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THE PROTON MASS: AN IMPORTANT TOPIC IN CONTEMPORARY
HAD RONIC PHYSICS' D. Kharzeev “Quarkonium interactions in QCD Proc. Int. Sch. Phys. Fermi 130 (1996)

X. Ji, A QCD analysis of the mass structure of the nucleon PRL 74, 1071 ( 1995) & PRD 52, 271 (1995)
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At the heart of most visible matter. ECT* .
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https://inspirehep.net/literature/404345
https://inspirehep.net/literature/404345
https://inspirehep.net/literature/378131

ATHENNA COLLABORATION PROPOSAL PR12-12-006 SoLID AT JLAB

Physics Motivation Statements from experts in the field!

O]

“" . . . .
This proposal is about exploring and understanding some aspects of the Low-energy J/psi-N interaction is a probe of the scalar gluon form factor of the
strong regime of QCD nucleon. This quantity is of fundamental importance since it is related to conformal
anomaly of QCD and to the origin of the nucleon's mass”.

Probes strong gluonic interaction between two color neutral objects .J/¥ and

Dima Kharzeev (Stony Brook) PN
the nucleon :

Uses .J /W to probe color fields in the nucleon (minimal quark exchange)

I/
Tests the production mechanism of /¥ in a nucleon
“Iam very enthusiastic about the physics of J/psi production at JLab” refer to:

http://www-public.slac.stanford.edu/sciDoc/docMeta.aspx?slacPubNumber=SLAC-
PUB-14985

Probes the conformal anomaly of low energy interaction .J/¥ — N

Stan Brodsky (SLAC, Stanford)

A unique opportunity by exploring the threshold region and taking advantage of

the high luminosity of CEBAF and the new energy reach namely 11 GeV
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M OT IVAT I O N D. Kharzeev, H. Satz, A. Syamtomov, and G. Zinovjev, “J/y photoproduction and the gluon structure of the nucleon,”
Eur. Phys. J. C 9, 459 (1999), arXiv:hep-ph/9901375.

D. E. Kharzeev, “The mass radius of the proton,” Phys. Rev. D 104, 054015 (2021), arXiv:2102.00110.

Two questions to address

WHAT IS THE ORIGIN OF MASS? WHAT IS THE SIZE OF THE PROTON?

Is there a way to experimentally measure the = Does the electric charge radius define the proton
trace anomaly? size?
= Can we verify Ji's mass sum rule = What is the strong interaction size of the proton?
experimentally? PP :
Lorcé (INT 2022) Most of us would first think of its charge radius
CODATA'06 (2008) | E—————
| Trace decomposition | | Energy decomposition | | Ji’s decomposition | Beli)n()a}llllereft aﬁl- 88%8% " ——e—+
Zhan et al. (2011) PR S
n=2GeV CODATA'10 (2012) —e—
Antogmm et al. (2013)
ODATA'14 (220153 -
Quark Beyer et al. (2017) [E—
o | 4 Fleurbaey ct al. (2018) 1S-38 —_——
(traceless) Mihovilovic et al. (2019) ' t t
T Cuak Bezginov et al. (2019) 2S-2P e
anomaly Y4 Trace ——— Xiong et al (2019) et
anomaly Grinin et al. 20) 1 —e—
CODATATS (2021) Fo-
Brandt et al. (2022) 2S-8D —e—
~92% ~23% AMBER EPTOJ g e e
MUSE (proj —e—
PRad-II (proj ) —e—
Relies on Independent of Motivated by ULQ2 (proy) | | ‘ S ‘ ‘ |
virial theorem virial theorem virial theorem 081 082 083 084 085 08 087 088 089 09
rp fm]
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How does QCD generates most of the nucleon mass?
Breaking of scale Invariance

Textbook: M. E. Peskin and D. V. Schroeder, An Introduction to quantum field theory, Addison-Wesley, Reading (1995)
< Trace of the QCD energy-momentum tensor: D. Kharzeev Proc. Int. Sch. Phys. Fermi 130 (1996)

