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How do we know any of this?

The power of charged particle scattering

de Broglie wavelength

!
§
3

Tf\

Almost all particle physics experiments today use the same basic elements
beam + target + detector

e All particles have wave properties.
e A particle can only probe distance ~ particle's A
e smaller scales = smaller A

e quality image limited by the
wavelength used




Electron scattering

Elastic Scattering Deep Inelastic Scattering
the electron bounces off The electron punches into the proton and
the proton as a whole then scatter off the proton’s internal part




Deep Inelastic Scattering
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Deep Inelastic Scattering cross

e sections almost independent of Q2!
Q?/GeV?




The Parton Model

Infinite Momentum Frame

on momentum P

*¥ interact with free point-like
particles (partons)

very large momentum parton
collinear momentum with proton

Each parton of charge e; has a probability f; (x )
to carry a fraction x of the parent proton mom.

G = Oy - f [F4(x), F5(x)]

Q2
— Z effi(x) Fa(x)=2xF;(x) X = 0 02 04 06 08

X

Courtesy of W. Detmold




A Closer Look Inside the Proton ....o..

. B

PRODUCES

H1 and ZEUS

Electron

—— HERAPDF1.0
B exp. uncert.
|:| model uncert.

[ parametrization uncert.

xS (x 0.05)

X=0.0001

https://www.quantamagazine.org/inside-the-proton-the-most-complicated-thing-imaginable-20221019/




Quantum Chromodynamics (QCD)

Long-distance physics:
Eur. Phys. .C  (2023)83:1125 THE EUROPEAN .
https://doi.org/10.1140/epjc/s10052-023-11949-2 PHYSICAL JOURNAL C ‘s t h e CO n St I t u e nt QM

Reiew Short-distance physics:

50 Years of quantum chromodynamics 636 pages .
4850 references the Parton Picture

Introduction and Review

QCD provides the
Franz Gross'-2* , Eberhard Klempt®-"(3, Stanley J. Brodsky*, Andrzej J. Buras’, Volker D. Burkert'(, o
Gudrun Heinrich®(, Karl Jakobs’, Curtis A. Meyer®(, Kostas Orginos'2, Michael Strickland’(, foundatlon for bOth

Johanna Stachel'%(», Giulia Zanderighi''-'2, Nora Brambilla’-'2-'3, Peter Braun-Munzinger'?-* 5,
Daniel Britzger!'! (5, Simon Capstick'”, Tom Cohen'®, Volker Crede'’ 3, Martha Constantinou'’
Christine Davies'®(%, Luigi Del Debbio'?, Achim Denig?’, Carleton DeTar?! (9, Alexandre Deur'(),
Yuri Dokshitzer?>-23, Hans Giinter Dosch'?, Jozef Dudek'-2(», Monica Dunford?*, Evgeny Epelbaum?, When QCD was “discovered”
Miguel A. Escobedo®®, Harald Fritzsch?, Kenji Fukushima?®(, Paolo Gambino''-??, Dag Gillberg

8 30,31
Steven Gottlieb’2(3, Per Grafstrom® -3, Massimiliano Grazzini®> (5, Boris Grube'(, Alexey Guskov3®, 50 yea'rs ago the idea that
)

Toru lijima®’(, Xiangdong Ji'®(, Frithjof Karsch’®, Stefan Kluth'', John B. Kogut***’, Frank Krauss*',

Shunzo Kumano*2*}, Derek Leinweber™ (), Heinrich Lcut\\'_\'lcr"’—. Hai-Bo l,_i‘""‘”.\'ang Li*%@, quarks Cou]_d eX1St’ but not be

Bogdan Malaescu® 0, Pieter Maris>!, Simone Marzani’Z, Wally Melnitchouk,

, Chiara Mariotti-

Johan Messchendorp® (5, Harvey Meyer?’, Ryan Edward Mitchell, Chandan Mondal (), observed, left most physicists
Frank Nerling”*- %373, Sebastian Neubert?, Marco Pappagallo®®(, Saori Pastore®?, José R. Peliez® o ’
Andrew Puckett®!, Jianwei Qiu'-2(», Klaus Rabbertz*3-62, Alberto Ramos®’, Patrizia Rossi"®*, Anar Rustamoy> %%, unconvinced_ Then, With the

Andreas Schiifer®, Stefan Scherer®’, Matthias Schindler®®, Steven Schramm® (3, Mikhail Shifman’”

