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Genesis of hadron physics

1932-33: measurement of the g-factor of proton 1955-56: elastic e-p scattering

Nobel Prize Nobel Prize
Physics 1943: Physics 1961:
Otto Stern Robert Hofstadter

“for his pioneering studies of electron scattering
in atomic nuclei and for his thereby achieved
discoveries concerning the structure of the

“for his contribution to the
development of the molecular ray
method and his discovery of the

magnetic moment of the proton"” nucleons"
1969: deep-inelastic e-p scattering \ 1974: QCD asymptotic freedom
NPT Nobel Prize Nobel Prize
i 8 Physics 1990: Physics 2004:
J.l. Friedman, D.J. Gross,
H.W. Kendall, H.D. Politzer,
R.E. Taylor F.Wilczek
“for their pioneering investigations concerning deep “for the discovery of asymptotic freedom
inelastic scattering of electrons on protons and bound in the theory of the strong interaction”

neutrons, which have been of essential importance for
the development of the quark model in particle physics” ;


https://en.wikipedia.org/wiki/Magnetic_moment
https://en.wikipedia.org/wiki/Proton

50 Years of Quantum Chromodynamics

Franz Gross '»2, Eberhard Klempt?3,

Stanley J. Brodsky®?*, ndrzej J. Buras®®, Volker D. Burkert®!, Gudrun Heinrich®¢, Karl
Jakobs®7, Curtis . Meyer®®, Kostas Orginos®'2, Michael Strickland®®, Johanna Stachel®°,
Giulia Zanderighi®'12,

Nora Brambilla®12:13 Peter Braun-Munzinger'?'4, Daniel Britzger!'!, Simon Capstick!®, Tom
Cohen'®, Volker Crede'®, Martha Constantinou!”, Christine Davies'®, Luigi Del Debbio'?, chim
Denig?°, Carleton DeTar?!, lexandre Deur', Yuri Dokshitzer??2%, Hans Giinter Dosch'® Jozef
Dudek!2, Monica Dunford?4, Evgeny Epelbaum?®, Miguel . Escobedo?®, Harald Fritzschd:27,
Kenji Fukushima?®, Paolo Gambino'!??, Dag Gillberg3°:3!, Steven Gottlieb3?, Per Grafstrom?33,
Massimiliano Grazzini®%, Boris Grube!, lexey Guskov®®, Toru Iijima3¢, Xiangdong Jil®, Frithjof
Karsch®7, Stefan Kluth'!', John B. Kogut3®:39, Frank Krauss*®, Shunzo Kumano*'+42, Derek
Leinweber??, Heinrich Leutwyler*?, Hai-Bo Li%®, Yang Li%*%, Bogdan Malaescu®?, Chiara
Mariotti®, Pieter Maris*®, Simone Marzani®®, Wally Melnitchouk', Johan Messchendorp®?,
Harvey Meyer?°, Ryan Edward Mitchell>?, Chandan Mondal®?, Frank Nerling®:5455, Sebastian
Neubert?, Marco Pappagallo®®, Saori Pastore®”, José R. Pelaez?®, ndrew Puckett®®, Jianwei
Qiu'2, Klaus Rabbertz®®, Iberto Ramos®', Patrizia Rossi’®?, nar Rustamov®1%3, ndreas
Schifer®®, Stefan Scherer®®, Matthias Schindler®, Steven Schramm®”, Mikhail Shifman®®, Edward
Shuryak®?, Torbjorn Sjostrand’, George Sterman”, Iain W. Stewart”2, Joachim Stroth?',54:55,
Eric Swanson”®, Guy F. de Téramond”, Ulrike Thoma®, ntonio Vairo”®, Danny van Dyk4°,
James Vary??, Javier Virto”%77, Marcel Vos’®, Christian Weiss!, Markus Wobisch” Sau Lan
Wu®, Christopher Young®!, Feng Yuan®?, Xingbo Zhao®?, Xiaorong Zhou*¢

arXiv 2212.11107 [hep-ph]
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High-energy frontier Precision frontier