B(g)

Ty ==, GG+ Y (L Ym) @@+ Y ma (L + Ym, ) QiQ:
\ g Y J l=u,d,s c,b,t
QCD trace anomaly At small momentum transfer, heavy quarks decouple:
B( ) b 3 b 9 2 M. Shifman et aI2 Phys. Iiett 78B (1978)
with =J— 5Ny _z
Gross, Wilczek & Politzer 167 2 3 zh:Qth - 3nh3
(8% IB( ) apa a
Ty = 2gGﬂG + E My (1 + Ym, ) Q11
l=u,d,s
< Trace anomaly, chiral symmetry breaking, In the chiral limit we have a finite number
for the nucleon (~800 MeV) and zero for
a
M? <P|T |p) = B(g )<P|G2|P> the pion

Chiral limit 29
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HIGGS MASS CONTRIBUTION TO THE PROTON

Pion-Nucleon Sigma Term
oxn = (N(P)|myiiu + mgdd|N(P)) = (59.1 £ 3.5) MeV

Strangeness content

s = (N(P)|mu3s|N(P)) = 41.0(8.4) MeV

A talk by UIf-G Meil3ner at the 3@ Proton Mass Workshop, Jan 14-2021
https://indico.phy.anl.gov/event/2/
Consequence for the proton mass: About 100 MeV from the Higgs, the rest is
gluon fleld energy Hoferichter, Ruiz de Elvira, Kubis, UIf-GMeif3ner Phys. Rev. Lett. 115 (2015) 092301

[arXiv:1506.04142] Phys. Rev. Lett. 115 (2015) 192301 [arXiv:1507.07552] Phys. Rept. 625
(2016) 1 [arXiv:1507.07552]
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JI'S NUCLEON MASS DECOMPOSITION: A HAMILTONIAN APPROACH

Quarks, anti-Quarks , Gluons and Trace Anomaly in the nucleon rest frame
X.Ji PRL 74, 1071 ( 1995) & PRD 52, 271 (1995)

Hocp = / 22T (0, ) My = F |Z§2|f]7;;|P )
H P’z T (—i i ’ ’
g = x Y' (—iD - )Y Quarks & anti-quarks M,=-(a— My

kinetic and potential energy 4 14+ vm

H,, = /dsiﬁ ¢Tm¢ Quarks masses M,, = 4+ ym bM N
1 4(1 + Ym)
H — / d333 — E2 + B2 Gluons kinetic and potential energy 3
H, / d3z 12‘; B2) Trace anomaly 1
M,=-(1-b)M
a(u) related to pdfs 4 ( b) My

N = M —I— Mm + M + M, b('u) possibly related to the J/psi production at threshold
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DIFFERENT MASS DECOMPOSITIONS

Proton Mass budget decompositions C. Lorcé (from 2022 INT workshop)

Trace decomposition Energy decomposition Ji’s decomposition

uw=2GeV
~ 8%

Gluon Ss
« energy »
(traceless)

Quark Quark

energy

Trace energy

]
anomaly Ya Trace

anomaly

o 0,
~92% 23%
Relies on Independent of Motivated by
virial theorem virial theorem virial theorem
(@ ENERGY (smmaystmi.
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WHAT DEFINES THE SIZE OF 2°8PB?-- BARYON DENSITY OF 20%pB
Charge distribution of nuclei Neutron Skin extracted from PREX (R,-R;)

0.16

0.10

208pp,

B £ XPERIMENT
— === MEAN FIELD THEORY 0.14

T

0.12 interior baryon density
3
g o1
— [ extracted from PREX
S 0.08== ——
g
g 0.06— R
= - —p, data
oo 0.04[~ -...=. 2-parameter Fermi fit :
S o008 . Ren iR
1 i 0.02 — /'/
2 o006 L Weak skin/:
E B o_lllllllllllllllllllllllllllzl llllllllll
: 004 - 0 1 2 3 4 5 6 7 8 9 10
§ om radius r [ fm |
Q
0 L T PN [V | D. Adhikari et. al. PRL 126, 172502 (2021)

