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—Proton mass origin

—Proton gluonic gravitational form factors and its mass radius
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» Determination of the mass and scalar radius of the proton
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TO KNOW YOUR FUTURE YOU MUST KNOW YOUR PAST

George Santanaya (American philosopher, poet and cultural critic: Born in Madrid, 1863-1952) Standard Model of
Particle Physics

HISTORY OF THE UNIVERSE P

Dark energy
accelerated
expansion

Structure
formation

Cosmic Microwave
Background radiation
Accelerators is visible

\ verse
Size of visible uniy

Quantum Chromodynamics (QCD) is
responsible for most of the visible matter
in the universe providing mass and spin
to nucleons and nuclei
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Nucleon: A fascinating strong interacting system
of confined quarks and gluons
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The concept for the above fig 11n a 1986 paper by Michael Turner Particle Data Group, LBNL © 2015 Supported by DOE NATIONAL LABORATORY




Science Questions

“...QCD takes us a long stride towards
the Einstein-Wheeler ideal of mass without mass
Frank Wilczek (1999, Physics Today)
Examples in nature: proton, blackhole

“®-What is the origin of hadron masses?
- A case study: the proton

>

The 2015 Long Range Plan for Nuclear Science i - ~ "

“... The vast majority of the nucleon’s mass is due to quantum fluctuations of p—
quark-antiquark pairs, the gluons, and the energy associated with quarks moving
around at close to the speed of light. ...”

Proton

-#-:Can we measure the gravitational form factors of the proton and Q0 @@»
determine its mass radius ? o Quarks
-—

-

-o‘How does the mass radius compare with the charge radius of the proton




EXAMPLE: EIC SCIENCE ASSESSMENT BY NAS

Finding 1:
g An EIC can uniquely address three profound
questions about nucleons—neutrons and protons—
e o and how they are assembled to form the nuclei of
'S -BASED ELECTRON-ION atoms:

COLLIDER 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?

JLab and EIC will address in a truly
— | complementary way the first
(W ENERGY U533 Eriiney two que stions Argonne &
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WHERE IS THE ENERGY INSIDE THE PROTON?

How does the mass radius compare to the charge radius?

Vs Vs

Energy halo beyond

Den nergeti re? ame as charge radius? .
ense energetic core S 9 charge radius?
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ORIGIN OF THE PROTON MASS?
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Hadron Masses from Lattice QCD

- == (2008) 2000
SClence Ab Initio Determination of Light Hadron Masses ]
S. Diirr, Z. Fodor, C. Hoelbling, ] e
R. Hoffmann, S.D. Katz, S. Krieg, T. Kuth, L. Lellouch, T. 15007 |
Lippert, K.K. Szabo and G. Vulvert = ] ~: |EEs
© 4 —
< =,10007 empt |+ N
" Science 322 (5905), 1224-1227 = ] Ele
DOI: 10.1126/science.1163233 5001 ——x — experiment
J == width
J o input
el # QCD
0
10
Qe (2019) L & =
Cl € Ce = initi i L O predi:tion |
WU AN A s Ab initio calculation of the neutron-proton mass o v ]
P difference g AD
By Sz. Borsanyi, S. Durr, Z. Fodor, C. Hoelbling, S.D. Katz,S. Krieg, 2 - l
e~ L. Lellouch, T. Lippert, A. Portelli, K. K. Szabo, and B.C. Toth e AZ
AN il
. il i ' A |
- Science 347 (6229), 1452-1455 oL _:G__

DOI: 10.1126/science.1257050

How does QCD generate this? The role of quarks and of gluons?
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How does QCD generates the nucleon mass?
Breaking of scale Invariance

See for example, M. E. Peskin and D. V. Schroeder, An Introduction to quantum field theory, Addison-Wesley, Reading (1995), p. 682