Low-energy frontier




Data in the NNPDF4.0

Kinematic coverage
_T_ - ® Fixed-target DIS

Collider DIS
+ Fixed-target DY * .
107 Collider gauge boson production * o, = *
E Collider gauge boson production+jet
2 Z transverse momentum Pl S
Top-quark pair production a - ; -
Single-inclusive jet production * & el
* Di-jet production w & & W
Direct photon production
Single top-guark production

- %
6 |
10 O Black edge: new in NNPDF4.0 DA ; j
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talk: Nadolsky

QCD precision analysis:
High-energy frontier Coordinated community <
strategy to adopt the ° AR

replicability mindset
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Low-energy frontier




High-energy frontier

talk: Pastore

Nuclear Theory for New Physics

e About Us

e Funding Acknowledgement

Nuclear Theory for New Physics
co-chairs: Vincenzo Cirigliano & Saori Pastore

EFT /
Lattice QCD phenomenology Nuclear Structure
Coordinator: Coordinator: : Coordinator:
Andre’ Walker-Loud Emanuele Mereghetti Heiko Hergert

¥
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TIME FORWARD TIME BACKWARD

B decays and new particles T & CP violation and the Origin of Matter : Neutrlnq prépenles & CP violation

2.0k — MiniBooNE
—— T2K SK (no osc.)
SEL —— Nova (no osc.)
' —— MINERVA LE

—— DUNE (no osc.)

Area normalized Vo flux




talks: Gianotti, Denig

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV ueV meV eV keVv MeV GeV TeV PevV 30Mg
P | l l l l | | ‘ 2 L l L 2 | 3 2 l 3 L l 2 3 l tl | o>
N I I I I I I g * vy YV v ey ey e
QCD Axion WIMPs
<€ . > — > -
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
B < >
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
— < >
Post-Inflationary Axion Asymmetric DM

Freeze-In DM

—
SIMPs / ELDERS
o

High-energy frontier

i
Muon g-2

.
Small-Scale Structure

€ > >
Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing

-l | | | | | | L . . .. 1. .1 . .1 n L
By I | I I 1 I gy Yy Yy e vy vy R
zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg

Dark matter could be lighter than
previously thought, MeV - GeV mass range:

PhySics
*Beyond ALPs, dark photon, X17, ...

~Colliders Low-energy frontier
arXiv:1901.09966 ' o

New opportunities:
PADME, Belle II, ...
MESA, BDX@JLab, ...




High-energy frontier M Precision frontier

Running of sin2 O\

LR | v T TTrreY v Ty T T 4 T

0.245 e s o
" mz, = 200 MeV sin” Oy (Q)

mz, = 100 MeV E158

0.24

t (2‘.\'«';11\'
APV

JLab-PVDIS |

Ix

0.225 L P2GMESA MOLLER SOLID EIC-ep h

0.001 0.01 0.1 1 10 100 1000
Q[GeV]

talks: Denig,
Ramsey-Musolf

Precision low Q? expt.

-> P2@MESA: 0.16% error
-> Controlled hadronic
physics corrections

-> reaches new physics

scale of ~50 TeV |



(g'z)ﬂ

< 5.00 >
+—e—+
Significance will likely decrease Fermilab
with an updated SM prediction (2023)
4 510 >
L +—eo—+
SM: e+e- HVP Fermilab+BNL
T.I. White Paper (2023)
(2020)
l [ ] L] [ ]
Selected new results ¢ PTECISIOH frO ntler
since White Paper (2020) SM: Lattice HVP
BMW Collab.
(2020)
®
SM: e+e- HVP
using only CMD-3
data below 1 GeV