0 2 4 6 8 10
Bernard FROIS, NUCLEAR CHARGE AND MAGNETIZATION
r{fm) DENSITIES OF SINGLE PARTICLE STATES,
Editor(s): Ricardo BROGLIA, Gudrun HAGEMANN, Bent HERSKIND,
Nuclear Structure 1985,

Elsevier, 1985, Pages 25-43 Argonne &




RADIUS Z0O0O

_ Jdmap.(x) 6 dGE(t)

. 2
Charge radius e = T @)~ Cp(0) |,
. . 5 B 6 dGM(t)
Magnetic radius (ri)m = G0t |,
: 2y _ Jdzz’pp()

Baryon number radius  (r*)p = T dzps(@)

) 5 [ dez T () L dA(t) 3D(0)
Mass radius (r)m = [dzT®(x) _ ° dt |,_, 2M2

_ B Tdea®Tl (@) _dA(t) 9D(0)
Scalar radius (r®)s = fme/flzw) Codt | 2M?
Tensor radius (2, = 1927 (T0@) + 3Tu(w)) _ (dAL)

= T (191 1) |,

Mechanical radius J doz”=7 Tij(®) _ _6D(0)

<T2>mech = TiT; - 0

Y. Hatta, Hadron 2030
Argonne &



GRAVITATIONAL FORM FACTORS (GFFS)

Towards observables of the energy density structure of the proton
GFFs are matrix elements of the QCD energy-momentum tensor (EMT) for quarks and gluons
(N'" | ;") | N)

_ o) iPaVipA, A*AY — gHv A2
=U(N") [ Ay q(©Oy#PY + B, , (1)

577 +Cy () 7 +Cyq(OM g’“’) u(N)

EMT physics (mass, spin, pressure, shear forces) is encoded in these GFFs:

e Ay 4(t)-Related to quark and gluon momenta, Ay 4(0) = (x49)

* Jgq(t) = % (Ag,q (t) + By q (t)): Related to angular momentum, J1ot(0) = 1/2

e D, ,(t) = 4Cy 4(t): Related to pressure and shear forces Heinz Pagels( North Carolina U.)
, ’ Published in: Phys.Rev. 144

Cy(t) +Cy(t) =0 (1966) 1250-1260
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https://inspirehep.net/authors/1019226
https://inspirehep.net/institutions/903078
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Unified View of Nucleon Structure

Wl (x,kyrr) Wigner distributions

Transverse Momentum Dist. (TMD) Tomography Generalized Parton Dist. (GPD)
TMDs dr-,- / \fsz
TMD f1u(X,kT), h1u(X,kT) GPD
42K dx & Fourier Transformation

1 Parton DiStribUtionzFunCtionSz T der Electromagnetic Form Factor Gg(Q2), Gy (Q?2)
x Q°=10 GeV RY T T T T E
N | i
N5 AR
""" : v CXF ) ] 3
0.4r xg (< 0.05) PDFS f{l | _
\ fu(x), .. L I‘
hi(x) 1b 3

]
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Unified View of Nucleon Structure

Wl (x,kyrr) Wigner distributions
Transverse Momentum Dist. (TMD) Tomography Generalized Parton Dist. (GPD)

TMDs drr d2k; GPDs
d z,~1/0
xp
TMD f1u(X,kT), h1u(X,kT) GPD
b4
o
42K dx & Fourier Transformation
. . . . T
1 Parton Distribution Functions der Electromagnetic Form Factor Gg(Q2), Gy (Q?2)
X Q%=10 GeV? =
0.8 == b o o
§ ?52?#&?5:2}5" . Nucleon gravitational form
RN eors factors A, B, C and C_bar;
\ PDT: (quarkonic & gluonic)
045 wooon N S Mass density, Scalar-mass
o2 fu(x), .. 1D Pressure density, Shear
h4u(x) — Forces density