< Trace of the QCD energy-momentum tensor: D. Kharzeev Proc. Int. Sch. Phys. Fermi 130 (1996)
o _ B9) ~aBaa
TS = %0 SEGPGL+ Y mi(L 4 ym) G + Y ma(l+ Y, ) Q@
\ Y J l=u,d,s c,b,t
QCD trace anomaly
9 At small momentum transfer, heavy quarks decouple:
g M. Shifman et al., Phys Lett 78B (1978)
with  B(g) = —b 5 T b=9— —ny 9
Gross, Wilczek & Politzer 167 3 ZQhQ 3 3
h

T = Bz(g)GaﬂaG“ + Z my (1 + Ym,) Q@
l=u,d,s

< Trace anomaly, chiral symmetry breaking, ... In the chiral limit we have a

_7\[2 o =) finite number for the nucleon
. <P|Ta |P>Ch|ral limit Ay )<P|G2|P> and zero for the pion
\ stomovy isa 2 g
(@ ENERGY [EHHE Argonne &
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HIGGS MASS CONTRIBUTION TO THE PROTON

Pion-Nucleon Sigma Term
O N — (N(P)|muﬂu + ded|N(P)> = (591 + 35) MeV

Strangeness content

s = (N(P)|my3s|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 field energy
Hoferichter, Ruiz de Elvira, Kubis, UIf-GMeil3ner 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] 11/18/2
@ ENERGY 1 Argonne &
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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)

- P|H | P)
Hocep = / d3zT%(0, %) My = (P|Hgop
(P|P)
3 too . 3 b
H,= [ &z (—iD - a) Quarks & anti-quarks M,=-(a— My
kinetic and potential energy 4 14+ vm
H,, = /d337 me?’b Quarks masses M,, = 4+ ym bM N
1 4(1 4 vm)
H — /d333 - (E2 + B2) Gluons kinetic and potential energy Mg _ Z(l B a,) MN
Yo
H, dr — — B2
/ 1 67T ) Trace anomaly

1
* a(u) related to PDFs, well M, = Z (1 - b) My
constrained
N = M —I— Mm + M + M, * b(p) related to quarkonium-

proton scattering amplitude

{7z ENERGY Argonne &
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DIFFERENT MASS DECOMPOSITIONS

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

Trace decomposition

uw=2GeV

Trace
anomaly

~92%

Relies on
virial theorem

Energy decomposition

Quark

energy

Independent of
virial theorem

12

Ji’s decomposition

~ 8%

Gluon

« energy »
(traceless)

Y4 Trace
anomaly

~23%

Motivated by
virial theorem
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THE PROTON MASS... AHOT TOPIC!

2016 7 2017 Jan. 2021
The Proton Mass ; i ECT* i

At the heart of most visible matter. EUROPEAN CENTRE FOR THEORETICAL STUDIES
IN NUCLEAR PHYSICS AND RELATED AREAS
u Temple University, March 28-29, 2016

TRENTO, ITALY
Institutional Member of the European Expert Committee NUPECC

[@TEMPLE

UNTVERSITY INFN
(g

Trnto (Trin”), watereolor 10 abyA. Di 1495) B Museur, Londen

The Proton Mass: At the Heart of Most Visible Matter

pioav) Trento, April 3 - 7, 2017

M, = 2me 4 et Hoon =Hy + Byt By + Hy . 3rd Proton Mass Workshop; Origin and Perspective
Q“:f:ﬂ’:“‘:‘;:’“d 11,,:/11‘:»,’(--{1)»;.)'.} o y T .
Spesers o rmenama oy Dttps:/findico.phy.anl.gov/event/2/
Kiandang Ji (Msiylind) Gluon kinedcand 5y _ / i e By
Dima Kharzeev (Stony Brook & BNL) potential energy 2
Keh-Fei niversity of Kentucky) “Trace snomaly H, = [ Prjo (8 -BY)
David Richards (JLab) s
TabeEel e o Workshop Topics
Htepan Secpenyan (flah) + Hadron Mass Calculation:
;1”’1: Stesman Booey Peool) Lattice QCD and Other Methods
oderator o AN " . .
e e e ) e Due to COVID-19 a 2020 Institute of Nuclear Theory in
ETEMPLE ot e Seattle, a 4t workshop in the series:

