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Emergence of Hadron Mass

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

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

t N2PG2Y Yl aa o0dzZRISG X 2yité d.aStkdod

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
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Decomposition:is

V gauge invariant

V Poincaré invariant
\/ scale invariant

EHM+HB
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Decompositions are

Emergence of Hadron Mass - Basic Questions V gauge invariant

V Poincaré invariant
V scale invariant

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

proton mass budget gsiesanimass hudgs]

U 2KFO FNE (0KS ozy
¢ Gluon and quark confinement?
¢ Dynamical chiral symmetry
breaking (DCSB)? e - SEHMHB

¢ NambuGoldstone modes =

U What is the role of Higgs in
modulating observable properties of

hadrons? _—

¢ Without Higgs mechanism of ma _—
generation,” and K would be T
Indistinguishable

U What is-and:wherefrommass? “_andU -meson mass budgets
are completely different from those of proton arid
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7T meson mass budget
K meson mass budget
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Mass emerged 0 U -
0.000001 seconds UI |r n lve rse
after the Big Bang AN NIIAGC) DG

Dark Energy

Accelerated Expansion
Afterglow Light

Pattern Dark Ages Development of
375,000 yrs. Galaxies, Planets, etc.
Tn. i g >l 9.~ =
Fo M SO IO L T A -
L o 8 X e 2 i
o ')-'é_.'- ; v’-?.‘., J ‘._* _L.-' = - Bl ™ WMAP
' ._..':.:. .;‘,;: ':’"0 -.~;_.b;_*‘ f;‘ . g
e Ao % o TS R TR s 2 LSS - Gl 3 -
B R D By e e N S0 (R I &
Q -4 C e :T ._ ‘);;."? f. : *‘:' ':.“ . ”.‘°' : - . ; .,.,
Fluctuation o 2 L R R Capeey g & Y SV N . N
2P v - ¥ - -
— ¥ :,‘ . ‘“ e . - e -
Nl e R -~ ~ - - -
| | .-
L v ¥
1st Stars v S—
Its appearance was about 400 million yrs.
crucial to the formation | Blg Bang/ Expansion |
I i
of the .Unlverse as we 13.77 billion years
know it
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Quantum Chromodynamics

b 20 @0 @ 11 fn“%r £6° @ |1 @

?Q’l.((l‘()) :T()Ha(l{( T() d(l ’mf)(a;;(o‘&))arl(do)

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?

0 How are they built from the Lagrangian degredédreedom?

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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Modern Understanding
Grew Slowly fram Anciediigins

U More than 40 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

I . 0'ﬁ=1.63
® =213
LI
Q 4l ® 5=2.37
33 Gluon propagator
= X continuumand
2 lattice QCD agree
1}
Ot o]
0 1 2 3 4
k [GeV]

W Colih, |
diad

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
Dynamics Few Body Sy$6.3(2022) 42.

M. N. Ferreira, PapavassiliouGauge

Modern Understanding

secor pnamies noceanices (1) Grew Slowly fram Anciabigins

U More than 40 year:

Dynamical mass ge
J.M. Cornwall, Phys

U Owing to strong se
described by a

Gluon prao
X continut
lattice QC

Q | -
Ak, ) \
= £ B Lo - o

0 1 2
k [GeV]
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EHMmeans .4
Gluons-are isparices

] momenta

m aSS IV& 4-gluon vert%
SChWI nger V QCD fact

;ﬁgnCo_ntinu_um theory and
lattice simulations agre:

M e C h an I S m V Empirical verification?
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A A Deep Inelastic Scattering
04l oe e¢*e— Annihilation l
' ¢ Hadron Collisions
This is where we live N — .
AsymptoticrFreedom
# g Interaction’becomes weaker

as energy grows
(ascharges get closer:togeth

2 KI'dQa KI LIS
out here?! 02}

0.1F

=QCDh 0y(MZ)=0.1189%0.0010
1 ll() l(I)O

Q [GeV]

OCD’s Running Coupling
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Progress in Particle and Nuclear Physics
Volume 134, January 2024, 104081

ELSEVIER

Abstract

Review

QCD runn 1 ng Coup l 1 ngs and e ffe Ctlve 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

Charge S o (Qz) at high momentum transfer, Q, is necessary for any perturbative QCD
calculation. Equally important, the behavior of o at low Q% in the nonperturbative QCD

Alexandre Deur® O

O =, Stanley ). Brodsky b &, Craig D. Roberts 9 domain is critical for understanding strong interaction phenomena, including the

emergence of mass and quark confinement. The behavior of a; ( Q2) at all momentum
transfers also provides a connection between perturbative and nonperturbative QCD