EXPERIMENTAL REACTIONS TO DETERMINE FORM FACTORS

Proton electric charge distribution Proton color charge distribution?
Elastic Scattering Elastic color scattering; but forbidden
[ I
\q
p p'

p p

Is there an alternative to rather probe the gluon energy density in the proton?
;

Elastic J/i scattering Photoproduction of J/i
i

—

| Laboratory is a
f Energy laboratory
icago Argonne, LLC.
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12 GEV J/¥Y EXPERIMENTS AT JEFFERSON LAB NOW AND FUTURE

Hall D - GlueX observer the first J/y at JLab
A. Ali et al., PRL 123, 072001 (2019)

EM/Calorimeter
m(forward angle)

(1arge angie)

—— Beamline

Hall A has experiment E12-12-006 at SoLID to
measure J/y in electro- and photoproduction, and
an LOI to measure double polarization using SBS

N:

“. % U.S. DEPARTMENT OF _ Argonne National Laboratory is a
@ ENERGY U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.

s TS \'“‘ = e
Hall C has the J/g-007 experiment (E12-16-007)
LHCDb hidden-charm pentaquark search

(= ) | = e
Hall B - CLAS12 has experiments to measure TCS +
J/y in photoproduction as part of Run Groups A
(hydrogen) and B (deuterium): E12-12-001, E12-12-
001A, E12-11-003B

Argonne &
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JLAB EXPERIMENT E12-16-007 IN HALL C AT JLAB
Near threshold photoproduction of J/y

/ T 9 95 0 05 1
B. Duran, et al., Determining the gluonic gravitational form factors of the proton. S. Joosten, et al.} [007],
Nature 615 (7954) 81 3-816 (2023), doi:10.1038/s41586-023-05730-4 ~Near-Threshold J/$y\to p"+p”"-§ Photoproduction and the

Gluonic Gravitational Form Factors of the Proton
(@ ENERGY LZ5nimviry ey [arXiv:2602.14416 [nucl-ex]] Argonne &
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INVARIANT MASS SPECTRA IN J/W-007 EXPT.
J/p-007 e+e- and p+u-

ELECTRON CHANNEL DECAY MUON CHANNEL DECAY

300+ | - I_ S ] 8007 J/p-007 Setting 2 4 e Measured Signal
- J/L|J-007 Settlng 2 J 7 700 A Scaled it BG
i 600 == Signal - BG
B | $ —— Background Fit
200 = 2001
- = (2]
£ 400+
=}
i i S 3001
100— = 2001
L - 100 A
I i 0 .
86 28 3 32 = 34 26 28 o >
M (GeV) M, (GeV/c)

U.S. DEPARTMENT OF _ Argonne National Laboratory is a
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GLUEX EXPERIMENT IN HALL D AT JLAB

Setup and phase space

forward calorimeter

barrel time-of

N/\/\//\/ calorimeter -flight

target

photon beam

diamond ! T forward drift

wafer — g chambers
.\\ L
/\/ ) T - central drift

a chamber

\ | electron
electron tagger magnet beam
beam tagger to detector distance
is not to scale

l|
: lJ superconducting

Measurement of the J/w photoproduction cross section”, S. Adhikari et al.
(GlueX Collaboration). Phys. Rev. C 108, 025201, 2023, arXiv:2304.03845
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{7, ENERGY U Corsimen et oy borntory Argon ne &




GLueX EXPERIMENT IN HALL D AT JLAB

Setup and phase space

— . Al 2 10 |- /
5]
S L .
oo - -
8 = ST
B ,/‘ - -
- - LR -

2

T,
N\
v

8.5 9.0 9.5 10 10.5 11

Courtesy of JLab pictures archive

Measurement of the J/y photoproduction cross section”, S. Adhikari et al.

