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ChEFT

> Basic Features

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

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

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

> The large scale is supposed to be = 32 7 f;> =~ 1 GeV? (see mm scattering)
» How does that scale emerge in a theory described by a scale-free Action?
— fr = 0in a scale-free theory

- my, = 0in ascale-free theory
» This is the question that underlies all of physics:
— How does the proton mass emerge from a massless, scale invariant theory?
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The Pion

“There are more things in heaven and earth, Horatio,
than are dreamt of in your philosophy.”

» The pion is the basic degree of freedom in ChEFT
» Many practitioners take it for granted
» However, the pion is NOT elementary, and its structure is NOT understood
— Form factor?
— Distribution amplitude?
— Distribution functions ... valence, sea, glue?
— Fragmentation functions?
— Generalised parton DFs?
— Transverse momentum dependent DFs

— How 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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Quantum Chromodynamics

1 _
L= 2GAMGHE) +P|y -0 +m+ig Sy A% |¥()

Gy () = 9, A%(x) — 8, Aji (x) — fAPC AL (2)AF ()

» One-line Lagrangian — expressed in terms of Gluon and Quark Confinement
massless gluon (A7) and Higgs-mass quark (i) partons

» Which are NOT the degrees-of-freedom measured in detectors

Advantages of the Color Octet Gluon Picture,

H. Fritzsch, Murray Gell-Mann, H. Leutwyler, Phys. Lett. B 47 (1973) 365-368

» “The quarks come in three "colors," but all physical states and interactions are
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-singlet degrees of freedom can be excited.”
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Quantum Chromodynamics

1 _
L= 2GAMGHE) +P|y -0 +m+ig Sy A% |¥()

Gy () = 9, A%(x) — 8, Aji (x) — fAPC AL (2)AF ()

, , _ Gluon and Quark Confinement
» One-line Lagrangian — expressed in terms of gluon and quark partons

» Which are NOT the degrees-of-freedom measured in detectors
Questions

» What are the (asymptotic) detectable degrees-of-freedom?

» How are they built from the Lagrangian degrees-of-freedom?
» 1s QCD really the theory of strong interactions?

» 1s QCD really a theory ... or just another EFT?
= Implications far beyond Standard Model

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

N
G 5
foft . 2025 October 18-20: NJNU 10th Symposium on ChEFT (28)



Emergence of Hadron Mass

» Standard Model of Particle Physics has one obvious mass-generating mechanism

= Higgs Boson ... impacts are critical to evolution of Universe as we know it
» However, Higgs boson alone is responsible for just ~ 1% of the visible mass in the Universe
» Proton mass budget ... only 9 MeV/939 MeV is directly from Higgs

proto mass bUdget Decomposition is

v gauge invariant
v’ Poincaré invariant
v’ scale invariant

» Evidently, Nature has another very effective
mechanism for producing mass: EHM

Emergent Hadron Mass (EHM)

v" Alone, it produces 94% of the proton’s mass —

v Remaining 5% is generated by constructive
interference between EHM and Higgs-boson

» What is the origin of EHM?
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Ancient History

Cornwall’s estimate: mg = 0.5(2)GeV » %mp

» = 45 years ago

3-gluon vertex
Dynamical mass generation in continuum quantum chromodynamics,

J.M. Cornwall, Phys. Rev. D 26 (1981) 1453 ... > 1100 citations

» Owing to strong self-interactions, gluon partons = gluon quasiparticles,
described by a mass function that is large at infrared momenta

1 /'5 §5-e . 4-gluon vertex
S @ =2.25 .
mf] al ® 3-2.37 _ Truly mass from nothing

An interacting theory, written in

terms of massless gluon fields, v QCD fact
produces dressed gluon fields that

Gluon propagator
... continuum and

2f lattice QCD agree v ;
are characterised by a mass function Continuum theor yan d
g that is large at infrared momenta lattice simulations agree
%% i 5 3 2 v’ Empirical verification?
k [GeV]
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D. Binosi, Emergent Hadron Mass in Strong

