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U What is the origin of the nuclegrhysics mass scale

a proton mass

that characterises allisible mattef?
U Whatever it Is, why Is the pion seemingly oblivious?

ul
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ow Is this phenomenon expressed in measurable quantities?

V The expressions are (almost) certainly system specific!
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Mass emerge@ * i
after the Big Bang

Our Universe
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Afterglow Light

Pattern Dark Ages

375,000 yrs.

Inflatio

Qua
Fluctuatic

Its appearance was
crucial to the formation
of the Universe as we
know it
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Development of
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about 400 million yrs.
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13.77 billion years
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Emergence of Hadron Mass

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

protorymass 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 produce94%2 ¥ 0 KS LINEr

V Remaining%iIs generated by constructive
Interference between EHM and Higheson

U What is:the-origin of EHM?
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Decompositions are

Emergence of Hadron Mass - Basic Questions V gauge invariant

V Poincaré invariant
V scale invariant

What is the origin of EHM? Proton and’ -meson mass budgets are practically identical
Does it lie within QCD?

A
proton mass budget gsiesanimass hudgs]

U
U2KFEG FNBE 91 aqQa O
¢ Gluon and quark confinement? 5
¢ Dynamical chiral symmetry
breaking (DCSB)? e - SEHMHB

¢ NambuGoldstone modes = K?

U What is the role of Higgs in .
modulating EHM expressions in

observable properties of hadrons?
¢ Without Higgs mechanism of ma _—
generation,” and K would be £t + HM
Indistinguishable

U What andwherefrom:isimass? “_andU -meson mass budgets
are completely different from those of proton arid
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K meson mass budget



Quantum Chromodynamics

b 20 @0 @ 11 fn“%r £6° @ |1 @
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U Oneline Lagrangiag expressed in terms of gluon and qun&rtons
U Which are NOT the degree$freedom measured in detectors
Questions

U What are the (asymptotic) detectable degreafsfreedom?

U How are they built from the Lagrangian degre&tdreedom?
U Is QCD really the theory of strong interactions?
U

jLa v/5 NBIFffteé | 0KS2NER X 2NJ 2dzaid | y2i
t Implications far beyond Standard Model
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I @ 5=1.63
P 2r2n
Q 4l ® =237
3l Gluon propagator
X continuumand
2 lattice QCD agree
1}
ol d
0 1 2 3 4
k [GeV]

diad

0

Modern Understanding
Grew Slowly fram Anciediigins

45 years ago

3-gluon vertex

Dynamical mass generation in continuum quantum chromodynamics,
J.M. Cornwall, Phys. Rev2B®M cboy m 0 M@ @ Teiatdons

U0 Owing to strong selinteractions, gluorpartonst gluon quasiparticles,
described by a mass function that is large at infrared momenta

4-gluon vertex

Trulymass from nothing

An interacting theory, written in

terms of massless gluon fields, \/ QCD fact
produces dressed gluon fields tha{é Conti th d
are characterised by a mass function OI_’] mu_um e_eory an
that is large at infrared momenta  lattice simulations agre:

V Empirical verification?
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D. BinosiEmergent Hadron Mass in Strong

DynamiesFew Baty Syss3 (2022) 42, Modern Understanding

M. N. Ferreira, PapavassiliouGauge

secor pnamies noceanices (1) Grew Slowly fram Anciabigins

U More than 40 year: E H M m eani  aguon Vert::gd“
Namics,

Dynamical mass ge
J.M. Cornwall, Phys

U Owing to strong se G I U O n S a.re qsiparticles,

described by a ] momenta

massive/via| - §f§
g‘i’ﬁ'ﬁ; SChWI nger V QCD fact

fégnContinuum theory and
lattice simulations agre:

5 1 5 M e C h an I S m V Empirical verification?
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0.5

A A Deep Inelastic Scattering

04l oe e¢te— Annihilation Il
’ o Hadron Collisions

= ® Heavy Quarkonia

This is where we live

AsymptoticrFreedom

” e | Interaction/becomes weaker
2 Kl G Qa KIf LIS as energy; grows
out here?! 02f

(ascharges get closer:togeth

0.1F

=QCDh 0y(MZ)=0.1189%0.0010
1 ll() l(I)O
Q [GeV]

OCD’s Running Coupling

‘ Craig Roberts: cdroberts@nju.edu.cn 454 .. 24/08/23 ..."Hadron Structure: Perspective and Insights"
_; 11

XVI QCHSC, Ga&lnies/19-24 (




Progress in Particle and Nuclear Physics
Volume 134, January 2024, 104081

ELSEVIER

Review

QCD running couplings and effective
charges

Alexandre Deur® 9 i, Stanley ]. Brodsky ® &, Craig D. Roberts € ¢

Show more v

+ Add to Mendeley oo Share 99 Cite

https://doi.org/10.1016/j.ppnp.2023.104081 A Get rights ai

T

‘ Craig Roberts: cdroberts@nju.edu.cn 454 .. 24/08/23 ..."Hadron Structure: Perspective and Insights"
N
'&' _