175 18.0 18.5 19.0 19.5 20.0 20.5 21.0
a,x10° - 1165900

talks: Bottalico, Fodor

Low-energy frontier




(g8-2).: history of achieved accuracy

1960, Nevis

1962, CERN |

1968, CERN II

3
1979, CERN Ill (9) 1 Hadronic
T
A .
2004, BNL (—) + Hadronic + Weak
T Accuracy
Fermilab
Ll ! Lo Lo | Lo | Lo | Lo Lo
10~10 1072 1078 10~/ 107° 107 1074

QED
[ANTASAITATITA A S S U G 11
o R EEE jx\ /&\ /25\ 116584718.931 £ 0.104 X 10
(g-2), theory

EW
s e A AN A - Pox oty

Hadronic vacuum polarization (HVP) PhyS . Rept .887
- 3 4 (2020)
Had (S + (2 + () j i L - 6845 + 40
fu]]y Hadronic Light-by-Light (HLbL) Hadronic Light-by-Light (HLbL)

non-perturbative ( %)3 & é & 92 + 18
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Precision atomic

spectroscopy
Electron
Muon
Proton
Muonic
Hydrogen Hydrogen

up(n=2) levels:

206 meV
50 THz

6 um
225 meV
55 THz
5.5 um
fin. size:
3.7 meV 1
PSP rpmeeiel: | et

Precision frontier

11



Proton size
and
electromagnetic structure

12



Proton radius puzzle

AE,. = 206.0336 (15) - 5.2275(10) R:2 + AE;,, meV

Antognini et al. (2013) l l O(aS) correction
3.70 meV 0.0332 (20) meV
2016
ud 2016 l CODATA2014 ‘ re SCIE]\ITIFIC
up 2013 4 2 AM % LN
- — e-p scatt. !
up 2010 |e- 3 Fhé
Prc
®- H spectroscopy
S B K- SO ¥ S | TS | S 1 E— X b“d'z:m'
Proton charge radius R ch[fm] mH”W”m
uH data: Re = 0.8409 + 0.0004 fm
Pohl et al. (2010)
Antognini et al.(2013) 5.6 o difference
ep data: Re = 0.8775 + 0.0051 fm e

CODATA (2014)



Proton charge radius: present experimental status

2021

Pohl 2010 (uH spect.) o

Antognini 2013 (uH spect.)
Hyd rogen 25_4P Beyer 2017 (H spect.) b L

| CODATA-2014 (H spect.)
PRad exp. (ep scatt.) [ )
e ] Fleurbaey 2018 (H t. 2
Hydrogen 2S-2P Bezginov 2019 (H spect.) b o samasy spect) Hydrogen 15-35
Hyd rogen 1S-3S Grinin 2020 (H Spect.) —a—i
Hydrogen 25-8D Brandt 2021 (Hspect) , koA =~ =
0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92
(re, [fm]

from recent compilation  Rev. Mod. Phys. 94 (2022) 015002 1.Gao, M.Vdh

- 3 out of 6 new results are fully consistent with muonic hydrogen result
- inconsistency between Fleurbaey et al. (Paris) and Grinin et al. (Garching) results for 1S-3S H :

Grinin et al.: factor 2 more precise, ~2c smaller than Fleurbaey et al., ~20 larger than uH result

- Brandt et al. (Colorado) result is ~3¢ larger than CODATA 2018 / muonic atom spect.
\ y,

vigorous ongoing program in electron/muon scattering 2!k Dergg, Quintans,
a0
14



Lamb shift: status of theory

HH Lamb shift: summary of corrections

I-loop eVP

proton size

2-loop eVP

uSE and uVP
discrepancy

[-loop eVP in 2 Coul.

recoil

2-photon exchange
hadronic VP
proton SE

3-100p eVP | —— —

light-by-light largest theoretical

| | \\HH‘ | | \\HH‘ | | \\HH‘ | \\HH‘ | \\HH‘ |
-3 = -1 2 :
10 10 10 1 10 10 meV uncertainty

total hadronic correction on Lamb shift
- elastic contribution on 2S level: AEs =-23 peV