Show more v

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

+ Add to Mendeley

henomena are probed, and the resulting consequences for QCD phenomenology. We
https://doi.org/10.1016/j P P & q QCD p gy

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 a;. We conclude by highlighting how the nonperturbative knowledge of o,

is now providing a parameter-free determination of hadron spectroscopy and structure, a
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N and Physics (DSEMP2014) Trento, Italy,-Septemb26 22014

Effective charge from lattice QCD ), Zhu-Fang Cui,JinLi Zhang etal.,

Process/independent
g;:(l)gli;::ﬁ;]jv;rc)x;\éslgﬂ 08232 [hepph], Chin. Phys.(C/44 (2020) 083102/410 ffeCtlve Charge — ru n nlng Cou pI I ng
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® p=1.63

EHMosiBcasi ¢ s )

U Absent Higgs boson couplings, QCD Lagrangian is scale inYﬂrliélgt

Vd

u,su 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 = s % 1 R S

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

U Challenge to Experiment =

Test the theory predictions so that
the boundaries of the Standard Model can finally be dr

V 0 ~ 0/ (1) setsthe scale of
the proton:mass.

Wesonloops provideg P
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QCD Fact Pion (NambuGoldstone modes) and mass

01 A3I& 062 4THA & EHM demands equivalence between
GtAzy SEAZGE | one-body mass and twody correlation strength

it a2y i IstiwSa sngtY, B U dZNE Qa  WAnbiGoRidayierbbsyrs v

ARSYUAGE Aa
D2f RaAal2yS ¢KS2NBY
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QCD Fact Pion (NambuGoldstone modes) and mass

i1 A33a8 o2az2y OEHMdemandsequivalence between
one-body mass and twody correlation strength

U Pion exists and is massless X o b 6 deNE O 2 b Godarebb g
U Pion BetheSalpeter amplitude y U dzNB Qa NamnlGofbsiay surts

Pion wave function: 2 body problem guark mass function: one body problem

SENtalls, enigmatically, properties of the nearly massless
are the cleanest expression of EHM in the Standard M
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ELSEVIER

Progress in Particle and Nuclear Physics
Volume 120, September 2021, 103883

e

Insights into the emergence of mass from
studies of pion and kaon structure

Show more v

+ Addto Mendeley < Share

Craig D. Roberts °° 2 =, David G. Richards ¢ , Tanja Horn ¢ € =, Lei Chang ® =

Abstract

There are two mass generating mechanisms in the standard model of particle physics
(SM). One is related to the Higgs boson and fairly well understood. The other is
embedded in quantum chromodynamics (QCD), the SM’s strong interaction piece; and
although responsible for emergence of the roughly 1 GeV mass scale that characterises
the proton and hence all observable matter, the source and impacts of this emergent

99 Cite

https://doi.org/10.1016/j.ppnp.2021.103883 A

Get rights and co

hadronic mass (EHM) remain puzzling. As bound states seeded by a valence-quark and -

antiquark, pseudoscalar mesons present a simpler problem in quantum field theory than

that associated with the nucleon. Consequently, there is a large array of robust
predictions for pion and kaon properties whose empirical validation will provide a clear
window onto many effects of both mass generating mechanisms and the constructive
interference between them. This has now become significant because new-era
experimental facilities, in operation, construction, or planning, are capable of conducting
such tests and thereby contributing greatly to resolving the puzzles of EHM. These

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

o

aspects of experiment, phenomenology, and theory, along with contemporary successes

and challenges, are reviewed herein. In addition to providing an overview of the
experimental status, we focus on recent progress made using continuum Schwinger
function methods and lattice-regularised QCD. Advances made using other theoretical
tools are also sketched. Our primary goal is to highlight the potential gains that can
accrue from a coherent effort aimed at finally reaching an understanding of the character
and structure of Nature’s Nambu-Goldstone modes.



ELECTRON-ION COLLIDER

A new QCD facility at the
M2 beam line of the
CERN SPS

Charting-EHM wusing
High! Intensity -High Luminosity Facihties




Y(x,t)

Measuring T & K Wave Functions

‘ Craig Roberts: cdroberts@nju.edu.cn 447 .. 24/03/19 ..."Emergent Hadron Mass and Pion and Kaon Structure"
N
Sor _; 18

iy e Physics at AMBER international Workshop 2024/0208 (39/44)




N
Wave FuncNamb@o lodfst one B[g)soDns |
As are 1D projection of

U Physics Goals:

Kl RNE y-fibat wava 3 K (i
function, obtained by

¢ Pion and kaon distribution amplitudes (D&\s- ,) integrationD . 'QQ  ¢hQ

¢ Nearest thing in quantum field theory to Schrodinger wave functior

Front Form

¢ Consequently, fundamental to understandingnd Kstructure.