Abstract

We discuss our present knowledge of a, the fundamental running coupling or effective
charge of Quantum Chromodynamics (QCD). A precise understanding of the running of
Qs (Qz) at high momentum transfer, ), is necessary for any perturbative QCD
calculation. Equally important, the behavior of o, at low Q2 in the nonperturbative QCD
domain is critical for understanding strong interaction phenomena, including the
emergence of mass and quark confinement. The behavior of o, (Qz) at all momentum

transfers also provides a connection between perturbative and nonperturbative QCD
phenomena, such as hadron spectroscopy and dynamics. We first sketch the origin of the
QCD coupling, the reason why its magnitude depends on the scale at which hadronic
phenomena are probed, and the resulting consequences for QCD phenomenology. We
then summarize latest measurements in both the perturbative and nonperturbative
domains. New theory developments include the derivation of the universal
nonperturbative behavior of o (Qz) from both the Dyson-Schwinger equations and
light-front holography. We also describe theory advances for the calculation of gluon and
quark Schwinger functions in the nonperturbative domain and the relation of these
quantities to ;. We conclude by highlighting how the nonperturbative knowledge of «
is now providing a parameter-free determination of hadron spectroscopy and structure, a

central and long-sought goal of QCD studies.
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® p=1.63

EHM Basics i

U Absent Higgs boson couplings, QCD Lagrangian is scale 'nYﬂrr‘é‘Et

o, sSa X pillars
¢ Massless gluons become massive of EHM
¢ A momentumdependent charge Is produced{ {5 e -
¢ Massless quarks become massive W e | R G,
0 EHM is expressed in g imaee W M
EVERY strong interaction observable : Lt; I e
i Challenge to Theory = B — 1 R S

Elucidate all observable consequences of
and highlight the paths to measuring them

U Challenge to Experiment = o v A 4w “ A
) P L Vo u(n)aSua UKS
Test the theory predictions so that K-S LINE [ 2 y Y
the boundaries of the Standard Model can finally be dre)/v . i
a S am ¥ 2ldade daNE
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Nucleon & Its Resonances
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Faddeevy Eauation for Baryons
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https://inspirehep.net/literature/2768352

N
Nu'eoh o ac mag-getoa diddtirrombut i ons

zeeorsare $ldvansdeupraamat 1 on A e
0.8} o @® Gaypu_
U Parameteffree unification of pion, kaon, nucleon § oo “ P o)
electromagnetic form factors &
¢ Gap equation + Beth8alpeter Equation +BodyFaddeev ¢
Equation 02} \
U Proton electric form factor possesses a zero: TE e P E e i@
O uwoed ' A 8
. : : . . o Prediction underestimates
U Neutron electric form factor is positive definite 0 'O (0 ) by 20%
o ¥ n i ¥ . ] et
t O ) O )onv &' A 3 oo
¢ On this domain, electric form factor of chargeutral Sosf o ¢ #
neutron is larger than that of chargme proton ozl o i
. . . . Riordan
U Verification withinJLalreach . SIS TSRO L
Nucleon charge and magnetisation distributions: flavour separation and zeroes, Q2/GeV?

ZhaoeQian Yaet al., e-Print: 2403.08088 [heph] o |
Onset of scaling violation in pion and kaon elastic electromagnetic form factors, S, FaneU GaGal S, Parel B e St ST

- , . ashed orange curve within like-coloured band; and SPM II
ZhaGQlan Yao ( t ) et al., e-Print: 2405.04681 [heph], Phys. Lett. B 855 (2024) 138823/1 solid red curve within like-coloured band. Data: proton
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https://doi.org/10.1016/j.physletb.2024.138823

Structure of
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Pl solutiondelivers Structure of Baryons
Poincaréecovariant
proton wave function

U PoincarécovariantFaddeewvequationsums all possible exchanges and interactions that can
take place between three dressepiarks

U Evidently, directAsqution d?qddee\equation usinq rainbovladgler truncation is now ) ]
Ll2aaAot S X NBYIAya I OKItftSYyaAy3a ydzySNAO
U For many applications, diquark approximation to quark + quark scattering kernel is used
U Prediction owing to EHM phenomenatrong diquark correlations exist within baryons
apoton C LINR G 2Y | YR ¥y Sdzii NB vV-vedtor cdicﬁﬂark& ar@ptekentl NJ | YR | E

V CSM prediction =
presence of
axialvectorn(AV)
diquark correlation in

.l the proton
2; . V AV Responsible for
| M T t of proton charge

L . . o AV ,
U/ N}AT w2o0SNIAY ORMBm NG I2IdRNRR OO NIZO i dzN AV idh

: HM
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Solution delivers  Structure of Baryons
Poincaréecovariant
proton wave function

u P0|ncarecovarlantFaddee\equatlonsums all possible exchanges and interactions that can
take place between three dressepiarks