. Origin of the Visible Universe: Unraveling the
Access the trace anomaly through elastic Proton Mass was delayed but held in June 2022

J/psi and Upsilon production near threshold https://www.int.washington.edu/programs-and-workshops/20r-77

Argonne &

NATIONAL LABORATORY




EXPERIMENTAL REACTIONS TO DETERMINE FORM FACTORS
Elastic electron scattering for charge / J/psi production for gluons

p

Neutron

green = p_

]

A

o
T

red = pgy X6 7

N
o

S}

density [fm™] density

l/
[ _ I

e
ra

Exclusive reactions \gq
[ I
p 1
P
Elastic ¥ 1
Scattering P p'
» But, NO color elastic nucleon form factor! ,

I+
Deep Vector Meson
/  Production
P P ©ovmp)

{ Threshold electro- & photoproduction of quarkonia can probe

{ the energy distribution of gluonic fields inside the proton and

gp

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

» Elastic e p = e p scattering is like an
electron microscope to investigate nucleon structure

» |n 1-photon exchange approximation: P

R. Hofstadter
1961 Phys. Nobel

nucleon structure parameterized by two form factors

_ Prize
Ay = (50X [J40) [ p— 50,
) 1 [ R T 1
= a(p+ iq,/\ ) | FL Q)" + Fa(QF J%a’“ Qv | u(p — 2% A)
Dirac Pauli
F+ helicity conserving, F helicity flip form factors
Ge(Q*) = R(Q*)-7F(Q?%)
» |n experiments we measure the Sachs form factors G102 = F(Q%) + Fp(Q?)
2 2
d—O-(E,Q) =0y, [M + ZZ'G]%,[ tanz(g)] O,ZE'COSZ(Q)
dQd 1+7 2 Q0 o= 2
N, o apsind)
(W ENERGY U533 Eriiney Rosenbluth Formula 2 Argonne &
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PROTON ELECTRIC CHARGE
FORM FACTOR AND RADIUS

Argonne &



PROTON CHARGE RADIUS

Various e-p scattering analyses

Pohl 2010 (uH) I e - Mainz 2010 (ep exp.)
Antognini 2013 (uH) o Hill and Paz 2010
e @ et Zhan et al. (ep exp.)
Lorenz et al. 2012 ——
Adamuscin et al. 2012 - Gracﬂ/.k_'and Juszczak 2014
——e—— CODATA-2014 (ep scatt.)
9 dGg N Lee et al. 2015
r, = —6—2 |Q2 -0 Higinbotham et al. 2016 e — e Arrington and Sick 2015
dQ Griffioen et al. 2016 —_—————
Horbatsch et al. 2017 — e Sick 2018
PRad (ep exp.) — .
Alarcon et al. 2019 ——e— Mihovil?vic 202}
ep exp.
Atac et al. 2021 —e——i
Cui et al. 2021 ——i
Lin et al. 2021 1 Gramolin and Russell 2021
| | | 1 | I

| ‘ | | ‘ | i i ’ i L | | | | | | | |
084 086 088 09 0.92
@2 ) im]

H. Gao and M. Vanderhaeghen, Rev. Mod. Phys. 94 (2022) no.1, 015002
Pl 17 Argonne &

NATIONAL LABORATORY

| | | | |
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THE PROTON GRAVITATIONAL FORM FACTORS
THE MASS AND SCALAR RADIUS
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12 GEV J/¥Y EXPERIMENTS AT JEFFERSON LAB

‘“J A\ ““ \ “‘ \"\ ' , j "V— \.- H" Z . '
<\ | Qi AN ) S S '\ — =
Hall D - GlueX observer the first J/y at JLab Hall C has the J/@-007 experiment (E12-16-007) to search for the
A. Ali et al., PRL 123, 072001 (2019) LHCb hidden-charm pentaquark
) 7 , 7 o ,"«' N\ BX=H TP x

Hall B - CLAS12 has experiments to measure TCS + J/y in photoproduction as part of