Dynamics, Few Body Syst. 63 (2022) 42. A nc i en t H iS t or y

M. N. Ferreira, J. Papavassiliou, Gauge
Sector Dynamics in QCD, Particles 6 (1)

(2023) 312-363, Today’s best estimate: m§-' = 0.43(1)GeV

Gauge Invariance and Mass,

Phys. Rev. 135 EHM means
Phys. Rev. 125 (1962) 397-398 - 3-gluon vertex

It is argued that the gauge invariance of ICS,
a vector field does not necessarily imply

zero mass for an associated particle if
the current vector coupling is sufficiently u O n S a r e Sj pa rticles,

t ;
strong Imenta

massive via
= Schwinger |y acos

l,Y" Continuum theory and
lattice simulations agree

9 i 5 M e C h a n | S m v’ Empirical verification?

k [GeV]
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Process independent
effective charge = runnmg couplmg

= Dyson-Schwinger Equations in Modern Mathematics

EUROPEAN CENTRE

ror ORI Tk eowes AN 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

3289 total downloads

......... —
B . : : ; O JlabEG4(2022) |
» Modern theo.ry exploiting pinch techruque and 1. O, | o Jiab E97110 (2022)
background field method — enables unique QCD <[ | <& JLab EGidves
+08f ® Hall ACLAS
analogue of e - @ JLab CLAS (2008)
“Gell-Mann — Low” e - B JLab CLAS (2014)
_ IR &R OB A DESYHERMES
running charge to be R = | v CERNCOMPASS
: : ’ S < CERNSMC
4l
rigorously defined and calculateci, 04t CERNOPAL
» Analysis of QCD’s gauge sector ,” [ @ SLAC E142/E143
. ’ o 0.2} ® SLAC E154/E155
yields a parameter-free prediction - 3 JLab RSS
L A Fermilab
» N.B. Qualitative change in dp (k) at k= Yam,—___ oof ﬁ
0 00501 1

A\

No Landau Pole
q [GeV]

v’ Process independent strong running coupling

Below k ~ m, , interactions become scale
. . . . Daniele Binosi et al., arXiv:1612.04835 [nucl-th], Phys. Rev. D 96 (2017) 054026/1-7
|ndependent, jUSt as they were In the Lagra ng|an; v’ Experimental determination of the QCD effective charge a,,(Q).

A\

. . A. Deur; V. Burkert; J.-P. Chen; W. Korsch, Particles 5 (2022) 171
so, QCD becomes practically conformal again
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v' QCD 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
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EHM Basics

» Absent Higgs boson couplings,
QCD Lagrangian is scale invariant ... yet ...

v’ Massless gluons become massive

v' A momentum-dependent, IR saturating charge is
produced

v’ Massless quarks become massive

............................ THREE oF T T T o Wekae o) |
i y 1 &2 Ak, m JLab E97110 (2022)
(—— PEMR@ [ ’ & & JLabEGidvcs
e I [ ® Hall ACLAS ;
OF EHM - © JLab CLAS (2008)
; [ & JLab CLAS (2014)

%0100- o - - A DESYHERMES

Lt B T . [ v CERNCOMPASS

Sl -1 v 3 X M(0) sets the scale of [ CeRNSMC

= - Bottom ] L CERNOPAL

the proton mass. gt

f = Strange @@==0 @ =ao_. L
i L Y : 0 JLab RSS
= v'Meson-loops provide 20% X &er

......................... quantum COrreCtIOI’]S B e
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EHM BaSiCS This one is the key to ChEFT

Massless quarks become massive

THREE o A "] O JLabEG4(2022) |
y 1 S Al Lab E
PILLARS | ' By o JanEaidie
i Hall AICLAS X
OF EHM § Bipreirey T
[ @ JLab CLAS (2014)
:'A DESY HERMES
. CERNCOMPASS
3 X M(0) sets the scale of [ GeRNsMC
L Bottom L > CERNOPAL
ootol = Cham the proton mass. ' © SLAC E142/E143
=« Strange . :@ SLAC E154/E155
v Meson-loops provide 20% 3
| T T SN ST . quantum COrreCtIOnS .........
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.
Axialvector Ward Green Takahashi Identity

» Expression of (partial) conservation of axialvector (chirality) current
» ldentity between