U Direct solution oFaddeewequation using rainboviadder truncation is now possible, but
numerical challenges remain

U For many applications, diquark approximatiorgeark+quarkscattering kernel is used
U Prediction owing to EHM

proton wave function is not justWave, but contains strong-Wave contributions

e ——

baryon wave functions V/{a LINBRA o A2

. a | Y2NYEEAT G A2y
necessarily contain 03 | & & odzi NBOSA
orbital angular momentum °=1- Y5 0 YRS 0

0.15
0.10
0.05 1
0.00 °

O2Yy UNAOdziA2Y A
V b 2/% “YY I oSlcit 2 F
5 LINE G2y OKI NBS

HH
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Baryon Structure

0]

.
A proton

Poincaré covarianae irrespective of quark model assignmeits /b,
every hadron contains orbital angular momentueng.,
Z “ contains two Svave components and two-Wave components
¢ Few systems are simply radial excitations of another

No separation obinto 0 “Yis Poincaré invariant
¢ Consequentlye.g, negative parity states amot simply orbital angular momentum
excitations of positive parity ground states

In quantum field theory, there is no direct connection between parity and orbital angular
momentum

¢ Parity is a Poincaré invariant quantum number

z0Aad Y20 t2AYOFNB AYOIENRARIYyOG ' @FfdzS RSLIS
QCD structure of hadrorsmesons and baryonsis far richer than can be produced by
guark models, relativized or not

V Baryons-are the :most fundamental thrbedy systems in Nature

V L Fe 0 'SuncR 20/ Qi Odzy  FPeiMkErdnivayiart qiaiem field tBedrybuilds-each

of the baryons/in the.complete spectrum; then we don't.understand-Nature.
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Compositi-loynwi m3j2+0-boaw y,& a8 g tLii aun (
: =|3 )et . MJ-UN®S5/22 P i 21203. 1[21088(8
pilPhys. Reg®02DR14Q0K¥173

Compositidrwianfg Ibaw yon
Ut2AyiO2 RBNHEZE N bRA IRRBISEA G A2Y
t AYVaAIaKia Ayid2 0KS(@J NHO 0 adNBY 24F (| DRIUAT & A 3
Gt NEBRAOGAZYY 2 KAf &l ABRIBD b2 ANGSINPNDE Fis DR 3/
GSOPR NRAljdzl Nl a2 2yS Yleée yS3tS00 GkKS f I Gd:
i -h ) are the simpler systems &

features bear some resemblance =(p ¢ g€ mainly"Ywave. g
to quark model pictures

3(p @ Ttmainly™¥wave,
but significantO-wave. @

¢ Most prominent restframe "
orbital angular momentum 30 |

- 3) 2.5
component Is ¥Ywave 20 1

1.5 |
1.0 ]

Z 3(p @ Ttmay fairly be viewec(l).z j

. T M1y, —— :
as radial excitation of(pC 0)& ) TN 2 _
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Composition of low-lying J = 3/2t h-baryons, Langtian Liu (
: =| 3 )etal.,, NJUINP 057/22, e-Print: 2203.12083 [hep -
ph], Phys. Rev. D105 (2022) 114047/1 -13

Composition of low -lying J=-  -baryons

U Poincagbéeevariantaniarlsidicuarlitaddanvnointinn . -
L insid Large momentumrtransfer-resonance 6|eCtr06XC|tat|O|'||

1experiments: can-test these predictions; so, will shed ljght

U Predict ECtOF

vector | ON the_ natureof eme[gent hadron mass. description,

0 -h ) are the simpler systems & 20 @ ATIY I AV RIS S

features bear some resemblance 3(p ¢ g€ Y I A Vifib 1€ gig) 6dzi AADYADBSE @%
to quark model pictures

¢ Most prominent restframe Ny
orbital angular momentum 30 |

25 "

component is' ¥wave 20 1
1.5 |
1.0 ]

3 Jumay fairly be vieweds || e
2 3(p @ T-may fairly

. . . Y1y >
as radial excitation of(p¢ 0)¢& PRy, W
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g Composition of low -lying J=-  -baryons
Sm OB Y LIS X NBOSY G| LIN2Z INB & &
s0bend[\/ | IMokee\et al., PhysiRev. €108 |nmultiplets
w2 1(2023)2,025204 New analyses of |pip ) andisovector
' 205_ CLA-J O L r] Cross sections e at a reliable description.

Comparison with CSM predictions  |a¢ ¢ -tmainy™¥wave,
; { {made 4 years before: Ya ktial. Phys. | butsignificanto-wave. Pl
2025 w0 35 w0 s |Rev. D 100 (2019) 03400118

S,,*1000 (GeV ™)
w o o
e

~
—~

m—.—t

s e blassaslasaala

Q” (GeV?)
PO ] |Remarkable agreement, suggesting
3o} | |confirmation of CSM predictions for
i Vi a ] structure of baryo_n wave functions
e T Y ' R ot
20 25 2 g 4B s citation of(pc 0)e PV sy L WP
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