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Basic Questions for 215t Century Science

How Does the Mass of the Nucleon Arise?
How Does the Spin of the Nucleon Arise?
What Are the Emergent Properties of Dense Systems of Gluons?
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EIC Yellow Report

Craig Roberts: cdroberts@nju.edu.cn 474 .. 25/11/10 ..."Insights into Meson and Baryon Structure via CSMs"
o A 2
it Pl Intern. Conf. on Structure of Baryons (Baryons 2025) .. 2025/11410 (33)
 ————




Quantum Chromodynamics
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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?

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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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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U 45 years ago

Ancient Histany
[c2NY Gt 6 f-Qa — 8O)ANEG BS Y

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
Sector Dynamics in QCParticles (1)
(2023) 312363.

Gauge Invariance and Mass

J. S. Schwinger

Phys. Rev. 125 (1962) 39%8

It is argued that the gauge invariance ¢
a vector /field ' doesnot-necessarily imp
zeromass for.an-associated particle if
the currentvector coupling is sufficient

strong.
5}
p
a 4
33} Gluon prao
= X continut
2 lattice QC
1}
Ot
0 1 2
k [GeV]
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. Gluons-are
massive /via
Schwinger

- ERM means[

namics,

qsiparticles,
] momenta

4-gluon vertex

V QCD fact
fégnContinuum theory and
lattice simulations agre:

V Empirical verification?

Mechanism
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| DysorSchwinger Equations indModern-Mathematics
and Physics (DSEMP2014) Trento, Italy,-Septembk26,22014
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Effective charge from lattice QCD ), Zhu-Fang Cui,JinLi Zhang etal.,
NJUINP 014/19, arXiv:1912.08232 [hepph], Chin. Phys.(C'44 (2020) 083102/410

total downloads

Process/independent

effective Charge = runnlng coupllng
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M(k) [GeV]

0.010p **= Charm

v/ 5

EHMosiBcasi ¢ s

U Absent Higgs boson couplings,
[ F AN VALY Aa

Pa

aolfs

V Massless gluons become massive
V A momentumdependent, IR saturating charge is

produced

V Massless guarks become massive

----------------------------
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Three
pillars
of EHM

the proton mass.

V Mesonloops provideg P

guantum- corrections
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Thisresultis/thekey to EHM:in.matter sec

E H M BaSiCSassless guargartons

become masswe quark quasiparticles 4

i dzl
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One aspect of
pseudoscalar meson physics
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A /\/\/V\/\/\/' _ - B W
elastic form 2T parton
factors ’7((1) i3 (Q) X

/

Era of Me s 0 n

U JLab & EIC BicC /@f\\ //@/f\
¢ High luminosity electron ( + ion) beams p(k) t (k) p(k) t k)
C Acces§ to meson targets via the Sullivan Pro?ess, B
ADPSPE | o0 NE2YQa ayYSazy <:<,, .
i AMBER @ CERN SPS £ 10%|
¢ Highintensity beams opions = - —
(107 piongsec in Phasd = approved) e compass e
and kaons (% 10° kaons/sec Phasg = proposal 5 v o
being prepared) 5 10 50 100
G DreCIiI-Yan,JT production, prompt photon ~ " centre of mass energy
production
X FNRBY LINRGO2Y | YR Y NB S G a
It
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| Today, 9 precise data are available, oubto ¢®' A

Pseudoscalar Meson Electromagnetic Form Factors

First precise data (beyond charge radius domain) obtained at
JLaband published in 2001

J. Volmeeet al., Measurement of the Charged Pion
Electromagnetic ForsRactor,Phys. Rev. Lett. 86 (2001) 1713
1716

Obtained using Sullivan Process
' a0FO0GSNAYy3I St SOGNRYyaAa TNEP

New results fromJLakanticipated within 1 year, pushing
coveraget@) w' A

Highprofile experiments planned and being developed for EIC

andEicC Why’?
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. G. P. Lepage, S. J. Brodsky, Phys. Lett. B 87 (19¢39H359
Hard QCD Prediction A v, Efremov, A. RadyushkinPhys. Lett. B 94 (1980) 2450.

