǎǎ Ǝƭǳƻƴ ŦƛŜƭŘǎΣ 
ǇǊƻŘǳŎŜǎ ŘǊŜǎǎŜŘ Ǝƭǳƻƴ ŦƛŜƭŘǎ ǘƘŀǘ 
ŀǊŜ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ŀ Ƴŀǎǎ ŦǳƴŎǘƛƻƴ 
ǘƘŀǘ ƛǎ ƭŀǊƎŜ ŀǘ ƛƴŦǊŀǊŜŘ ƳƻƳŜƴǘŀ 

VQCD fact
VContinuum theory and 

lattice simulations agree

VEmpirical verification?

ρ

ά

/ƻǊƴǿŀƭƭΩǎ ŜǎǘƛƳŀǘŜΥ Í πȢυς'Å6 ά



Ancient History

üaƻǊŜ ǘƘŀƴ пл ȅŜŀǊǎ ŀƎƻ 

5ȅƴŀƳƛŎŀƭ Ƴŀǎǎ ƎŜƴŜǊŀǘƛƻƴ ƛƴ ŎƻƴǘƛƴǳǳƳ ǉǳŀƴǘǳƳ ŎƘǊƻƳƻŘȅƴŀƳƛŎǎΣ 
WΦaΦ /ƻǊƴǿŀƭƭΣ tƘȅǎΦ wŜǾΦ 5 нс όмфумύ мпро Χ ḐρπυπŎƛǘŀǘƛƻƴǎ 

ühǿƛƴƎ ǘƻ ǎǘǊƻƴƎ ǎŜƭŦπƛƴǘŜǊŀŎǘƛƻƴǎΣ Ǝƭǳƻƴ ǇŀǊǘƻƴǎᵼƎƭǳƻƴ ǉǳŀǎƛǇŀǊǘƛŎƭŜǎΣ 
ŘŜǎŎǊƛōŜŘ ōȅ ŀ Ƴŀǎǎ ŦǳƴŎǘƛƻƴ ǘƘŀǘ ƛǎ ƭŀǊƎŜ ŀǘ ƛƴŦǊŀǊŜŘ ƳƻƳŜƴǘŀ
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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 

Vv/5 ŦŀŎǘ
V/ƻƴǘƛƴǳǳƳ ǘƘŜƻǊȅ ŀƴŘ 
ƭŀǘǘƛŎŜ ǎƛƳǳƭŀǘƛƻƴǎ ŀƎǊŜŜ

V9ƳǇƛǊƛŎŀƭ ǾŜǊƛŦƛŎŀǘƛƻƴΚ

9Ia ƳŜŀƴǎ
Dƭǳƻƴǎ ŀǊŜ 
ƳŀǎǎƛǾŜ Ǿƛŀ 
{ŎƘǿƛƴƎŜǊ 
aŜŎƘŀƴƛǎƳ

ρ

ά

5Φ .ƛƴƻǎƛΣ 9ƳŜǊƎŜƴǘ IŀŘǊƻƴ aŀǎǎ ƛƴ {ǘǊƻƴƎ 
5ȅƴŀƳƛŎǎΣ CŜǿ .ƻŘȅ {ȅǎǘΦ соόнлннύ пнΦ

aΦ bΦ CŜǊǊŜƛǊŀΣ WΦ tŀǇŀǾŀǎǎƛƭƛƻǳΣ DŀǳƎŜ 
{ŜŎǘƻǊ 5ȅƴŀƳƛŎǎ ƛƴ v/5Σ tŀǊǘƛŎƭŜǎ сόмύ 
όнлноύ омнςосоΦ ¢ƻŘŀȅΩǎ ōŜǎǘ ŜǎǘƛƳŀǘŜΥ ά πȢτσρ'Å6

Gauge Invariance and Mass, 
J. S. Schwinger
Phys. Rev. 125 (1962) 397-398
It is argued that the gauge invariance of 
a vector field does not necessarily imply 
zero mass for an associated particle if 
the current vector coupling is sufficiently 
strong.



