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ChEFT

U Basic Features

¢ Systematic, ordeby-order expansion of hadron and nuclear observables in powers of
the ratio of a low momentum to a higénergy scale

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

¢ Emergence of a large maseale against which some hadron masses and momenta may
be considered small

i The large scale is supposedtobe ¢ 'Q p' A (see* “scattering)
U How does that scale emerge in a theory described by a-feadeAction?
Z Q T1tin a scaldree theory
Z Q Ttin a scaldree theory

U 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 PlLon  wr&NBo+NE Y2NB (0KAVIE AY KS
h& by drelb NG in RNBloXiny 62 F Ay @ 2 dzNJ |

U The pion is the basic degree of freedonCinEFT

U Many practitioners take it for granted

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

Form factor?

Distribution amplitude?

SAA0NANOdzOA2Y FdzyOQuA2ya X Ol fSyOoOSs aSlh =
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 lightfront momentum fraction

D N N N N N N
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U Oneline Lagrangiag expressed in terms of D/fodz2 ok YR inavndzt N

massless gluoro() and Higgsnass quark () partons

U Which are NOT the degree$-freedom measured in detectors

Advantages of th€olorOctet Gluon’Picture,
H. Fritzsch Murray GeHMann, H. Leutwyler, Phys::Lett: B/47 (1973) 365

U G¢CKS ljdzZr NJa O02YS Ay UKNBS bHO2t2NAZIb 0
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 schem
inwhichthecolornora A y 3t SG RSINBSE 2F FNBSR2Y
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U Oneline Lagrangiag expressed in terms of gluon and qu&rtons
U Which are NOT the degree$freedom measured in detectors
Questions

What are the (asymptotic) detectable degreafsfreedom?

U

U
U
U

Craig Roberts cdroberts@nju.edu.cn

I How are they built from the Lagrangian degretdreedom?
Is QCD really the theory of strong interactions?
i1La v/ 5

NEFfftée | GKS2NB X 2NJ 2dzad | y2i
t Implications far beyond Standard Model
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Emedangenlceonofs Hadr on

U Standard Model of Particle Physics has one obvious-gassrating mechanism
=HiggsBosoX A YLJ OG&a INBX ONRGAOIf G2 S@2f dz

U However, Higgs boson alone is responsible forus%of the visible mass in the Universe

Ut NRPG2Y Yl aa o0dzRISG X 2ytfté d.aStkdhpod aS+

protor\mass budget Decomposition:is

V gauge invariant
V Poincaré invariant
\/ scale invariant

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

Emergent Hadron/Mass{(EHM)
V Alone, it produce®4%2 ¥ 0 KS LINR

V Remainingh%is generated by constructive
iInterference between EHM and Highgeson

U 2VKtishe M@&n olr KNS 2 NAIAY 27F
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U 45 years ago

Anie
o2 NY g 16 f-Qa

enoty Hi st ory
Ba(()' ARG BS Y
oHf dz2y €S NI

Dynamical mass generation in continuum quantum chromodynamics,

J.M. Cornwall, Phys. Rev2®Mm by m 0

M@ @ Terakons

U Owing to strong selinteractions, gluormpartonst gluon quasiparticles,

descrlbed by a mass function that is large at infrared momenta

I . Oﬁ 1.63
./3 2.13
P 7
Q 4l ® 5=2.37
33 Gluon propagator
= X continuumand
2 lattice QCD agree
1}
ol .
0 1 2 3 4

k [GeV]

[ N
diad

naf dz2 y Ji
CNWf & &8 FNBY y2dKAY3
L'y AYUSNIOUOAY3I UKS2NEZ GgNAUUSY
GSN¥a 2% Yl aat Syinc ey ?)\Stvﬁeé:
LINE RdzOS& RNXBaas »
F NB OKIF NI O 8 NA a\?;%og%n@ﬁm 99%’3%2
GKFEd Aa tFNBS I latjce simukRions agre

V Empirical verification?
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Gauge Invariance and Mass