G. P. Lepage, S. J. Brod&kglusive Processes in Perturbative Quantum Chromodynan
Phys. Rev. D 22 (1980) 2£3798.

U5StfAQDSNRSR NKLIRAZKMNNAS LJa S dzRZa OR iy 1a NIA ¥ 828 B R
gl f SO 8z NJ &V

0*>0}
100> m, | Q°Fp(Q°) =~ 16ma,(Q*)fpw,, (7).

% o i i
Wep = EfW, . + W, .

©p

Lo . 2
Wow =3 0 dx — gp(x; 07,

1! 1 )
o =4 [ ts i,

U] 0 A& v/5 NHzyyAy3 0O2dzL) Ay 3
0 QA& LJASdzZR2aOlIFfFNIYSazyua fSLII2yA0 RSOl &

G+ o) A& YBaRFIRAYI LI NL2Y RKfa)UI\IJBoIdzuI}\@zIY)/lﬁCP‘
IKS2NE ¢ gSOIFideIONSR Y 0 GKS KFNR aoltsS 27
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Hard QCD Prediction

2>

0*>0¢
Q0> m, | Q°Fp(Q%) =~ 167a(Q°)frw;, (07,

U Hard QCD prediction is remarkable.
¢ beyond some momentum scale, the meson form factor is precisely known

wmagnitude Qormalisatior) is set by meson leptonic decay constant, which is an
order parameter for dynamical chiral symmetry breaking (DG @R)orollary of EHM

wand scaling violations are apparent, with dependence determined by that of the
running coupling and evolution of the DA (wave function)

¢ Analogous proton equatioQ magnitude (normalization) is not known

0 On domain émt « (0 o@wp o andrighthandside p @“ (0 )Q

U Two outstanding issues:

¢ what is value ob for which scaling violations become apparent?

¢ and what is pointwise form of @ at scales for which terrestrial experiments are possible?
U These questions can only be answered using a nonperturbative approach to QCD.
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N
Pseudoscalar Meson Electromagnetic Form Factors

photon

i 00 o@ ) WO )T [5G
Hadron part ofQ 0 © ‘Q 0 matrix element
defines meson form factor dressed (quasiparticle

U Leading order in systematically improvable, 948
symmetry preserving t_runcation of QCD equations, g x 2
of motion (DysorSchwinger equations)

Pi Meson BetheSalpeter —Po

U Calculate the displayed matrix element using Amolitude
V 2_p0|nt SChWInger fu nCtionS (propagators) ar?éure 1: Matrix element chgacterising the fg meson elastic electromagnetic

orm factor in rainbow-ladder (RL) truncation. Legend. I'/¢ — Bethe-Salpeter

effeCtlve Charge deSC”be above amplitude for the g meson; S/ — dressed quark propagators; ‘I/Lfg — dressed

photon—f, g-quark vertex. All quantities calculated in RL truncation.

V Poincarecovariant BetheSalpeter equation to
deliver
V meson wave function
V photon-quark vertex

o/f dressed photon
* quark vertex

meson out

72 S8 s
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Pion Form Factor A | | | |
0.5: ———+—-

. ~ - o 0.4/ o GRERE
U Lowu : CSM predictions far "O(L ) ¢ purple curve

¢ Charge radius agrees with experimen® X¥m o f

0 . . 0.2r
Z L dependence matches thdt alprecision measurements = f

F,.(Q%)/GeV?

[Horn:2007ug, Huber:2008id] (gold symbols)

ugo 1 A "L

¢ cf. phenomenologicat much loved, much usedvector QGeV”
meson dominance (VMD) result = eitdshed red

wVMD curve begins to deviate significantly from data
CSM prediction at upper bound of availabBleab
measurements

wBest availabléQCIXgrey pointsk, pioneering work,
pushing to hignh X | Sgnhg Dinget al., Phys. Rev.
Lett. 133(2024) 181902

¢ Desirable to improve precision
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Pion Form Factor A