Process independent 

effective charge = running coupling

üaƻŘŜǊƴ ǘƘŜƻǊȅ ςŜȄǇƭƻƛǘƛƴƎ ǇƛƴŎƘ ǘŜŎƘƴƛǉǳŜ ŀƴŘ 
ōŀŎƪƎǊƻǳƴŘ ŦƛŜƭŘ ƳŜǘƘƻŘ ςŜƴŀōƭŜǎ 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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VtǊƻŎŜǎǎ ƛƴŘŜǇŜƴŘŜƴǘ ǎǘǊƻƴƎ ǊǳƴƴƛƴƎ ŎƻǳǇƭƛƴƎ
5ŀƴƛŜƭŜ .ƛƴƻǎƛ Ŝǘ ŀƭΦΣ ŀǊ·ƛǾΥмсмнΦлпуор ώƴǳŎƭπǘƘϐΣ tƘȅǎΦ wŜǾΦ 5 фс όнлмтύ лрплнсκмπт

V9ȄǇŜǊƛƳŜƴǘŀƭ ŘŜǘŜǊƳƛƴŀǘƛƻƴ ƻŦ ǘƘŜ v/5 ŜŦŦŜŎǘƛǾŜ ŎƘŀǊƎŜ ʰƎмόvύΦ 
!Φ 5ŜǳǊΤ ±Φ .ǳǊƪŜǊǘΤ WΦπtΦ /ƘŜƴΤ ²Φ YƻǊǎŎƘΣ tŀǊǘƛŎƭŜǎ р όнлннύ мтм

Vv/5 wǳƴƴƛƴƎ /ƻǳǇƭƛƴƎǎ ŀƴŘ 9ŦŦŜŎǘƛǾŜ /ƘŀǊƎŜǎΣ!ƭŜȄŀƴŘǊŜ 5ŜǳǊΣ {ǘŀƴƭŜȅ WΦ .ǊƻŘǎƪȅ ŀƴŘ 
/ǊŀƛƎ wƻōŜǊǘǎΣŜπtǊƛƴǘΥ нолоΦллтно ώƘŜǇπǇƘϐΣ tǊƻƎΦ tŀǊǘΦ bǳŎƭΦ tƘȅǎΦ мопόнлнпύ млплум

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


EHM Basics
ü!ōǎŜƴǘ IƛƎƎǎ ōƻǎƻƴ ŎƻǳǇƭƛƴƎǎΣ 

v/5 [ŀƎǊŀƴƎƛŀƴ ƛǎ ǎŎŀƭŜ ƛƴǾŀǊƛŀƴǘ Χ ȅŜǘ Χ 

VaŀǎǎƭŜǎǎ Ǝƭǳƻƴǎ ōŜŎƻƳŜ ƳŀǎǎƛǾŜ

V! ƳƻƳŜƴǘǳƳπŘŜǇŜƴŘŜƴǘΣ Lw ǎŀǘǳǊŀǘƛƴƎ ŎƘŀǊƎŜ ƛǎ 
ǇǊƻŘǳŎŜŘ

VaŀǎǎƭŜǎǎ ǉǳŀǊƪǎ ōŜŎƻƳŜ ƳŀǎǎƛǾŜ
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Three 
pillars 
of EHM

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

quantum corrections



EHM Basics
ü!ōǎŜƴǘ IƛƎƎǎ ōƻǎƻƴ ŎƻǳǇƭƛƴƎǎΣ 

v/5 [ŀƎǊŀƴƎƛŀƴ ƛǎ ǎŎŀƭŜ ƛƴǾŀǊƛŀƴǘ Χ ȅŜǘ Χ 

VaŀǎǎƭŜǎǎ Ǝƭǳƻƴǎ ōŜŎƻƳŜ ƳŀǎǎƛǾŜ

V! ƳƻƳŜƴǘǳƳπŘŜǇŜƴŘŜƴǘΣ Lw ǎŀǘǳǊŀǘƛƴƎ ŎƘŀǊƎŜ ƛǎ 
ǇǊƻŘǳŎŜŘ

VaŀǎǎƭŜǎǎ ǉǳŀǊƪǎ ōŜŎƻƳŜ ƳŀǎǎƛǾŜ

Φ      нлнр hŎǘƻōŜǊ муπнлΥ bWb¦ млǘƘ {ȅƳǇƻǎƛǳƳ ƻƴ /Ƙ9C¢                                   όнуύ

/ǊŀƛƎ wƻōŜǊǘǎ ŎŘǊƻōŜǊǘǎϪƴƧǳΦŜŘǳΦŎƴ  птп  IŀŘǊƻƴ {ǘǊǳŎǘǳǊŀƭ CŜŀǘǳǊŜǎ .ŜƘƛƴŘ ǘƘŜ 9ŦŦƛŎŀŎȅ ƻŦ /Ƙt¢

12

THREE 
PILLARS 
OF EHM

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

quantum corrections

This one is the key to ChEFT
Massless quarks become massive

ὪḐὓ π
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ü9ȄǇǊŜǎǎƛƻƴ ƻŦ όǇŀǊǘƛŀƭύ ŎƻƴǎŜǊǾŀǘƛƻƴ ƻŦ ŀȄƛŀƭǾŜŎǘƻǊόŎƘƛǊŀƭƛǘȅύ ŎǳǊǊŜƴǘ