Courtesy: L. Pentchev

tional Laboratory is
S Argonne &




JLAB GLUEX 2023 J/¥ EXPERIMENT RESULTS

Invariant mass spectrum of e+e- (left) in GlueX and total
photoabsorption cross section (right)

lepton pair invariant mass Total photop|)roduct|on Cross section
% 10° ’ o ‘QL f:v ++
: NM ' i <,:-'--¢.‘--i%+_' PRt
L™ e +
10* + [ ]
/ '/ —— Gl%
—4— Cornell
10 |-

------ M.-L.Duetal. (g, =10GeV)
--- M-L.Duetal. (g, =12GeV)
I 1 1 1 1 I 1 1 1 ‘ 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | 1 1 1 1
8.5 9.0 9.5 10.0 10.5 11.0 11.5
EY [GeV]

§*77%, u.S. DEPARTMENT OF _ Argonne National Laboratory is a
@ ENERGY U.S. Department of Energy laboratory
g\ managed by UChicago Argonne, LLC.
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The CLASI2 detector package  courtesy of P. Chatagnon

Beam

* 85% longitudinally polarized e~
* Max.luminosity: 1035 s-lcm-2
* Energy up to ~10.6 GeV

Central Detector

Solenoid magnet
Tracker
Time-of-Flight
Neutron detector

Target

* Proton

* Deuterium

* Longitudinally pol.H/D
* Nuclear targets

P. Chatagnon et al. [CLAS], % "Measurement of the near-threshold J/psi photoproduction cross section with
the CLAS12 experiment," Phys. Rev. C 113 (2026) no.6, 6 doi:10.1103/Iqv1-kf2n [arXiv:2602.22128 [hep-ex]].

Extraction of the cross-section of the near-threshold photoproduction of J/\y with the CLAS|2 experiment
— Pierre Chatagnon — 10% of July 2024 — QNP2024

~tiGev?]

Forward Detector

® CLAS12
e HallC-007
e GlueX
—— Constant € line
8{ —— Limit of the phase space

Torus magnet

Drift Chambers
Time-of-Flight
Calorimeters
Cherenkov counters

ForwardTagger

Calorimeter
Time-oféflight
Tracker




JLAB CLAS 12 TCS/J/PSI EXPERIMENT

Invariant mass spectrum for the J/psi identification in CLAS12

Eyin[9.7 , 9.95] GeV * Data (517.0)
— Total fit (x?/ndf: 1.3)

Jhp (154.5 = 16.4)

Yield [Events / 20 MeV]
W
o

Pulls

% U.S. DEPARTMENT OF _ Argonne National Laboratory is o
Z/ENERGY [ 0miinisra Argonne
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RECENT RESULTS FROM JEFFERSON LAB
GlueX J/psi-007 (e- channel)

= 0.5
92599 | 1 J/V — 007 using M-Z approach
Figure from § ~—— J/W —007 using G-J-L approach
210 = Lattice
“Measurement of the —_ " E
)/ photoproduction % [
cross section”, S. =t Ry
. . L 10_3 —— dipole fit
Adhikariet al (GlueX 7T 100] . E=(9.4,9.55) . E~(9.55,97) o
. 5 N R
Collaboration). a 1s : 3
Phys. Rev. C 108, T B 107
025201, C .
10~
2023, arXiv:2304.03845 I
10 e o GuiE 0] 7
= 3 —5— SLAC 10 E,=(9.7, 9.85) . E~0085100
. ’ ~
l ’ —/A— Cornell > -
il ’ & 10 10:2
’ §5558 GPD (Ivanov, Sznajder, Szymanowski, and Wagner) s
K ~ = = GPD and LQCD (Guo, Ji, and Liu) S
-2 L1 | | L 19
10 3
8 9 10 20 10-3 10-2
Ey [GeV] 10°
Figure from “Dynamics 101 =
H X<
in near-threshold )/ 10 . . ' : 10 . " ' 3’*
photoproduction”, Jas JAC 10
D. Winney, C.
y . 1073
Fernandez- Ramirez, z = 100
= 1E> = 1
A. Pilloni, A. N. 2 2
Hiller Blin et al. Z 2 107
(PAC), Phys.Rev.D T T o
108 (2023) 5, z0'E o Ghex o) 4 s o Glex @) 05 10 15 200 25 300 35 40 45
© — Single channel (1C) © —— Nonresonant (3C-NR) K2 (GeVZ)
0540 | 8 —— Two channels (2C) —— Resonant (3C-R) 10-3 ) w O R
Xiv:2305.01449 3 3 Figure from “Determining the gluonic
e Itl (Gev?) 1tl (Gev?) gravitational form factors of the proton”.
107y 5 T i 2 107 5 m i 12 Duran, B., Meziani, ZE., Joosten, S. et al
£y [GeV] E, [GeV] Nature 615, 813-816 (2023)
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https://arxiv.org/abs/2305.01449