05| oy
U Salient feature of CSM predictions Is existence of maximun I o ‘
0 "O(0 ), which occurs o0 é t&(v)' A ;03_" f
u '[herec'ilfter, scaling violation apparent, Ng”bf
L "O(v ) falls steadily toward zero as ot
(NI PP L 1' : : 5
consistent with hard QCD prediction . Q*/GeV?
0 N.B Any model that expresses VMD must exhibit opposite  es. |
trend, viz result forv "O(v ) which rises steadily with 05|

increasing) , without inflection, toward finite ultraviolet limit. % o«

\

U Future: may see latticQCD reach and precision improved to ¢ § 03/
(potentially) see breakaway from VMD and scaling violation % 5 021§

U green pointfarthest reach of anticipatedLaldata °
¢ JLalbis potentially capable of seeing breakaway from VM|
U black asterisks anticipated EIC will see scaling violation
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One aspect
of baryon physics
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Nucleon mass from a covariant thrgeark Faddeev equation
G. Eichmanet al., Phys. Rev. Lett. 104 (2010) 201601

V Poincarécovariant analysis of heaxyuark baryons
SiXue Qin ( ) et al, Phys.Re\D 97 (2018) 114017/13

V Nucleon Gravitational Form Factors,
Z-Q. Yao ( ) et al, Eur. Phys. J. A 61 (2025) 928

a1 A,

\ ’
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Nucleon as a Bound State <o ® a

Py ki é ?1
Nucleon charge and magnetisation distributions: flavour separation and zeroes, LP L «—/ = Z lP @ ~ 5
ZhaoQian Yad ), e-Print: 2403.08088 [heph], Fund. Res. (2025) in press. — < (123) < ™
P P
= =

U Nucleon bounektate problem can be addressed
In any approach that provides access to the thgemrk sixpoint Schwinger function

¢ Using CSMs, one begins with the Poindas@riantFaddeewequation
¢ Today, there are v people in the world who can solve this problem

U The analysis to be described uggsciselythe same approach (approximation and
Interaction) as that employed for pion and kaon electromagnetic form factors

¢ Thus, one arrives at unifying set of paramefiexe predictions for all pion and kaon and
nucleon elastic electromagnetic and gravitational form factors and their species
separations to large values of momentum transfer

¢ All predictions link observables directly with fundamental QCD Schwinger functions and
thereby expose novel expressions of emergent phenomena in QCD.
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https://inspirehep.net/literature/2768352

Nucleon mass from a covariant thrgeark Faddeev equation

G. Eichmanet al., Phys. Rev. Lett. 104 (2010) 201601

Nucleon charge and magnetisation distributions: flavour separation and zeroes,
ZhacQian Yaet al., e-Print: 2403.08088 [heph]

Electromagnetic Current
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https://inspirehep.net/literature/2768352

.
Nucleon charge and magnetisation distributions:

zeroes and flavour separation AN g e
It g gjr):jc::)i
G osf A Puckett (2010) |
. « gu . . o= v Puckett (2011
U Parameterree unification of pion, kaon, nucleon S o4l o
electromagnetic form factors F oz
¢ Equations: Gap + Bettgalpeter + dody Faddeev N :
U Proton electric form factor possesses a zero: s
¥ 8 Q%/GeV?
U Ll@ (p 8 A 100 %{ I | @ Jlones
. . . . © . & ® Ga ou
U { t a woxking with the 29 available data 6n"O ¥ O : esl Ry o Py
. i . . . @ i w Puckett (2011) 1
V Predicts, with 50% confidence, data are consistent with €
. I . & 04
existence ofazeroom p B' A S
V Level of confidence increases to 99.9%)on p &' A R
V Likelihood that existing data are consistent with absence -2l TS
zero in ratio orv p® A is1/1-million Q*/Gev*
Likelihood of a zero in the proton elastic electric form
Nucleon charge and magnetisation distributions: flavour factor,Peng Cheng (), ZhacQian Yao ( )etal., Figure 5: Final SPM prediction for the ratio u,G%(0%)/G",(0%). For compar-
separation and zeroeZhaoQian Yaet al., e-Print: 2403.08088  NJUINP 095/24¢-Print: 2412.10598 [heph], Phys. Lett. L B e e e et
|he[lgh|, FundRe$2025)|n prAeSS’ L o ABVS62 (2025)139323/]:6 . ) o o liw wor,ld's electron + nut.:leon Si:atlering dﬂ.la [JSO, Ye]]_) The displa}fed data
_m /NI AT w2oSNIAY OR K@ ING QBN YABSRAMDOYAY (12 aSazy FyR . FNEB2y { (NHzOG dzM  are from Refs. [21-25].
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https://inspirehep.net/literature/2768352
https://inspirehep.net/literature/2859845
https://kwnsfk27.r.eu-west-1.awstrack.me/L0/https:%2F%2Fdoi.org%2F10.1016%2Fj.physletb.2025.139323/1/010201951568b845-f57e2e79-ce01-4075-b742-6789ba2c7de2-000000/ycpFXjpwkjjjLj92F4anSGjFrfs=413