ü LŘŜƴǘƛǘȅ ōŜǘǿŜŜƴ 

ŀȄƛŀƭ ǾŜŎǘƻǊ ǾŜǊǘŜȄǇǎŜǳŘƻǎŎŀƭŀǊ ǾŜǊǘŜȄŘǊŜǎǎŜŘ ǉǳŀǊƪ ǇǊƻǇŀƎŀǘƻǊ

ü/ƘƛǊŀƭ ƭƛƳƛǘ 

üvǳŀƴǘǳƳ ƴǳƳōŜǊǎ ᵼǇƛƻƴ ŀǇǇŜŀǊǎ ŀǎ ǇƻƭŜ ƛƴ ŀȄƛŀƭ ǾŜŎǘƻǊ ǾŜǊǘŜȄ 

ὖɜ ὯȠπ Ὢɜ ὯȠπ

ü¢Ƙƛǎ ǎŀȅǎ ǘƘŀǘ ƭŜŀŘƛƴƎ ŀƳǇƭƛǘǳŘŜ ƛƴ Ǉƛƻƴ άǿŀǾŜ ŦǳƴŎǘƛƻƴέ ƛǎ ŎƻƳǇƭŜǘŜƭȅ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ 
ŘǊŜǎǎŜŘπǉǳŀǊƪ ǇǊƻǇŀƎŀǘƻǊ

Axialvector Ward Green Takahashi Identity
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Pionõs Goldberger

-Treimanrelation

ü tƛƻƴΩǎ .ŜǘƘŜπ{ŀƭǇŜǘŜǊ ŀƳǇƭƛǘǳŘŜ

{ƻƭǳǘƛƻƴ ƻŦ ǘƘŜ .ŜǘƘŜπ{ŀƭǇŜǘŜǊ Ŝǉǳŀǘƛƻƴ

ü 5ǊŜǎǎŜŘπǉǳŀǊƪ ǇǊƻǇŀƎŀǘƻǊ

ü {ȅƳƳŜǘǊȅ ŘŜƳŀƴŘǎΣ Ǿƛŀ !ȄƛŀƭπǾŜŎǘƻǊ
²ŀǊŘπ¢ŀƪŀƘŀǎƘƛ ƛŘŜƴǘƛǘȅΥ
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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

.όƪнύ

hǿƛƴƎ ǘƻ 5/{.
ϧ 9ȄŀŎǘ ƛƴ
/ƘƛǊŀƭv/5

ὓὴ
ὄὴ

ὃὴ

Pion structure 
(almost) completely 
determined by 
dressed quark mass

http://inspirebeta.net/record/445150?ln=en
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wǳŘƛƳŜƴǘŀǊȅ ǾŜǊǎƛƻƴ ƻŦ ǘƘƛǎ ǊŜƭŀǘƛƻƴ ƛǎ 
ŀǇǇŀǊŜƴǘ ƛƴ bŀƳōǳΩǎbƻōŜƭ tǊƛȊŜ ǿƻǊƪ
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wǳŘƛƳŜƴǘŀǊȅ ǾŜǊǎƛƻƴ ƻŦ ǘƘƛǎ ǊŜƭŀǘƛƻƴ ƛǎ 
ŀǇǇŀǊŜƴǘ ƛƴ bŀƳōǳΩǎbƻōŜƭ tǊƛȊŜ ǿƻǊƪ



QCD FactPion (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

üThus, 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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Era of Meson òTargetsó