TOTAL J/¥Y PHOTOPRODUCTION CROSS SECTION

GlueX 2023 and J/psi-007 muon channel

'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''

——————————————————————————————————————————

_________

——————————————————————————————————————————————————————————————

—————————————————————————————————————————————————————————————————————————————————

________________________________________________________________________________________________________________________
'''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''''
———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————————
____________________________________________________________________________________________________________

—————————————————————————————————————————————————————————————————————————————————————————————————————————————

—————————————————————————————————————————————————————————————————————————————————————————————————————————————

+* J/w-007 combined
O  GlueX 2023
i+ Cornell 1975

1072

8.0 8.5 9.0 9.5 10.0 10.5 11.0 11.5 12.0

(@Eni Argonne &




ULAB J/iy DATA: GLOBAL FIT IN THE HOLOGRAPHIC MODEL EAZCIUACHRID JrirX)R- YO R P

2D fit to extract the A(t) & C(t) assuming B(t) negligible ¢ EEE= =T ER T
10! 10!
K. Mamo & I. Zahed, PRD 106, 086004 (2022) and PRD 101, 086003 (2020) :é . -
'§ = hQCD global fit £10
1073 1073
Tensor Scalar g 9zs<5,<94osev 10° 9.40<E,<9555ev
ém—z 1072
4 E &= hQCD global fit £10 == hQCD global fit *10
10- 10-3
‘ < W 9.55 <£,<970Gev|  10° 970 < Ey < 9.85 GeV
3 o007 ete Je0oree
g 10 J/v007 7T 107 (I/W 7 u T
;,10*? 107
-E &= hQCD global fit 10 &8 hQCD global fit 10

Spln 2++ (p2|T””y(0)|p1 Spln 0++ . p2|T”(0)|p1> 102 1072

g w .28 < Ey < 10.36 GeV 1003, 9.85 <Ey <, 10030 GeV
2 g . GlueX ete™ . ];z OD;E :
d 2 A(t) +4n?(C(t 2t + 8 M? . -
29 _ A2 € % [A(t) +4n*(C(1)] xF(s,t)xy e 10 1
dt 647T(S p— M2)2 A2 (O) (4M2) ‘5' 60 &= hQCD global fit 10 . B= hQCD global fit 210
M2
n= # X2 = 201 054 < 10° 10.00 < £, < 10.15 GeV 10° 10.15 < £, < 10.30 GeV
dp.q— M3, +1 ndf =200 JeBs | o Jesdes
x?/ndf = 1.005

( : t = _— /\ = 1. ; haco + }
I ! )9 + ( ' I 10-2 [ oDt e ‘ = global fit +10

1—t/A2 1—t/AZ C(0)=-1.937 £ 0.751 ., )
10 \\‘\Nkmifv :
10-1 Jiy-007 putu 10-1

Nc=0.914 £ 0.151

10.45 < E, < 10.60 GeV
Jw-007 ete~
Jiy-007 ptu-

* A(t) and D(t) shapes are fully calculated; However, dipole- tripole forms are

do/dt (nb/GeV2)

assumed as very good approximations and are used in the fits to the data ==
s Ay(0)= <x4> is fixed to the DIS value from global fit CT18.

10.36 < Ey, < 11.44 GeV
GlueX ete™

dojdt (nb/GeV?)

«  B(t)is neglected and N is normalized to the first GlueX cross section measurement
U.5. DEPARTMENT OF _ Argonne National Laboratory is a . [ EEhQCD by e T
ENERGY ..ottt T3 3 @ 5 6 7 @

It (Gev?)