Hall A has experiment E12-12-006 at SoLID to measure J/y in electro- and
Run Groups A (hydrogen) and B (deuterium): E12-12-001, E12-12-001A, E12-11-003B

photoproduction, and an LOI to measure double polarization using SBS
2 U.s. DEPARTMENT OF _ Argonne National Laboratory is a
(@ ENERGY 05 Esin 17 Argonne &

NATIONAL LABORATORY



GRAVITATIONAL FORM FACTORS (GFFS)

Towards observables of the matter structure of the proton
GFFs are the form factors of the QCD energy-momentum tensor (EMT) for quarks and gluons
(N" | Ty, | N)

o 2 pv] iPHgVipA, ANV — gHVAZ ,
=U(N") | Agq(®y'*P") + Byg(t) ——— + Cgq(® 7 +Cgq(tH)MgH | u(N)

EMT physics encoded in these GFFs:

e A, ,(t): Related to quark and gluon momenta, 44 4(0) = (x4 4)

*Jgq(t) = 1/2(Ag,q (&) HBgg (t)): Related to angular momentum, J ;o#(0) = 1/2

e D, () =4C, (I): Related to pressure and shear forces

“. % U.S. DEPARTMENT OF _ Argonne National Laboratory is a
@ ENERGY U.S. Department of Energy laboratory
managed by UChicago Argonne, LLC.
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GusX
J/¥Y NEAR THRESHOLD IN HALL D
First J/y results from JLab, published in PRL 123, 072001 (2019)

R ,—_—, e
= 1D cross section (~469 s T
1 PR
counts) : v =
. o . —_ J/ - e+e- i +ue ......... L. ——
® Trends S|gn|f|Cant|y h|gher N Vp pJY p 1 H%gLAé
» 200 ¥ m.Numberaf]/w 469 +2. 12 —A— Cornell
than old measurements %o 55 v o sodn G ~ Hr— = Kiasoersinias
gt e ' i "2g exoh, Brodsiy et al
= Single 1D t-profile spurred °;;g It 10° ‘{ / T eon oyl
. 8 9 10 ey 20
on many new theoretical iy == F S
calculations so Ty § e a3 ev?
< 10.00 < E, < 11.80 GeV
= Did not see evidence for  * 5 i
. 1 1.5 2 25 3 3.5
hidden-charm pentaquarks Mie'e), Gev

I P P
FT%, U.s. DEPARTMENT OF  Argonne National Laboratory is a . . 0.8 1 )
@ ENERGY U.S. Department of Energy laboratory _(t_t ) Gev
\ N2 managed by UChicago Argonne, LLC. )




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

e

.............................

%ia
%.
%
It-tad (GeV?)
ol . B

AAAAAAAAAAAAAAAAAA
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Z.-E. M, S. Joosten et al., arXiv:1609.00676 [hep-ex]
K. Hafidi, S. Joosten et al., Few Body Syst. 58 (2017) no.4, 141

JLAB EXPERIMENT E12-16-007 \
Near threshold photoproduction of J/y oz

‘ 1 :
5\’\\\]\5 g < Electron in
J/y threshold: o © NS SHMS
W ~ 4.04GeV Q \
E?® ~8.2GeV 9% Cu Radiator ‘(\6 ‘ \
£~ Z1.5GeV ) To beamdump
—) | -
Incident >
beam
| saingz ] target Q ‘ . .

- moame” i ] Q ‘ Tracking/ Timing:
< | = ) ’%7 Q 1. Drift Chambers
¢ I | |+ Ran February 2019 for ~8 PAC days A 2. Hodoscopes
32 7« High intensity real photon beam A Particle ID:

[ i ] (58%\ e;ectron beam on a 9% copper // 3. Gas Cerenkov
L = | radiator 2438 ' :
O e = =t -~ =+ 10cm liquid hydrogen target A(// /'4 4.Lead Glass Calorimeter
§ 85 9 95 10 105 11 * Detect J/y decay leptons in 2 :
E, (GeV) coincidence e | Positron
e eomner » Bremsstrahlung photon energy fully i
(ZENERGY 12 constrained 23 n AMS rgonne &



http://arxiv.org/abs/arXiv:1609.00676

Preprint: https://arxiv.org/abs/2207.05212 ” 0 v
Results currently under peer-review