N
Nucleon charge and magnetisation: distributions:

zeroes and flavour separation A ;-:* L g' s
T osl A Pudkett(2010) |
U Parameterree unification of pion, kaon, nucleon Z} ol § SRS
electromagnetic form factors S o
¢ Equations: Gap + Bett®alpeter + 3ody Faddeev " :
U Proton electric form factor possesses a zero: oab
6 LUEHJ ® g l A . Q%/GeV?
U Neutron electric form factor is positive definite o' Prediction underestimates

v o~ T ~ ~osl O (0 ) by 20%
t 'O ) O )ond &' A &
¢ On this domain, electric form factor of chargeutral

: ® ¢<% “"/‘x
neutron is larger than that of chargme proton

021 ® Madey
. e . . cir - & ‘tior
¢ Verification is withinJLalreach sl o
0 2 4 6 8 10 12
Q%/GeV?
Nucleorll charge and magnetisation dlstrlbuthns: flavour FIG. 6. Panel A: 1, G2 /G2 . Panel B: jinG7/G%y. SPM 1
separation and zeroeZhaceQian Yaet al., e-Print: 2403.08088 dashed orange curve within like-coloured band; and SPM 11
[hep-ph], Fund.Re$2025)in press solid red curve within like-coloured band. Data: proton
@ /NYA3 w2o0SNIAY OR M@ NG @AY RYSRAMDOYAYyi2 asSazy FyR . FNB2y { {NHzOUG dzNSfs. g0+24]{ and Admtron — Refs. [87, 97].
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https://inspirehep.net/literature/2768352

Quark+ graviton vertex
Pion and kaon electromagnetic and gravitational form factors

YinZhen Xu (), Minghui Ding ()etal, Nucleon Gravitational ' Form Factors
NJUINP 081/23 e-Print: 2311.14832 [heph], Eur. Phys. J. &1 (2024) 2, 191/113
Oner-ma®
&)
— EC O<——< DE

o /

® ®
Y

U/ dZNNByYy G X O2 Y LI SFHddeseduafich, tier dll diemiersyare ndwn
U/ dZNNByYy i X

(3)10'0 _—
[An’n]lﬂ/ o ¥

; ; A & 0 mass distribution form factor
my ALY (Q) = —At(pf) (KK, AQ%) ) 5@ ™ o
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Last unknown/unmeasured global property of nucleon
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Predicted GFFs
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¢ Agreement within (large) lattice uncertainties ool

i Symmetrypreserving character of CSM analysis is evident i
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FIG. 1. Nucleon gravitational form factors. Curves — pre-
dictions herein: bracketing bands mark the extent of 1o SPM
uncertainty. In each case, the overall (species-summed) result
is independent of resolving scale, (. The species decompo-
sitions evolve with (. The 1QCD points in each panel are

blue circles — glue component; red diamonds — quark. 26
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Massenergy density form factor

U Massenergy density form factor

2
M(Q?) = A(Q%) + 25 [A(Q) - 2/(2%) + D(QY)]
np
2 d D(O)} |
mass — | —A —
) [ 6dt (t) t—0 32'm,j_2V A(0)

U Mechanical (normal force) radiungiz force
directed along 4pherical radius vector
6

Jo_ dt[D(t)/D(0)]

U Poincaré and scalandependent
=OBSERVABLES
Pmass = 0.81(5)7ch ;  Tmech = 0.72(2)7ren

U1 T P p fm
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U On the other hand, species separated for
factors are frameand scaledependent

¢ Essentially subjective.