THE GENERALIZED PARTON DISTRIBUTION APPROACH

2D fit to extract A(t) & C(t) assuming B(t) negligible

Y. Guo, X. Jiand Y. Liu, Phys. Rev. D 103, no.9, 096010 (2021) and Y. Guo, X. Jiand Y. Liu, J. Yang, Phys. Rev. D 108 (2023) no.3, 034003

-
L9
L2

“ GPD (33)f 820 <Ey < 928 GeV 10%) = e 33 fitxemor  8.90 < Ey < 9 10
L 7

B = Ay(0) oy — _ Cal0)

HHH
o ©o o
|
*/

s oz o=
o o o
Bl

-,

K8

=
. Q ) 1
Lo b b

()= —""13
(1-5) 7 ()

y-007 ete”

== Gpo@33)fitremor 9,10 < Ey < 9.25 GeV 10° ﬂ 9.25 <E, <9.40
1§-007 i+ 107! ) f

,_-
s o
-

1)

2

S

w

O

Ed

it

e

=t

€S
%
i

B
(5]
=
(=)
1
3

9.40 < E, < 9.55 GeV 10° 9.55 < E, < 9.70 GeV

. /y-007 ete”
", 1007 = | 10mt ’ 116887 i
. T\‘h\

= GPD (3,3) fi - GPD (3,3) fit + error
3

-
L9 1
L2 4 b

—
=)

do aemeé (16mag)? £,
E - 4(W2 _m%V)Q 3M‘2/ |¢ R| |G(t £)| ‘A AA

=)

=
o
) ]
b
=
o

0] 9.70 < E, < 9.85 GeV 10° Jemma 9.28 < E, < 10.36 GeV
» e A GlueX ete~
I
2n
G(t,€) = E dxac Fy(z,&,t) :
€2n+2 | omea o | o Gafits emor

107 107
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0.025 BREIT FRAME SCALAR AND MASS “DENSITIES”

0.020 Scal Global analysis from DVCS (q) & J/psi (g) Expts.

o Ccalar . -

E compared to lattice-1 and lattice-2

~

% LIS Lattice-1: D.C. Hackett, D.A. Pefkou and P.E. Shanahan, Phys. Rev. Lett. 132, no.25,

o, 0.010 251904 (2024)

i Lattice-2:B. Wang et al. [xQCD], ' Phys. Rev. D 109, no.9, 094504 (2024)

; 0.005 4 doi:10.1103/PhysRevD.109.094504 [arXiv:2401.05496 [hep-lat]].

o -

RS Quark contribution to experiment: Y. Guo, F. Yuan and W. Zhao, ““Bayesian
0.000 A Inferring Nucleon Gravitational Form Factors via Near-Threshold J/psi

Photoproduction," Phys. Rev. Lett. 135 (2025) no.11, 111902 doi:10.1103/3x7r-ythq
[arXiv:2501.10532 [hep-ph]].

i Total expt.
[ Total lattice-1

Mass

0.0 0.5 1.0 1.5 2.0
r [fm]

Ji, Meziani, Joosten and Pefkou
st Under review at Science Argonne &




EXTRACTION OF SCALAR/MASS RADIUS OF THE NUCLEON

Gluonic mass and scalar radii A picture of three zones?
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Cao, X.-H., Guo, F.-K,, Li, Q.-Z. & Yao, D.-L.
Dispersive determination of nucleon gravitational form
factors. Nat. Commun. 16, 6979, DOI: 10.1038/
$41467-025-62278-9 (2025). 2411.13398. Argonne &
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FUTURE SOLID EXPERIMENT AT JLAB

T
- SoLID SIMULATION
| e(p).e+e- (J/p electroproduction)
It—tminl versus W (21k events)

Ultimate experiment for near-threshold J/w production

= General purpose large-acceptance spectrometer
= 50 days of 3uA beam on a 15cm long LH2 target
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FUTURE SOLID EXPERIMENT AT JLAB