P9 (k: P) + i [mf(C) + mg(Q)I L% (ks P) = S5 (ks Jivs + 5.5, ' (k)

\ / ~

axial vector vertex pseudoscalar vertex dressed quark propagator
» Chiral limit
P, TL8(k; P) = 871 (ky)iys + iv5Sy ! (k)
» Quantum numbers = pion appears as pole in axial vector vertex
d _ :
Purgtu (k; 0) = —frI5%(k; 0)

» This says that leading amplitude in pion “wave function” is completely determined by the
dressed-quark propagator
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. N
Maris, Roberts and Tandy Pion structure
nucl-th/9707003, Phys.Lett. B420 (1998) 267-273 | uctu o ’
(almost) completely Pion’s Goldberger

determined by

dressed quark mass -Treiman relation
C.alkP) = Tﬂj’\/,r; [iETr(k; P) 4+~ - PF.(k; P)

» Pion’s Bethe-Salpeter amplitude

Solution of the Bethe-Salpeter equation +v-kk-PGr(k;P)+ O kﬂpp ik p)]
1 2
» Dressed-quark propagator S(p) = - ‘ ‘ 2y _ B(p°)
iy - pA(P?) + B(p®) — M®7) =707

» Symmetry demands, via Axial-vector
Ward-Takahashi identity:

frE:(k;: P =0) = B(k?

Owing to DCSB Miracle: two body problem solved,
& Exact in almost completely, once solution of
Chiral QCD

[ ]
one body problem is known
Craig Roberts cdroberts@nju.edu.cn 474 Hadron Structural Features Behind the Ejjicacy o} chpT 4 S R ' S

[ PARLY :
) :
Anad . 2025 October 18-20: NJNU 10th Symposium on ChEFT (28)


http://inspirebeta.net/record/445150?ln=en

Rudimentary version of this relation is

apparent in Nambu’s Nobel Prize work Model independent
Gauge independent
Scheme independent

£ o) = Blip?)

The most fundamental
expression of Goldstone’s
Thggrgm and Dg§ﬁ

e Efficacy of Ch
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Rudimentary version of this relation is
apparent in Nambu’s Nobel Prize work Model independent

Gauge independent
Scheme independent

Pion exists if, and only if,
mass emerges
dynamically
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QCD Fact Pion (Nambu-Goldstone modes) and mass

> Higgs boson couplings = 0 EHM demands equivalence between
one-body mass and two-body correlation strength
in Nature’s most fundamental Nambu-Goldstone bosons

» Pion exists and is massless
» Pion Bethe-Salpeter amplitude

Pion wave function quark mass function

I dThus, enigmatically, properties of the nearly massless pion are

the cleanest expression of EHM in the Standard Model !

. & Craig Roberts cdroberts@nju.edu.cn 474 Hadron Structural Features Behind the Efficacy of ChPT
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One aspect of
pseudoscalar meson physics

‘ Craig Roberts cdroberts@nju.edu.cn 474 Hadron Structural Features Behind the Efficacy of ChPT
: _
< - o

C 2025 October 18-20: NJNU 10th Symposium on ChEFT (28)

10



Era of Meson “Targets”

A W e B
elastic form - V,N parton
1(q)

factors

A A
> Jlab & EIC & EicC /@l\»\ /t/\
— High luminosity electron ( + ion) beams p(k) ¢t n(k) p(k) t  n(K)
— Access to meson targets via the Sullivan Process, /0%
i.e., a baryon’s “meson cloud” T at
- JLab 12 GeV
' 36
> AMBER @ CERN SPS 5
— High-intensity beams of pions = S
~ . . 8 1033 """" BNL EIC
( > 107 pions/sec in Phase-1 = approved) £ e
=
and kaons (5 x 10° kaons/sec Phase-2 = proposal =) e R o
being prepared) 5 10 50 100
— Drell-Yan, J/{s production, prompt photon N o centre of mass energy
production
... from proton and nuclear targets v
o
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Y(x,t)

T & K DAs & Form Factors
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Wave Functions of Nambu Goldstone Bosons

» Physics Goals:

— Consequently, fundamental to understanding m and K structure.