U Scientific Context:

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

LF
gitudinal
direction

¢ Modern theoryt EHM expressed idependence of j (w)

Quantization Surface

Z * (w is direct measure of dresseagliark running mass in chiral limit

20 +23=0

¢ 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 [hep -ph], Prog. Part.

Craig Roberts: cdroberts@nju.edu.cn 447 .. 24/03/19 ..."Emergent Hadron Mass and Pion and Kaon Structure" Nucl Phys 120 (2021) 103883/1 -65

Physics at AMBER international Workshop 2024/0308

19
(39/44)


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

Exposing strangeness: projections for kaon electromagnetic form faEmr§acet

al., arXiv:1703.04875uckth], Phys. Rev. 86 (2017) 034024/38 Z & K D /
Constraining the pion DA usibgellYan reactions on a protohl:-Y. Xing ( ir ) et .
al., NJUINP 077/23e-Print: 2308.13695 [heph], Phys. Lett. B49(2024), 138462/%7 C f as y m p t 9) t |
H e i '/V'H'woi'w"ﬂ#n_u b '
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X X
i EHM generates broadening in bdth& K These features-have widespread impa

. _ _ _ . in studies of (hard) exclusive processe
U EHM + Higgboson interference responsible for skewing in kaoEproaolening can be verified, e.q

V in measurements/of andl electric
charge distributions-(elastic form
easurements:at large )
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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
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PhD thesis
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Constraining the pion distribution amplitude using Drell-Yan reactions on a &
proton

H.-Y. Xing “*"-G, M. Ding“-G, Z.-F. Cui "'“G, A.V. Pimikov h'o, C.D. Roberts “'*"(D'*,
S.M. Schmidt <@

* School of Physics, Nanjing University, Nanjing, Jiangsu 210093, China

Y Institute for Nonperturbative Physics, Nanjing University, Nanjing, Jiangsu 210093, China

¢ Helmholtz-Zentrum Dresden-R dorf, B: Landstrafe 400, D-01328 Dresden, Germany
4 RWTH Aachen University, I1I. Physikalisches Institut B, D-52074 Aachen, Germany

ARTICLE INFO ABSTRACT ‘

Editor: A. Ringwald Using a reaction model that incorporates pion bound state effects and continuum results for proton parton
distributions and the pion distribution amplitude, ¢,, we deliver parameter-free predictions for the x* angular
distributions in # N — u*u~ X reactions on both unpolarised and polarised targets. The analysis indicates that

Keywords:
Continuum Schwinger function methods
Drell-Yan process

such angular distributions are sensitive to the pointwise form of ¢, and suggests that unpolarised targets are
Dyson-Schwinger equations practically more favourable. The precision of extant data is insufficient for use in charting ¢, ; hence, practical
Emergence of mass tests of this approach to charting ¢, must await data with improved precision from new-generation experiments.
Pion structure The reaction model yields a nonzero single-spin azimuthal asymmetry, without reference to 7T-odd parton
Quantum chromodynamics distribution functions (DFs). This may necessitate additional care when attempting to extract such 7-odd DFs
from data.

Pion Distribution Amplitude

10 — —
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N
Pion DA

H.-Y. Xing, M. Ding, Z.-F. Cui et al. Physics Letters B 849 (2024) 138462

7 (pr)

H_ (p / 1,—)
Fig. 1. Contributions supposed to describe the production of y*u~ pairs with large invariant mass, Q%, and longitudinal-momentum fraction, x,, in the process
7~ (p,)N(py) = u"u=X. With s = (p, + py)?, 7=0?%/s, and Q, /1 being the components of the (virtual) photon momentum that are parallel/perpendicular to p,,

then the y* u~ longitudinal momentum fraction is x; =2Q, / \/ s. x; takes the maximum value x7** =1 - (Q* + Q%) /s, which is typically slightly less than unity on
the relevant kinematic domain. 7 and N longitudinal momentum fractions are x, y =[xy + (x2F + 8DV 2 g =k = Xy KXoy =

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

t associated crossection Is sensitive to pion leadhigist two-particle DAe
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Pion DA

U Angular distribution

coefficients In
unpolarised DY cross
section

Uncertainties on all NA10
data are too large for
meaningful assessment

Comparison with=615is
meaningful

¢ Dilated DA
... xdof = 2.7
¢ Asymptotic

...AXdof = 4.8 Ot fF Ay

U Dilated DA is supported LINB O A a
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