PRELIMINARY 2D J/¥ CROSS SECTION RESULTS

100 - Ey=(9.1,9.25) O Ey=(9.25,9.4) 100 .\_?Ey=(10.0, 10.15) :} E,=(10.15, 10.3) | = Setiing 1
Nl R i £ Setting2 .~
H \\\ *T}\\ w \\t T\\\+ a- ;g:g::g 2 ]
...... DK T\T\ \t &y, N N N> K
M-Z A N N SR SR e [} r
Gl el e e §- N o |
1072 —- sTv S o~ | 1072 N N =
H-R-Y (b=0) > \] X T IE 2+ ]
H-R-Y (b=1) = L
1073 1073 i
100] - Ey=(9:4,9.55) ¥, Er=19.55,9.7) 100 ‘;\I\Ey=(1o.3, 10.45) ‘#’ E,=(10.45, 10.6) 0* ; e——
#. R i R ]
i N oo g TT\?E;, 8§ 85 9 95 10 105 i1
102 s S| 10- L ~+{. = Unfolded 2D cross section
Lo s results compared to various
100 BFO7.989) |7 E=085100) & ey N model predictions informed by
q o %, e e
o *1 ! H the 2019 1D GlueX results
g 10— \ N \T
S N NG R DK: D, Kharzeev, Phys. Rev. D 104, 054015 (2021).
= i \|\ S el MeZ Mamoiz\;hedy2204.\68857 (2022) = All models work reasonably
3 10° N S| G-J-L: Guo, Ji & Liu, Phys. Rev. D 103, 096010 (2021) i i
L : S-T-Y: Sun, Tong & Yuan, Phys. Lett. B 822, 136655 (2021) We”_ at hlgher energles_ but
15 H-R-Y: Hatta, Rajan & Yang, Phys. Rev. D 100, 014032 (2019) ceviate at lower energies
2
@ ERERGY 11t 4 Argonne &




Preprint: https://arxiv.org/abs/2207.05212

/74

GLUONIC GFF RESULTS; FIRST EXTRACTION

Good agreement between Holographic QCD and Lattice results!

0.5

0.41{

0.3

A(k)

0.2

0.1

1073

-1072

D(k)

-107?