Precision measurement of J/psi near threshold

R e s 7
1 SoLID SIMULATION |
6. JAp Production 3
E.'09590 GeV <E, <10.00 GeV q
L . 4
-1 .'..0 -
<107 oo, E
> . 3
8 ! -
] " ®oo,
£107% ® 0 E
5 ¢ + 3
3 LA f ]
102 *T T E
104 ® photoproduction (e)p+ee -
P I RPN IUVITN EATITI AR
0 1 2 3 4 5 6
It-tminl (GeV?)
L e e e e
1 SoLID SIMULATION B
£ Jhp Production E|
[ 881GeV< E, <8.91 GeV 1
_o...'
&-10":— %o, E|
> ”0. E|
[} .0
) ®eq
3 (3
£102 3
5 t ]
5 ]
3 ]
10%E E|
104 e photoproduction (e)p+ee —
Eevvw bbbl byl
0 1 2 3 4 5 6

S. DEPARTMENT OF

NERGY

It-tminl (GeV?)

Argonne National Laboratory is a
U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.

NP St pampprasivsimndsseass sasaparapritond

o (nb)

10

107"

2
10 8

[}
Production e photoproduction (e)p+ee _|
O

exclusive ep+ee

T IIIIIl|
| IIIIII|

T—Seralphuioproduction -
m  GlueX photoproductio

2+3-gluon fit

v v b v b b b b b v b |

8.5 9 95 10 105 11 115 12 125
E, (GeV)

SeLID

SOLENOIDAL LARGE INTENSITY DEVICE

R e e B B
SoLID SIMULATION

E  Jhp Production E
F°".9.88 GeV <E, <10.07 GeV
F .
LI07E . 3
T
S Ll
L1077 E
5 T+t
s I
10°= E
104 © electroproduction e(p)+ee =
S PRI AR RPN AR B R
0 1 2 3 4 5 6
It-tminl (GeV?)
T
SoLID SIMULATION N
Jhp Production E
8.39 GeV <E, <8.58 GeV
—- ~
.
.
3 +
S0t + 3
g
©
10'3§ =
104 e electroproduction e(p)+ee —
SN I U AR BRI B
0 1 2 3 4 5 6

It-tminl (GeV?)

Argonne &

NATIONAL LABORATORY



SOLID IMPACT ON GLUON SCALAR AND MASS DENSITY

Breit Frame

Scalar Density Mass density
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D. C. Hackett, D. A. Pefkou and P. E. Shanahan, Phys. Rev. Fachet- ' ohve. Rov. D 104. 107 074507 (2021
Lett. 132 (2024) no.25, 251904 . He et al, Phys. Rev. , no.7, (2021)

B. Wang et al. [xQCD], ' Phys. Rev. D 109, no.9, 094504 (2024)
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COMPLEMENTARITY WITH EIC

Upsilon production and J/psi production at large Q2

101/ ¢ EIC10fb™' { CMS(2019) { LHCb (2015)
¢ EIC 100 fb~' & H1(2000) ¢ ZEUS (1998, 2009)

* Y(1S) at EIC trades statistical precision 760 Upsilon at
of J/y at SoLID for lower theoretical EIC
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study universality. =104
X 3
— ra3e.
. T : “ﬁ‘::k
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experimentally feasible!
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CONCLUSION

= \WWe are at the dawn of an exciting avenue of nucleon’s gluonic structure research through
the determination of the gluons GFFs of the nucleon.

= Present photoproduction of J/iy data suggest a scalar radius around 1 fm consistent with
lattice QCD.

= \We have a sneak preview of the gluonic scalar density distribution in the proton from data
with the help of models. Scalar gluons configurations, at the origin of the nucleon mass,

seem to define the "skin” of the nucleon.

= Statistical precision will enable an understanding of the systematic uncertainties in the
extractions of the mass radius and the scalar radius with controlled approximations.

= EIC Y photoproduction measurements are critical for validating the universality of the
gluonic GFFs independent of models.
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