» Scientific Context:

Craig Roberts cdroberts@nju.edu.cn 474 Hadron Structural Features Behind the Efficacy of ChPT PhyS 120 (2021 ) 10388 3/1 65

DAs are 1D projection of
hadron’s light-front wave
function, obtained by

Pion and kaon distribution amplitudes (DAs — ¢, 4) integration ~ [ d%k, ¥ (x, k)

Nearest thing in quantum field theory to Schrodinger wave function

Front Form

LF
gitudinal
direction

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

Modern theory = EHM expressed in x-dependence of ¢, x(x)

Quantization Surface

@ (x) is direct measure of dressed-quark running mass in chiral limit. 0+ 25— 0
Kaon DA = asymmetric around midpoint of its domain of support
(0<x<1)

e Degree of asymmetry is signature of constructive interference
between EHM and HB mass-generating mechanisms

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.

22
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Imaging dynamical chiral symmetry breaking: pion wave function
on the light front, Lei Chang, et al., arXiv:1301.0324 [nucl-th],

Phys. Rev. Lett. 110 (2013) 132001 (2013) [5 pages]. Pion ! Sva lence-q uark
Distribution Amplitude

» Methods were developed that enable direct computation of the pion’s light-front wave
function

> @, (x) = twist-two parton distribution amplitude = projection of the pion’s Poincaré-
covariant wave-function onto the light-front

d'k
2m)!

pr(T) = Zztrcmf 0(n-k—axn-P)vysy-nS(k)[+(k; P)S(k — P)

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

x¢ (1-x)%, with a=0.5
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http://inspirehep.net/record/1209281?ln=en
http://prl.aps.org/abstract/PRL/v110/i13/e132001

Meson leading-twist DAs

» Continuum results exist & |QCD results arriving
— Common feature = broadening/dilation

1.4
12
1.0

— Origin = EHM = 0.8

S

» NO differences between t & K if EHM is all there is 0.6
— Differences arise from Higgs-modulation of EHM mechanism 0.4

— “Contrasting m & K properties reveals Higgs wave on EHM ocean

n 0.2

0.0
00 02 04 06 08 1.0

plo N Pion and Kaon Distribution Amplitudes in the Continuum Limit ka on

1.5¢

1 =~ 1.0f
X

..... - DSE'"14-1

ost 45 e e
---RQCD'19 e --- RQCD'19 i
—— MSULAT'20 2 —— MSULAT'20 d
| | | | | oo | | | | .
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
X X

FIG. 10. Fit of the P, = 4%" pion (left) and kaon (right) data to the analytical form in Bjorken-z space, compared with
previous calculations (with only central values shown). Although we do not impose the symmetric condition m = n, both
results for the pion and kaon are symmetric around z = 1/2 within error.
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pion symmetric
kaon skewed

» Kaon DA vs pion DA

— almost as broad
— peak shifted to x=0.40(5)
— (&€2) =0.24(1), (§) = 0.035(5)

» ERBL evolution logarithmic

» Broadening & skewing persist to very

large resolving scales — beyond LHC

24
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Exposing strangeness: projections for kaon electromagnetic form factors, Fei Gao et

al., arXiv:1703.04875 [nucl-th], Phys. Rev. D 96 (2017) 034024/1-8 T & K D AS

Constraining the pion DA using Drell-Yan reactions on a proton, H.-Y. Xing (FBEEa)) . .

et al., NJU-INP 077/23, e-Print: 2308.13695 [hep-ph] Cf . asym ptot] C p rOf-l le
. ‘Pasymptotic ' ' .

1.45
1.2}

1.4}

1.2}
1.0} 1.0}
< i < -
;.E 0.8: ‘g 0.8:
0.6: 0.6}
0.4: 0.4+
0.2 1 0.2 i
Ok 10 Ok 10
0.2 0.4 0.6 0.8 1.0 0.2 0.4 0.6 0.8 1.0

X X

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

» EHM generates broadening in both m & K

» EHM + Higgs-boson interference responsible for skewing in kaon Broadening can be verified, e.g., in

measurements of w and K electric
charge distributions (elastic form factor
measurements at large Q%) & inm + p
Drell-Yan measurements