B inelastic contribution: Carlson, Vdh (2011) + AEvpe (2P-2S) = (33 £ 2) peV

Birse, McGovern (2012)

For H: present accuracy comparable with experimental precision dexp (AEis) = 2.3 peV
15



Muonic atom spectroscopy needs nucleon/nuclear input

25-2P
Lamb Shift:
THEORY EXPERIMENT
AFErpg *+ 0theo (AETPE) Ref. Sexp(ALS) Ref.

pH 33 peV £ 2 pueV Antognini et al. (2013) | 2.3 ueV ~ Antognini et al. (2013)

uD 1710 peV + 15 peV Krauth et al. (2015) 3.4 peV Pohl et al. (2016)
i He™ 15.30 meV 4 0.52 meV Franke et al. (2017) 0.05 meV
pHe™ 9.34 meV £ 0.25 meV Diepold et al. (2018) | 0.05 meV  Krauth et al. (2020)

—0.15 meV £ 0.15 meV (3PE) Pachucki et al. (2018)

present accuracy comparable with experimental precision
Future: factor 5 improvement on Lamb shift planned @PSI

CREMA, FAMU, J-PARC: 1S hyperfine splitting in 1H to 1ppm

MH:

uD, u3Het, p4Het: | | present accuracy factor 5-10 worse than experimental precision



Imaging of
partons in hadrons

PHYSICAL
REVIEW
LETTERS

¢ 25 JANUARY 2008
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Quark transverse charge densities in nucleon in IMF

transverse c.m. can be fixed in a light-front frame

m) longitudinally polarized nucleon

[ )
- degie il gL qL
Ny — S e e D s S NS P ey
Po ( ) j/>(2ﬂ?2 € 2}3+_< Y 9 ) | ( )‘ ) 9 ) >
- [ 5L aneR @)
0 1%
\ J
Soper (1997) Burkardt (2000) Miller (2007)
B transversely polarized nucleon
4 £

Carlson, Vdh (2007)

dipole field pattern



Spatial imaging of hadrons

proton neutron p-> A+ p -> N(1440)1/2+
1.5 15 7%
1 1 1
0.5 0.5 _es -
0 0 S 0 °
—0.5 ~0.5 -
-1 1 =
-1.5 ~15
=-1.5~1-0.50 05 1 15 -1.5-1-0.50 0.5 1 1.5 -15 -1 -&5 0 &5 1 15 -Liu -1 -5 0 05 1 1S5
by Lfim]
15 Ls L5
1 1 1
0.5 es o5
0 o 0
-0.5 Y ""_“
-] -1
~15 s o
_151-050 0.5 1 15 —15-1-050 0.5 1 LS e T Bk T R T R TR
b, [fm]
Miller (2007) Carlson, Vdh (2007) Tiator, Vdh (2007)
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N - N(1440)1/2+ transition densities

talk: D’Angelo

80 N(1440)1/2*A,,
] N A1s2) Asjar S
60 ol .| helicity amplitudes
: T S ——
40 Y _’—n—‘- N Ay, Azjp— transverse
i - - . .
o0l A =372 S1/2 - longitudinal
of e
E MB contributions
201 p T
: 1.5] 1.5]
40} i e Nr CLAS ; :
; = JEROM 4 DI C1AS 1| I
60 d<Gy e DSE " KIT : :
i .. T 0.5; 0-55
[ T = ; = ;
0 i e G = S ,l
2 2 - -
Q (GCV ) ¥ | e |
-0.5| -0.5}
Burkert, Roberts (2019) -1 -1
-15! e 1 }
-15 -1 -05 0 05 1 LS5 -15 -1 -05 0 05 1 LS5

by [fm] by [fm]

Tiator, Vdh (2008)

Nature of 1st radial excitation of nucleon:

consistent with u-quark core screened by mesonic tail 0
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A,, (10°Gev"%
@ 92
(=] (=]

I.G. Aznauryan, V.D. Burkert,

N = N* A* transition form factors / densities

Al -
q® dominance

open symbols pn
@ Nn

LF RQM
- LCSR (NLO

> .
Y >

0

2

4 6 | 8
Q* (GeV?)