- 10°

~~~ J/¥—007 using M-Z approach
~— J/¥ —007 using G-J-L approach
Lattice

05 1.0 15 20 25 3.0 35 40 45
k? (GeV?)

Results from the 2D gluonic GFF fits

Gluonic A4(t) and Dy (t) = 4Cy(t) form
factors

x?/n.df in both cases very close to 1

M-Z (holographic QCD) approach fit to only
experimental data gives results very close to
the latest lattice results!

GPD approach gives very different values,
may indicate (expected) issues with the
factorization assumption

M-Z: K. Mamo & |. Zahed, PRD 103, 094010 (2021)

and 2204.08857 (2022)

G-J-L: Y. Guo, X. Ji, Y. Liu, PRD 103, 096010

(2021)

Lattice: D. Pefkoy, D, Hackett, P. Shanahan, Phys. A A
Rev. D 105, 054509 (2022). rgonne. =



EXTRACTION OF GLUONIC MASS& SCALAR RADIUS OF
THE PROTON

Theoretical approach  x2?/n.d.f ma (GeV) mc (GeV) Cy(0) Vv (r3.), (fm) Vv (r3), (fm;
GFF functional form
Holographic QCD 0.925 1.575+£0.059  1.1240.21 -0.454+0.132 0.755+0.067  1.069+0.12¢

Tripole-tripole

GPD 0.924 2.71£0.19 1.28+ 0.50 -0.20 + 0.11 0.472+0.085  0.695+0.162
Tripole-tripole
Lattice 1.641+ 0.043 1.07£ 0.12 -0.483+ 0.133 [0.7464-£0.055 1.073+£0.114

Tripole-tripole

A picture of three zones?

Definition of mass and scalar radius
o o 1odAt), 1 Gy(0)
el =g, a0 O a,0) Mg
o _ . 1 dA), 1 Cy(0)
e =0 a0 e =0T a0 0

:«a, U.S. DEPARTMENT OF _ Argonne National Laboratory is a

7] U.S. Department of Energy laboratory 26 A
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Ultimate experiment for near-threshold J/y production
= General purpose large-acceptance spectrometer

= 50 days of 3uA beam on a 15cm long LH2 target

(1037/cm?/s)

= Ultra-high luminosity: 43.2ab™"
= 4 channels: =
» Electroproduction (e, e-e+)
» Photoproduction (p, e-e+)

0 InCIUSive (e-e+) SoLID J/y event
» Exclusive (ep, e-e+)

It | (GeV?)

| SoLID SIMULA
L (e)p,e+e- (Jyp pl
It—tminl versus W

It | (GeV?)

TION
otoprodu
04k evel

h
(8

ction)
nts)

-
41 42 43 44 45 46

W (GeV)

AAAAAAAAAAAAAAAAAA



FUTURE SOLID EXPERIMENT AT JLAB

Precision measurement of J/psi near threshold

T 7
| SoLID SIMULATION |
s, J/ Production E
£°#e9,90 GeV < E, < 10.00 GeV El
L . 4
o,
&-\10"§ 'u.. E
3 eue ]
g P
€102 %o E
£l (X E|
g ¢ *??
10%E Hﬁ E
10—45 3 ‘photoprt‘:ducllon‘(e)pne‘ E
0 1 2 3 4 5 6
It-tminl (GeV?)
R e e e
| SoLID SIMULATION i
JAp Production 3
8.81 GeV < E, <8.91 GeV 1
1 ..."
107 e, e
%) .'u
g e,
3 (3
0% 3
5 f :
3
8 I
10° E
104 e photoproduction (e)p+ee —
Eevvw bbbl byl
0 1 2 3 4 5 6

It-tminl (GEV?)

U.s. DEPARTMENT OF _ Argonne National Laboratory is a

ENERGY U.S. Department of Energy laboratory

managed by UChicago Argonne, LLC.

N

LA L L I L ) L L L L

electroproduction e(p)+ee

sellD

SOLENOIDAL LARGE INTENSITY DEVICE

L e
1 SoLID SIMULATION

J/yp Production

[ .9.88GeV< EY <10.07 GeV
——

o

SoLID SIMULATION ~ ® : P A ]
10— Production e  photoproduction (e)p+ee _| 3 e
g "o  exclusive ep+ee 3 B - ]
L '::'. E % ++ + E
i o _+_ + 7 °10_35 T ]
= toweh- - i
= 3 L S T T
= 3 o 1 2z 3 4 5 %
L _ It-tminl (GeV?)
1 i ‘E;Lg;’imt‘;q{'ah‘ o ]
= —] E p Production
10 = Z——6ermellphotoproduction 3 [ 839 GeV<E, <858GeV
- m  GlueX photoproduction = ﬁ;1o*‘§+++
2+3-gluon fit § b - ey
9072? + -
1 0—2 1111 | 1111 | 1111 | I | 1111 | 1111 | I | 1111 | 1111 I % £
8 85 9 95 10 105 11 115 12 125 = .| ]
E, (GeV) g
10*4? . ‘elmrop‘roductior; e(p)we‘ ‘ 3
0““1‘”‘2“‘3““4””5‘ 6

28

It-tminl (GEV?)
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THOUGHTS ON “JLAB BEYOND” SellD

SOLENOIDAL LARGE INTENSITY DEVICE

What can be done with a JLab energy upgrade to 22 GeV at SoLID?

Y(2s) at SoLID (17-20 GeV) Q2-reach for J/y at threshold up to ~10GeV?2 for 20 GeV beam

€L SaLIDSIMULATIDN (17 GeV be: ami oy Sol ”DS'MU'-AT'ON (17 GeV bear "" 4