HB

mil 1
X == (0.02 ... wron
mHB ™ 5 g

— HB-only = peak shifted to

EHM my,—My,
EHM mg—Mj
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http://inspirehep.net/record/1517490?ln=en

Hard Exclusive Processes
e.g, meson form factors

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

v' fu = order parameter for DCSB (EHM)
v" @ (x) = meson wave function

Parton distribution functions (PDFs) and parton
distribution amplitudes (PDAs) are connected through the
hadron’s light-front wave function

(@) ~ / Pz, k),
4(z) ~ / Pk [z, K22 >

Hadron’s LFWF is the key.
v' EHM is expressed in every hadron LFWF

v" LFWF correlates all observables

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

°

The impetus for measuring Fi;(Q?) at large momen-
tum transfers is a need to understand and validate a strict
prediction of QCD [32-34], viz. 3Qo > Aqcp such that

Q*Fu(Q?) © 2% 16mas(Q2) f2 w3 (Q%), (1)

where ag is the one-loop strong running coupling,
Aqep = 0.3GeV, fr = 0.092GeV, fx = 0.110GeV [1];

and ’ZUJ%4 = 6@11/3(@2) + euwg(Q2)7

i
g = 1 / o g () et s G, (2)
1 1
Gu=7% 9771

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

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

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

scaling violations.
. 2025 October 18-20: NJNU 10th Symposium on ChEFT (28)
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°

L Revealing the structure of light pseudoscalar
mesons at the Electron-lon Collider, ). Arrington et

Wave FunCtlonS Of Nambu GOldStone Bosons al., NJU-INP 036/21, arXiv: 2102.11788 [nucl-ex], J.

Phys. G 48 (2021) 7, 075106

» Scientific Context:
— Today, continuum and lattice are delivering consistent predictions for ¢, ((x)

— Can signature features of interference between EHM and HB, which are manifest in low-order

Mellin moments of the DAs, be probed experimentally?
» Measurement Breakaway from scaling at Q% ~ 6 GeV?
Thereafter, Q% dependence

Elastic electromagnetic form factors is largely described by hard-scattering formula with realistic DA
Reveal QCD scaling violations for 1%t time in hard elastic scattering

CSM prediction
& existing JLab data

ot . . . ; ol .
0 1 2 0 10 20 30 40
Q?/GeV? CSM prediction  Q%/GeV?
_ Craig Roberts cdroberts@nju.edu.cn 474 Hadron Structural Features Behind the Efficacy of ChPT & JLab + EIC P rOj ections
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https://inspirehep.net/literature/1848000
https://iopscience.iop.org/article/10.1088/1361-6471/abf5c3

°

. Grant no. 12135007

5 B R
Fmergent Hadron Mass A
NEPE | oo N i
» QCD is unique amongst known fundamental theories of natural phenomena
— The degrees-of-freedom used to express the scale-free Lagrangian are not directly observable
— Massless gauge bosons become massive, with no “human” interference

— Gluon mass ensures a stable, infrared completion of the theory through the appearance of a
running coupling that saturates at infrared momenta, being everywhere finite

— Massless fermions become massive, producing
e Massive baryons and simultaneously Massless mesons

» These emergent features of QCD are expressed in every strong interaction observable
» They can also be revealed via
EHM interference with Nature’s other known source of mass = Higgs
» We are capable of building facilities that can validate these concepts, proving QCD to be
the 15t well-defined four-dimensional quantum field theory ever contemplated

» This may open doors that lead far beyond the Standard Model

. Craig Roberts cdroberts@nju.edu.cn 474 Hadron Structural Features Behind the Efficacy of ChPT
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Can’t build a Theory of Everything

before status of QCD is decided L Nature

There are theories of many things,
But is there a theory of everything?

A
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Nature of Physics
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Steven Weinberg
Born: May 3, 1933, New York, NY
Died: July 23, 2021, Austin, TX

v

“The effort to understand the universe is one of the
very few things that lifts human life a little above
the level of farce and gives it some of the grace of
tragedy.”

“Nothing in the last five hundred years has had so
great an effect on the human spirit as the
discoveries of modern science.”

“I know of no one who has participated actively in
the advance of physics in the postwar period whose
research has been significantly helped by the work
of philosophers.”