PR €85 (2012) 055202

State _ PDG 2012 | PDG 2021
N(mass)JP pre 2010

N(1710)1/2+
N(1880)1/2+
N(1895)1/2-
N(1900)3/2+
N(1875)3/2-
N(2120)3/2-
N(2000)5/2+

N(2060)5/2-

%k %k

¥k

* %

* 3k k

* %k ok

¥k

* %

)

S,,, (10°Gev™"?

0 N
10 +
=15 T *
=20 ‘
-25 ?q3dominance
-30 |
<>
a5 - claS§
0 2 4 6 8

I.V. Anikin, V.M. Braun, N. Offen, Q (GeV )

PR D92 (2015) 1, 014018

N - N(1535)1/2-

talk: D’Angelo

Interpretation consistent with
first orbital excitation of nucleon

Challenge for lattice QCD

RobertG Edwards JozefJ Dudek, David G. Rlchards StephenJ Wallace Phys.Rev. D84 (2011) 074508

3000

% ok K
xs N(1900)3/2*
N(1880)1/2*
% ok K
>
v
* sk % =
3
* % sk
* % %
* %
* % %

¢

2000

10001

C] a;
. 0 L= S
- m
@@ =
— g’ =
- m, =396 MeV
+ parity - parity

Lowest J* states
500 — 700 MeV high

Lowest J-states
200 - 300 MeV high

N(2060)5/2"
N(2120)3/2-
N(1875)3/2-
N(1895)1/2"

35 5t

1+
2 2 2

3

A
T2 2 2 2

Known states:

N(1675)5/2"
N(1700)3/2-
N(1520)3/2"
N(1650)1/2"
N(1535)1/2"
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Correlations in transverse position/longitudinal momentum

elastic y 2
. -3  GPDs €
scattering 7
quark
distributions in
transverse

position space

Burkardt (2000, 2003)
Belitsky, Ji, Yuan
(2004)

3D imaging

DIS

quark
distributions in
longitudinal
momentum

1.2

MSHT20NNLO
‘ zf(z, u? = 10 GeV?)

0.8

0.4 |

0001 0001 001 0.



Broader picture of nucleon structure:
Generalized Transverse Momentum Distributions

Plenary talks: Meziani, Diehl, Riedl, Nadolsky, Metz, Seidl, Karpie, Voutier
+ talks at dedicated parallel workshop 2

Transverse density in
momentum space

Lorcé (2011)

Transverse

I[i
kL

Longitudinal

Momentutns: ~L < 2L pacition

space A | o b i space

Transverse density in
position space

- )8 b_l_
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Nucleon momentum and angular momentum

[/—Fl dex {H(x,£,0) + E9(z,£,0)} = A(0) + B(0) = 2J1 J

—

lattice QCD calculations at the physical point (M_S at 2 GeV)

Alexandrou et al. (ETMC) (2020)
1.2 , 0.6 :
0 l - OSF-=-=-=--- e e - - - - -
= Sy Jat Jg=048(7) =
0.8 - 0.4} é
: . o :
=2 0.6 X I S oo 0.3 X S
M o o = S
~ 8 i )
0.4] 28 S 0.2} =l S ]
© ~ N o Te} N
s & 8] 0¥ > = ©° ® ¥ n
0.2} & — T N o 0.1} ~ ) < > ~
> © — o < o ~ = ™M
OO I : OO I+ + +
u d s” C Z g Total u d S C g Total
q"=u,d,s,c q"=u,d,s,c