üW[ŀō ϧ 9L/ ϧ 9ƛŎ/

ςIƛƎƘ ƭǳƳƛƴƻǎƛǘȅ ŜƭŜŎǘǊƻƴ ό Ҍ ƛƻƴύ ōŜŀƳǎ

ς!ŎŎŜǎǎ ǘƻ ƳŜǎƻƴ ǘŀǊƎŜǘǎ Ǿƛŀ ǘƘŜ {ǳƭƭƛǾŀƴ tǊƻŎŜǎǎΣ 

ƛΦŜΦΣ ŀ ōŀǊȅƻƴΩǎ άƳŜǎƻƴ ŎƭƻǳŘέ

ü!a.9w Ϫ /9wb {t{

ςIƛƎƘπƛƴǘŜƴǎƛǘȅ ōŜŀƳǎ ƻŦ Ǉƛƻƴǎ

ό млтǇƛƻƴǎκǎŜŎ ƛƴ tƘŀǎŜπм Ґ ŀǇǇǊƻǾŜŘύ 

ŀƴŘ ƪŀƻƴǎ όрҎρπφƪŀƻƴǎκǎŜŎ tƘŀǎŜπн Ґ ǇǊƻǇƻǎŀƭ    
ōŜƛƴƎ ǇǊŜǇŀǊŜŘύ 

ς5ǊŜƭƭπ̧ ŀƴΣ Wκʕ ǇǊƻŘǳŎǘƛƻƴΣ ǇǊƻƳǇǘ ǇƘƻǘƻƴ 
ǇǊƻŘǳŎǘƛƻƴ

Χ ŦǊƻƳ ǇǊƻǘƻƴ ŀƴŘ ƴǳŎƭŜŀǊ ǘŀǊƎŜǘǎ 
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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

5!ǎ ŀǊŜ м5 ǇǊƻƧŜŎǘƛƻƴ ƻŦ 
ƘŀŘǊƻƴΩǎ ƭƛƎƘǘπŦǊƻƴǘ ǿŀǾŜ 
ŦǳƴŎǘƛƻƴΣ ƻōǘŀƛƴŜŘ ōȅ 
ƛƴǘŜƎǊŀǘƛƻƴ Ḑ Ὠ᷿Ὧ ὼȟὯ

[C 
ƭƻƴƎƛǘǳŘƛƴŀƭ 
ŘƛǊŜŎǘƛƻƴ

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


Pionõsvalence-quark 

Distribution Amplitude
üaŜǘƘƻŘǎ ǿŜǊŜ ŘŜǾŜƭƻǇŜŘ ǘƘŀǘ ŜƴŀōƭŜ ŘƛǊŜŎǘ ŎƻƳǇǳǘŀǘƛƻƴ ƻŦ ǘƘŜ ǇƛƻƴΩǎ ƭƛƎƘǘ-front wave 

function

ü ˒̄(x)= twist-two partondistribution amplitude = projection of the ǇƛƻƴΩǎPoincaré-
covariant wave-function onto the light-front

ü Results have been obtained with rainbow-ladder DSE kernel, simplest symmetry preserving 
form; and the best DCSB-improved kernel that is currently available.

x (h1-x)h , with h =0.5
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Imaging dynamical chiralsymmetry breaking: pionwave function 
on the light front, Lei Chang, et al., arXiv:1301.0324 [nucl-th], 
Phys. Rev. Lett. 110(2013) 132001 (2013) [5 pages].

http://inspirehep.net/record/1209281?ln=en
http://prl.aps.org/abstract/PRL/v110/i13/e132001


ü /ƻƴǘƛƴǳǳƳ ǊŜǎǳƭǘǎ ŜȄƛǎǘ ϧ ƭv/5 ǊŜǎǳƭǘǎ ŀǊǊƛǾƛƴƎ

ς/ƻƳƳƻƴ ŦŜŀǘǳǊŜ Ґ ōǊƻŀŘŜƴƛƴƎκŘƛƭŀǘƛƻƴ

ςhǊƛƎƛƴ Ґ 9Ia

ü bh ŘƛŦŦŜǊŜƴŎŜǎ ōŜǘǿŜŜƴ ˉ ϧ Y ƛŦ 9Ia ƛǎ ŀƭƭ ǘƘŜǊŜ ƛǎ

ς5ƛŦŦŜǊŜƴŎŜǎ ŀǊƛǎŜ ŦǊƻƳ IƛƎƎǎπƳƻŘǳƭŀǘƛƻƴ ƻŦ 9Ia ƳŜŎƘŀƴƛǎƳ

ςά/ƻƴǘǊŀǎǘƛƴƎ ˉ ϧ Y ǇǊƻǇŜǊǘƛŜǎ ǊŜǾŜŀƭǎ IƛƎƎǎ ǿŀǾŜ ƻƴ 9Ia ƻŎŜŀƴέ

Meson leading-twist DAs 
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asymptotic

pionkaon

ƪŀƻƴǇƛƻƴ

ü Yŀƻƴ 5! Ǿǎ Ǉƛƻƴ 5!