“Science is the path to truth”
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Nucleon o Term

> Expectation value of Hycp mass term — [ d*x m(O)g(x; O)q(x; Q) —in the proton eigenstate
= total contribution to proton mass generated by Higgs-seeded interaction term
Final (measured) value = result from constructive interference between
Higgs quark mass (explicit chiral symmetry breaking)
and emergent mass (dynamical chiral symmetry breaking) magnification factor
» Mathematical definition ... forward matrix element, zero momentum insertion:

(pU|[ d*x m($)q(x; DqCx; O|pUa)) = (pUD|[ d*x Mm[g(x)q()]|p(k)) =
Normalisation: (p(k)[p(k)) = 2m,,

dmy ~ dmy

dm(() m=m

> Equally (Feynman-Hellmann theorem): g, = m({)

ddmp (p(k)|f d*x [g(x)q(x)] |p(k)) = in-proton expectation value of the chiral condensate

operator, a nonzero value for which is a corollary of EHM

» Higgs-only contribution = M, (1 + Zm”) =my(1.924) ~ 6.8 X 1.924 = 13 MeV = 0.014 m,,
mgq
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> Inferred value ... op = 56 MeV

» Higgs-only (explicit chiral symmetry breaking)

» Constructive interference between Higgs and EHM

Nucleon o Term & Nucleon Mass Budget

proton mass budget

EHM

contribution

g (1+22) = 13 Mev= 0.014 m,

mgq

2m
A~ u
=0, — My 1+——] =43 MeV = 0.046 m, EHM+HB
mq
L, o | HB
Remaining 94% of m,, is pure EHM component
= EHM-only
v’ Higgs (ECSB) alone is responsible for just 1.4% my,
Craig Roberts cdroberts@nju.edu.cn 474 Hadron Structural Features Behind the Efficacy of ChPT
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N
Renormalisation Group Invariant Running Quark Mass

Chromodynamics is a Poincaré-invariant quantum non-Abelian gauge field theory
It is thus common to use a Poincaré-invariant quantisation method = QCD
Continuum and lattice Schwinger function methods provide such schemes

YV YV V VY

In a manifestly Poincaré-invariant definition of QCD, the propagator of any quark takes the
form S(k) = Z(k?)/[iy - k + M(k?)]

When working with the renormalised theory, with renormalisation scale {, this becomes
Sthk; $) = Z(k*,0)/[iy - k + M(k?)]

Z(k?; Q) is the dressed quark wave function renormalisation function. It depends on (.

A\

YV VYV

M (k?) is the dressed quark mass function.

A\

It now follows from multiplicative renormalizability of QCD, i.e., the bare and renormalised
quark propagators are related by a single, overall multiplicative factor, that

— M(k?) is does NOT depend on ¢.  On any domain within which perturbation theory is valid,
2y _ 2\ _ = 2 -
— Instead, M (k?) is a RGI quantity. M(k*) = m(k?) = m [aqcp(k°)/mym]"
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ir < ir _ Pseudoscalar Mesons

|

as Bound-States

A

1S

» Bound-State amplitude is determined from the homogeneous Bethe-Salpeter equation
(BSE):
] déq 7 ~T' 8
[Fﬂ-(k-;P)]tu - (E?T}d [Xﬂ[:q;P)]eritu [q kP}

— X(q;P) =S(q) M(q;P) S(g+P), S =dressed-quark propagator

— 1,5,t,u represent colour, isospin, spinor indices
— K= quark-antiquark scattering amplitude

» A generalisation to quantum field theory of the Lippmann-Schwinger equation = one of the
most-used equations in quantum mechanics ... to describe scattering and bound states
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Pseudoscalar Mesons as Bound-States

» Poincaré covariance entails that the bound-state (Bethe-Salpeter) amplitude for an
isovector pseudoscalar meson (valence-quark and valence-antiquark) takes the form

V(L) = Tﬂj”/g, [iEW(kt; P)+~-PF.(k; P)

+ k- P Ga(k; P) + 00 kuPy He(k: P)]
— {t*=1.23} = Pauli matrices
— P =total momentum of system
— k =relative momentum between valence degrees-of-freedom
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