U No comparison between proton charge
radius and quar® f | @2 dzNJ NJ R
gluon radius is objectively valid.

U Even a comparison between quark and gl
radii is subjective
¢ This ratio is different at different scales
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U CSM predictiorg species decomposition,
for each form factor:
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Important to test this prediction
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FIG. S.8. Combined A, J, D 1QCD g/ ¢ results (grey points):
grey line — uncertainty weighted average of all points; and
grey band — 1o around the central value: 0.82(18). Prediction
herein: g/q = 0.71(4) (purple line and band).
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JIU photoproduction: threshold to very high energin Tang () et al, S
e-Print: 2405.17675 [heph], Phys. Lett. B56(2024) 138904/17

Exclusive photoproduction of light and heavy vector mesons: thresholds to very high energies, P rOtOF}L\ P reSSU re | P I‘Ofl |€S

Lin Tang () et al, NJUINP 105/25g-Print: 2510.08845 [heph] 0.025
U Pressure and shedorce density profiles: determined B9(0 ) oo
for proton and—(0 ) for pion £ A = o
U Pion Qreen) peak values are roughly twice those in the proton?;_: ooos|f
¢ Expected because o B N—
wpressured w ool ]
wsimilar interior QCD dynamics + more compact object ST T T
t — nh &i Ci B ool
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U No existing experiment provides objective INformation Q) , . presae, pr). and shear force, s(r, distei
butions, along with total-quark and glue species decomposi-

g I ue CO nt” butlons to prOton G FFS tions at (2. Like pion distributions are drawn in green. N.B.
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Trace Anomaly Form Factor

U Some practitioners imagine that objective access /
to in-proton expectation value of trace of QCD
energy momentum tensor

& $Y (0)e) Qd
possible via photoproduction from proton of

vector mesons that share no valence degrees of
freedom in common with the proton

U Consequently, extensive new data available on e
SR S
U Desire to calculate/predict the trace anomaly
form factor
U Also, its species decomposition

C In misguided attempt to decide whether the
gluon parton density extends further than
the proton charge radius D D
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Trace Anomaly Form Factor

. : 0’
U Massenergy density form factor m(Q?) = A(Q?%) + m[A(QQ) —2J(0%)

Nonnegative function = good for a mass distribution

U In-proton expectation value of QCD trace anomaly:

Q2
0@ =A@+ 1A - 2(@) +3D(0))]
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—0 is not positive definite
C sSpecies decompositions have
same feature.

Unusual outcome for global property
of a nucleon mass distribution

Distributions of charge involve positiv
and negative charge carriers, hence
can possess domains of negative
support

All physical mass is positive definite,
so there is no good reason why a fori
factor definitive of mass should
become negative.

Somewhat arbitrary outcome: just
O © o0
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Trace Anomaly Farm Eact v
U Massenergy density form factor M(Q?) = A(Q?) + 4Q_2[A(Q2) —27(0%) +D(0%)]
Mp

Nonnegative function = good for a mass distribution

U In-proton expectation value of QCD trace anomaly: i —0 is not positive definite

2 Q2 C species decompositions have
Q%) = Q%) + 1 5 1A(0%) ~2/(0") +3D(0)] same feature.

U Unusual outcome for global property
of a nucleon mass distribution

Distributions of charge involve positiv
and negative charge carriers, hence
can possess domains of negative
support

V No sense in which this means that gluons are distributed over|a
larger spacetime volume than quarks because total form factor, _ _ N o
being scale invariant, does not express information abouta | U All physical mass is positive definite,

' subjective species decomposition. so there is no good reason why a fort
R A N - . | L | 1. . 1114 factor definitive of mass should
0 1 2 3 4 0.0 0.5 1.0 1.5 2.0 .
O GeV? 0 1GoV? become negative.

U Somewhat arbitrary outcome: just
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