Sharing of momentum and total angular momentum
between quarks and gluons nearly identical in proton |
approximately for each parton separately

25



Nucleon quasi/pseudo-PDFs/GPDs from lattice QCD

Talks: Karpie, Constantinou matching A

Define spatial correlators (e.g. along z3)
and boost nucleon state to large momentum

boost—>00 °,

Alexandrou et al. (ETMC) (2020) m, =260 MeV Alexandrou et al. (ETMC) (2022)
4 I I I T
1 ! \
— — H(z)-GPD, £ = 0 \ hi(=)
— — H(z)-GPD, ¢ = |1/3|| § \ il(x)
|- — filx) i \ Py =125GeV - 3 — @)
il
N
| N N\
! - = N
1 0.5 _(g 0 5 0.5 1 0 0.2 0.4 0.6 0.8

Future calculations have the potential to transform the field of GPDs

26



N -> A(1232) DVCS / DVMP and GPDs

Q2>> Y* *tr\s\‘\s\v
x+€& J  \ x-§
GPDs

N

Y

low -t process:
-t << Q2

A(1232)

Talk: Voutier

8 helicity conserving and 8 helicity flip N > A GPDs(x, &, t)

Recent works: Kroll, Passek-Kumerid&ki (2023); Semenov-Tian-Shansky, Vdh(2023)

large Nc relations to N GPDs Frankfurt,Polyakov, Strikman, Vdh(2000)

S 26— R FAP COAA I T A A S ML
® L. DT ke W, g T .
O sF .. 0 e i el e
— ' . = Oty T e R s e T e
E B ddasi 3 {ﬁ.h 4 -%'. ] }l.._h_}r-r .||_.. L R ] =
Q_ — “eyom O v < A ._; i :_ g g =
2.2 :'f ;. 1 ‘*. #_. .-."“I -Tl L"- & l. : L '-.‘ T
= [ 2haak " {E‘ Yo es T T] 102
A Aysberyd oo T R
2~ S i, e 7] B
L ot —
o o Ty
18 F_.::LJ.- .................. - Tﬂ'j‘ﬁjr:
= ™
| ez alte
16+ Ao
; 54 =
14 s g
1::?.{' o i - | ‘ 1
0 0.5 1 1.5 2 25

0.2¢
SR

“0" 50 100 150 200 250 300 350 50 100 150 200 250 300 350

e p=-> e A+(1232): BSA

S. Diehl et al. (CLAS) (2023)

Q% =2.48GeV? x5 =0.36
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do/ dQ? dxg dt d® dMy (pb/GeV? rad)

e p-> eyN* - eyt n :cross section and BSA

16—
144
124

10+

1 -t=05GeV?

E.=106GeV Q*=23GeV? x5=02

®=90° My, > | GeV
Total
————— Pyy+ D3+ Sy
--- D3
.......... A
Y
6N\
) \
,'/ ::‘\ \~§\
i W\
iy \\\\
L/ N
""""""" 74

12 13 14 15 1.6
Man (GeV)

. *t

Semenov-Tian-Shansky,

Vdh (2023)

BH + DVCS

with increasing -t:

2nd resonance region

becomes more

pronounced

do/ dQ? dxg dt d® dMy (pb/GeV? rad)

30

2.5
20
15

1.0

05

E.=106GeV Q*=5GeV?  x5=03
t=10GeVZ ®=90° My, > 1 GeV
Total

————— Pip+Di3+Sn
--= D3
---------- A
A,
A\Y
/ \
i \
i\
i \
i \
i //,/ A\ N
d // AN
.I J \\\\
/ 'I AN
/,
/
b4