ςŀƭƳƻǎǘ ŀǎ ōǊƻŀŘ 

ςǇŜŀƪ ǎƘƛŦǘŜŘ ǘƻ ȄҐлΦплόрύ

ς ộ˅нỚҐ лΦнпόмύΣ ộ˅ỚҐ лΦлорόрύ

ü 9w.[ ŜǾƻƭǳǘƛƻƴ ƭƻƎŀǊƛǘƘƳƛŎ

ü .ǊƻŀŘŜƴƛƴƎ ϧ ǎƪŜǿƛƴƎ ǇŜǊǎƛǎǘ ǘƻ ǾŜǊȅ
ƭŀǊƎŜ ǊŜǎƻƭǾƛƴƎ ǎŎŀƭŜǎ ςōŜȅƻƴŘ [I/

pion symmetric
kaon skewed



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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¢ƘŜǎŜ ŦŜŀǘǳǊŜǎ ƘŀǾŜ ǿƛŘŜǎǇǊŜŀŘ ƛƳǇŀŎǘ 
ƛƴ ǎǘǳŘƛŜǎ ƻŦ όƘŀǊŘύ ŜȄŎƭǳǎƛǾŜ ǇǊƻŎŜǎǎŜǎΦ

.ǊƻŀŘŜƴƛƴƎ Ŏŀƴ ōŜ ǾŜǊƛŦƛŜŘΣ ŜΦƎΦΣ ƛƴ 
ƳŜŀǎǳǊŜƳŜƴǘǎ ƻŦ “ŀƴŘ ὑŜƭŜŎǘǊƛŎ 
ŎƘŀǊƎŜ ŘƛǎǘǊƛōǳǘƛƻƴǎ όŜƭŀǎǘƛŎ ŦƻǊƳ ŦŀŎǘƻǊ 
ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǘ ƭŀǊƎŜ ὗύ ϧ ƛƴ “ ὴ
5ǊŜƭƭπ̧ ŀƴ ƳŜŀǎǳǊŜƳŜƴǘǎ 

9ȄǇƻǎƛƴƎ ǎǘǊŀƴƎŜƴŜǎǎΥ ǇǊƻƧŜŎǘƛƻƴǎ ŦƻǊ ƪŀƻƴ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛŎ ŦƻǊƳ ŦŀŎǘƻǊǎΣCŜƛ Dŀƻ Ŝǘ 
ŀƭΦΣŀǊ·ƛǾΥмтлоΦлпутр ώƴǳŎƭπǘƘϐΣ tƘȅǎΦ wŜǾΦ 5фсόнлмтύ лоплнпκмπу

/ƻƴǎǘǊŀƛƴƛƴƎ ǘƘŜ Ǉƛƻƴ 5! ǳǎƛƴƎ 5ǊŜƭƭπ̧ ŀƴ ǊŜŀŎǘƛƻƴǎ ƻƴ ŀ ǇǊƻǘƻƴΣ IΦπ̧ Φ ·ƛƴƎ όữ ύ 
Ŝǘ ŀƭΦΣ bW¦πLbt лттκноΣ ŜπtǊƛƴǘΥ нолуΦмосфр ώƘŜǇπǇƘϐ

ⱴἩἻὁἵἸἼἷἼἱἫ

http://inspirehep.net/record/1517490?ln=en


Hard Exclusive Processes

e.g, meson form factors

Normalisation of large Q2 behaviour of meson form factors 
is largely determined by EHM, expressed in

V Ὢ = order parameter for DCSB (EHM)

V• ὼ = meson wave function

Parton distribution functions (PDFs) and parton 
distribution amplitudes (PDAs) are connected through the 
ƘŀŘǊƻƴΩǎ ƭƛƎƘǘ-front wave function

IŀŘǊƻƴΩǎ [C²C ƛǎ ǘƘŜ ƪŜȅΦ

V EHM is expressed in every hadron LFWF

V LFWF correlates all observables
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Ὣ
ρ

ὼ
ȟὫӶ

ρ

ρ ὼ

ü High-energy nuclear and particle physics have long focused on 
finding evidence for power-law scaling in experimental data.  

ü Certainly, an important first step; BUT it should be remembered 
that QCD is not found in scaling laws.  

ü Instead, since quantum field theory requires deviations from strict 
scaling, then QCD is found in the existence and character of 
scaling violations.  



Wave Functions of NambuGoldstone Bosons

ü Scientific Context:

ςToday, continuum and lattice are delivering consistent predictions for ˒̄,K(x)

ςCan signature features of interference between EHM and HB, which are manifest in low-order 
Mellin moments of the DAs, be probed experimentally?

üMeasurement

Elastic electromagnetic form factors
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/{a ǇǊŜŘƛŎǘƛƻƴ 
ϧ ŜȄƛǎǘƛƴƎ W[ŀō Řŀǘŀ

/{a ǇǊŜŘƛŎǘƛƻƴ 
ϧ W[ŀō Ҍ 9L/ ǇǊƻƧŜŎǘƛƻƴǎ

Breakaway from scaling at ὗ φὋὩὠ
Thereafter, ὗ dependence 

is largely described by hard-scattering formula with realistic DA
Reveal QCD scaling violations for 1st time in hard elastic scattering
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