oo |2206V E 12.50 GeV' - - T - ﬁ'wGV E* <16.10 eV 20 " 20
. [ 1 eh . 1 10 BT e B
SO T E SoLID SIMULATION (17 GeV beam) 4 “-,, I SoLID SIMULATION (17 GeV beam) t SoLID SIMULATION (20 GeV beam)
3 ," + 10 & ' Production B Yoy r  e(p).e+e- (J/y electroproduction) - e(p).e+e- (JAyp electroproduction)
Zi02) tety +# 4 F 50 days at 10%/cm?s 73 e 2 ++* 4 E [ Q°versusW | QversusW
§ t t i 13 ft. 18- 10° 150
T 10°F =
107 x =
104+ photopraduction elpree E & / 104, |7 Protoredicton psee I (% r %
12 3 4 s r o2 s 4 s S 10 10? S 10—
It-tml (GeV?) L (o (06 § [ 3
““““““““““““ E e photoproduction (e)p+ee 3 17 GeV
, s LIDSIMULAT\ON (17 GeV beam) [ O | I Jhy 243 gluon 7 1 SolLID sIMUL'\TION (17 Ge Vbearm i
AR~ <E,<12.80 GeV [ —— y'2+3 gluon 7 "5?"6" <E, <1580 GeV 5. 10 5~
- 1072 1 1 1 1 10 -~ [
10 + E 10 12 14 16 18 ¢
< + 3 ++ +
g tyt E, (GeV) ¢ + i i
£10 f f E| :JU f 0 1 | 1 1 | | 1 0! | | | | | Il Il
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« Higher beam energy at SoLID can enable
* Precision near-threshold g(2s) production - larger color dipole to probe the proton

« Reach larger values of Q2 for J/y electroproduction. Modest Q2 reach compared to EIC, but
with much higher statistics near-threshold.
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WHAT ABOUT THE EIC USING UPSILON PRODUCTION?
Using th ePIC detector

* Y(1S) at EIC trades statistical precision of J/y at SoLID for lower theoretical
uncertainties, and extra channel to study universality.

 Large Q2 reach at EIC an additional knob to study production, near-threshold J/y
production at large Q% may be experimentally feasible!
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CONCLUSION

= Precision data in electroproduction and photoproduction of quarkonium near threshold
provide a critical information to answer the following questions

v What is the origin of hadron masses?

v What is the mass radius and the scalar radius?

= Direct lattice calculations of the trace anomaly and the gravitational form factors is an
important step toward understanding the proton mass different decompositions. Precision
data will be able to benchmark these ab initio calculations.

= Statistical precision will help to understand the systematic uncertainties in the extractions
of the anomaly, the mass radius and the scalar radius

= SoLID can reach J/y observables that cannot be achieved anywhere else, including
precision measurements at high t, and precision electroproduction near threshold.

= JLab and the EIC are truly complementary to address these questions.
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Unified View of Nucleon Structure

Wl (x,kyrr) Wigner distributions
Transverse Momentum Dist. (TMD) Tomogqraphy Generalized Parton Dist. (GPD)
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PROTON MASS ON THE LATTICE

Direct calculations of the trace anomaly were still missing until recently
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Y.-B. Yang et al., (xQCD), PRL 121, 212001 (2018) C. Alexandrou et al., (ETMC), PRL 119, 142002 (2017)

C. Alexandrou et al., (ETMC), PRL 116, 252001 (2016)

*He Fangcheng and Sun Peng and Yang Yi-Bo, [yQCD Collaboration] “A Demonstration of
Hadron Mass Origin from QCD Trace Anomaly Phys.Rev.D 104 (2021) 7, 074507
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CHARGE AND MAGNETIZATION DISTRIBUTION

= Charge and magnetization distribution as Fourier

transform of form factors
= Extracted using the Breit (center of mass) frame

= At large momentum transfer the method of
extraction has been be revisited using light cone

formalism to speak of true densities.

= The framework uses the Generalized Parton

Distributions
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