12 1.3 14 1.5 1.6
M (GeV)
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do/ dQ? dxg dt d® dMy (pb/GeV? rad)

e p-> eyN* - eyt n :cross section and BSA

*

Y

30
7 _ 2 _ 2 —

161 Ee=106GeV Q*=23GeV? xp=02 et Ge2V o= SOGCV X6 =02

1 t=05GeV:  ®=90° My, > 1 GeV 3 25 SO =0 Moy > 1 GeV
] Total op? [-H N — T
P A A p— new opportunities for ¢ ., BN

i -- Dj3 & 1 e
0. f  ho A % A

| JLab luminosityand %
. d UmInOSIty an S 157 7\

; 3

4 / '\. g / \\'
6 // \ \'\ d £ 10 1 i \\\

| /AN energy upgrade £ 10 P
s /NN S AN

it [ o i il N

. 3 05 /N

- Y ; I )/

] - /:j/ S.Diehl @ ECT* ] ./.,’.z;,f .........................
0~ T -._-\.‘——\.F_—\—\‘\\\\ T T 0 \\\\\\\\\ T \-\-\-\FF;\_\:T \\\\\\\\\ [T T T T

11 12 13 1.4 15 1.6 1.1 12 13 14 15 1.6

Moy (GeV) workshop (2023) - Mo (GeV)

ep—eA'y—e‘nmy

n wt,

< 0.5 GeV?

CLAS12
preliminary

M., nmt, 0.5GeV?<-t< 1.0GeV?

Ll

—— raw — M(m*y)>1.0

rrrrrr T T T T T

\\\\\\\

2 2.2

GeV

vvvv

| L

CLAS12
preliminary

\‘l\
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Double DVCS allows direct access to GPDs

Talks: Diehl, Voutier

CLAS12 lumi upgrade
SolLID

L
—& " x+¥¢

1
F(£,6) = P j dx Fy G £, | - inru .0
~1

Guidal, Vdh(2003); Belitsky, Mueller (2003)

new works: DDVCS: Deja et al. (2003)
vp — yyp atlarge I\/IW Grocholski et al. (2021, 2022) 30



Proton gluonic radius

How you see the world
depends on how you
look.

31



Nucleon Energy-Momentum Tensor (EMT)
m (P|T"|P) = 2P"P”

2M* = (P \ 2 GeGoP | Py + (P| N my(l+ Y, )@i1|P)
g l=u,d,s
In chiral limit all of hadron mass Quark contributions to hadron
is due to the trace anomaly mass: sigma-terms
Gluonic contribution ~10% (u, d, s) Lattice QCD

m Matrix element of full nucleon EMT: parametrised by 3 form factors (FFs)

ik )
q 1Y q — q v V) Qa
e 9 Pl e §> = u(P + 5){ (QQ) pv) + B(Q2> Plig”) oM Pagels
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A -> momentum distribution
A + B -> angular momentum distribution

C -> pressure distribution -



do/dt (nb/GeV?)

Threshold J/y photo-production

Duran et al (2022)
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J/V — 007 using M-Z approach
J/V — 007 using G-J-L approach
Lattice

Unpublished

Ag

Dy

—1000

10,

05 10 15 20 25 30 35 40 45

k? (GeV?)

Talks: Meziani, Joosten,
Pefkou

Analyzed in different approaches

- Holographic QCD model (M-2)

Mamo, Zahed (2021)

) GPD model (G-J-L)

Guo, Ji, Liu (2021)

B Lattice QCD

Pefkou, Hackett,
Shanahan (2022)

- to reliably interpret slope as a
scalar gluonic radius: estimate
of C_g (lattice)

- checks with heavier quarkonia:

JLab energy upgrade ->y(2S)

EIC-> Y

- Electroproduction: new scale
33



Outlook

=) QCD is 50 years, but hadron imaging
at the femtoscale just started

=) Interactions with precision and

high-energy frontiers enrich field

=) Close synergy theory <-> experiment

will move field forward

Fo'y deeper S, the dloy lied,
Where quarks unile, a grand surprise,
;4 a’a/we 0/ co/o’m, art eﬂzé/zac@ courtesy: Zein-Eddine Meziani
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