J. S. Schwinger

Phys. Rev. 125 (1962) 39%8

It is argued that the gauge invariance of
a vector/field ' doesnot-necessarily;imply
zerormass for.an-associated particle if
the current.vector coupling is sufficient
strong.
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5y | DysorSchwinger Equations indModern-Mathematics

EEEEEEEEEEEEEE

A e i and Physics (DSEMP2014) Trento,, Italy,-Septemb26,22014 P . d d t
Effective charge from lattice QCD, Zhu-Fang Cui,Jin-Li Zhang et al., roceSS I n e pe n e n
NJU-INP 014/19, arXiv:1912.08232 [hepph], Chin. Phys..C/44 (2020) 083102/110 _

effective Charge runnlng coupllng
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Three
pillars

of EHM

the proton /mass.
V Mesonloops provideg P
guantum corrections

o ~ U/ (m) setsithe scale 'of =

MO VAAPEO®
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Massless quarks-become - massiv4
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Ouark Gap Eauation
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Axialvector Ward Green Takahashi Identity

U 9ELINB&A&A2Y 2F 0O LI ENTIAIIGARONDRND & §RID | ODHANNE 3 T
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N /
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Maris, Roberts and Tandy

nuckth/9707003 Phys.LettB420(1998) 267273 Pion structure P | ~ d b c

(almost).completely

sn Gol
determined by .
dressed quark-mass 'T r el Indé rh a

Ut AGY . §HKEISGESNI | YA dR T ¥ [iEw(k; P) 44 - PFy(lP)

(2tdziA2y RFt WESSNSSKEL 032 -yPGW(k;P) 1 kB Hﬂ_(/{;p)]

1
U B ajadi RN LINE S(p) = . 01
v-pA(p?) + B(p?) — -1 &9
0 {@YYSUNE RSYISRAZ NDA | | EAL €
2 MR 1 Kl a KA )\F“eéyu)\uev

hegAy3d 62 5/ Miracle: two body problem solved,
3 9EFOU AY | almost completely, once solution of
[ K AW .

one body problem is known
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WdzZRAYSY iF NBE OSNRERAZ2Y 2F GKAA NBf I 0
I LILJ- NBY W @HA6 St t NAT S 62 NJ Model independent
Gauge independent
Scheme independent

£ o) = Blip?)

The most fundamental
expression of Goldstone’s
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WdzZRAYSY iF NBE OSNRERAZ2Y 2F GKAA NBf I 0
I LILJ NBl Wadso St t NAT S 62 NJ Model independent
Gauge independent
Scheme independent
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Pion exists if, and anly if,
mass emerges
__fxnamisaily
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QCD F a @tnommb(-Badnbhs ticomesndmosd e s )

U1l A33E 0242y C)9|q \RSY|VR§ Cf‘,ljvdz)iélfs)/éé o)
U Pion exists and is massless 2 Y& 2 Re_,_ YI'A a}qm leﬁF‘i Ow @‘méj I . )\?
AY DBUMZRB U T doyf RFMMDESIYRIA U2 Y S

Pion wave function guark mass function

SThus, enigmatically, properties of the nearly massless pio
the cleanest expression of EHM in the Standard Mc
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One aspect of
pseudoscalar meson physics
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Era of oMasgat

A - B
elastic form W g = Vg parton X
19) (9)

factors p distributions Y p
_ At /7r*
UOW[IlI O DADULU/ 3 /@l\»\ /t’\
¢l AIK fdzYAyzaAriae St p(k)  t  n(k) p(k) t  n(k) |
C ! (“)(V)Aééé GzA Yéézvy GI-VNESGé @:1039'_" S s B
ADS DT Gy Da 2NE 23t 2 dzR ;m .
G!a.9w X /9wb {t/{ § 10%
ClABAKUGSYaAUIN DYEE Ya 27F = -
6 MALIA XEE O Awf tHHILINE g8 20 | compass. i
LYR \APRYEL By ak aBO weBESAL 5. 0
0 SAY 3 LINB LI 5 10 50 100
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LINE RdzO U A 2
XFNRY LINRUOUZ2Y YR VY Y 1S 0 a
It
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Y(x,t)

T & K DAs & Form Factors
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U Physics Goals: Kt RAP yR N0 4 |
_ o _ TdzyOuUAZYy >~ 200l

¢ Pion and kaon distribution amplitudes (D&s- ,) Ay G SImIaa 2 ¢
¢ Nearest thing in quantum field theory to Schrodinger wave functiol

¢ Consequently, fundamental to understandingnd Kstructure.

Front Form

U Scientific Context:

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

¢ Modern theoryt EHM expressed ixdependence of j (w)
- : _ ] _ ~_ Quantization Surface
Z * (wisdirect measure of dressegliark running mass in chiral limit——5—_—

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

wDegree of asymmetry Is signature of constructive interference
between EHM and HB magsnerating 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, NJUINP 034/21, arXiv. 2102.01765 [hepph], Prog. Part.Nucl.
Craig Roberts cdroberts@nju.edu.cn 474 Hadron Structural Features Behind the Efficacy of ChPT Phys.120 (2021) 103883/1-65
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Imaging dynamicathiralsymmetry breakingpionwave function
on the light frontLei Chang, et alarXiv:1301.0324nuckth],

PhysRevLett 110(2013) 132001 (2013) [5 pages] PI SN a | e-q aar k

DI stri buti on
U aSiK2Ra&a 6SNB RSYUSt2LISR (0KF O Syl -tdntSvavB A NB O
function

U . -(X)=twisttwo partondistribution amplitude = projection of theJA 2 Bb6Mcaré
covariant wavdunction onto the lightfront

d'k
2m)!

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

U Results have been obtained with rainbéadder DSE kernel, simplest symmetry preserving
form; and the best DCSBproved kernel that is currently available.

X' (1-x)', withh=0.5
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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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N
Hard Excl usi ve Processes

The impetus for measuring Fi;(Q?) at large momen-
e ., g me s 0 n f orm f aC tum transfers is a need to understand and validate a strict

o _ prediction of QCD [32-34], viz. 3Qo > Aqcp such that
Normalisation of large €behaviour of meson form factors

Is largely determined by EHMXxpressed in 5 o\ Q*>Qf M 2 2 A2

& ~ 16mag w ; 1
V "Q = order parameter for DCSB (EHM) EHG) (@) w3 (Q7) (1)
V ¢ () = meson wave function

Parton distribution functions (PDFs) and parton
distribution amplitudes (PDASs) are connected through the

where «g is the omne-loop strong running coupling,
Agcep = 0.3GeV, fr = 0.092GeV, fx = 0.110GeV [1];
and ’ZU]%4 = 6@11/3(@2) + euwg(Q2)7

Kl RNE y-fioat wava fartion o ;
wy =1 / T (2)
2 2
o) ~ / Pk, k), N
0 SR —
R P

q(g;) ~ /ko_L ’1/)(3;, k_QL) |2 U Highenergy nuclear and particle physics have long focused or
finding evidence for powelaw scaling in experimental data.

| RNRBYQa [C2C A& G(GKS 1 Sue ertainly, an |mportant_ first s’_te@UT it:should be-remembered
_ _ that QCD-is not found in scaling/laws
V EHM is expressed in every hadron LFWF y . : : L
U Instead, since quantum field theory requires deviations from st
V' LFWEF correlates all observables scaling, therQCDis-found inthe existence-and character of
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U Scientific Context:
¢ Today, continuum and lattice are delivering consistent predictions f{x)

¢ Can signature features of interference between EHM and HB, which are manifestondemv
Mellin moments of the DAs, be probed experimentally?

(1 Measurement Breakaway from scaling &t ~ @"O®
. . Thereafter,0 dependence
Elastic-electromagnetic formfactors IS largely described by hastattering formula with realistic DA
A Reveal QCD scaling violations f8itilne in hard elastic scattering
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