Edward Shuryak’!, Torbjérn Sjostrand’2(5, George Sterman’, Iain W. Stewart”*(, Joachim Stroth?*-3657, discovery Of Ch&rmonium in

5 7

Eric Swanson’, Guy F. de Téramond %, Ulrike Thoma’(, Antonio Vairo’’, Danny van Dyk*!, James Vary®'

Javier Virto>7%(, Marcel Vos®(, Christian Weiss', Markus Wobisch®', Sau Lan Wu®2, Christopher Young®’ 1 9 '74: [. . .] the theory was
Feng Yuan®, Xingbo Zhao* (3, Xiaorong Zhou** .
suddenly widely accepted.
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« Quarks move as
though they are FREE

* Perturbative QCD
tested up to 1% level
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” QCD still unsolved in non-

Quantum Chromodynamics (QCD)

perturbative region
- Lattice QCD
- Effectivetagrangian &

:, Phenomenological
== models .
& P yarttirbative stromng >
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[ Riml

Both quarks and the gluons carry a new quantum
number: colour

The coupling constant highly dependent on the
energy scale

- Confinement

M
gA B °

Quarks cannot be isolated -

== hadronization

QCD factorization theorems:
wide class of physical quantities (inclusive x-

sections) which can be factorized into long distance
components (not calculable, but universal) & short-
distance components (process-dependent,)

but calculable




Success of QCD and QCD Factorization

T @ High Energy Asymptotic freedom + pQCD

x=0.000161 HERA F2
x=0.000253

xom0  ES ZEUSNLOQcD At low x : Gluon splitting enhances
x=0.000632 —— H1 PDF 2000 fit

X-0,0008 quark density=>» F2 rises with Q2

e H194-00
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* Itis the highly non-perturbative
behavior that makes the study of
QCD so fascinating and at the same
time so challenging

QCD: QUESTIONS, CHALLENGES, AND
DILEMMAS

1

11&1

James D. Bjorken” . ep,p‘ﬂlge’
aﬂ(\\] n

©® @ @@ dcnsed matter theory. chemistry. biology. and more.

Both QED and QCD have their Feynman-diagram perturbation-theory pro-
cesses, leading to incisive precision tests — which work. Their coupling constants
run and are seen to run. QED and QCD are very well “tested.”

But just as nonperturbative QED contains very interesting phenomena, as

mentioned above, nonperturbative QCD is a most interesting portion of that the-

ory as well. To me, it is the most interesting and most important portion of QCD

to address. despite the evident difficulty in doing so. The lectures in this school

BEAU Tyfm% BIEST




An Asymmetric Path

~ several fm
How does this
arise from QCD? e NN

P ~1fm
(V) adronic structure
% ngitation zpecttrum
Q
: : 0
A detailed understanding of the ) '
~0.3 fm
=
way QCD generates protons, o

chiral symmetry breaking
mass generation
neutrons, and other strongly
interacting hadrons remains
. «\ P perturbative dynamics
elusive




Some Challenging Questions...

How the macroscopic properties of the nucleon
(mass, spin,..) emerge from QCD?

How the fundamental particles, quarks and gluons,
fit together and interact to create different types of

matter in the universe?

Why the majority of observed hadrons fall into only
two very limited sets: baryons (qqq); and mesons
(qq). What is the role of gluonic excitations in the
spectroscopy of light mesons?

What is the relation of short-range nuclear
structure and parton dynamics? What'’s the
hadronization mechanism?




. The JLab Physics Program
TMDs G‘PDs |

, & X > @ Explore different facets of the
. | _' Part Dlst-r A" non-perturbative dynamics that
,' Func?i.'ons ‘& T manifest in hadron structure
“a Form Factors
Spet;trqm @ Multiple observables sensitive
' " to different characteristics of
~ the hadron/nuclear structure
@
 Studies requiring precise
MEERGENERS

Many Experiments J

Many interesting Results % | can present only few of them!




The JLab 12 GeV program & User Community

’ Supported by a vibrant user community !
.‘0/\/

* Approved 12 GeV program by PAC days (125 Exps)

Hadron Spectra
1D-3D Nucleon Structure

Hadrons & Cold Nuclear Matter 0

o &
Q” QO
PRI

D O O DDAV HOL O A DO O D
Q" Q7 A Y Y 4O 4Oy Y Y Y Y Y U
ST LHETE LY

e ~50% of the program completed
* New Experiments submitted to PAC every year

The approved program equals well b%yond a decade JefferZon Lab



Jefferson Lab and CEBAF

Fixed target = CW beam | . Lmearly po/anzed ‘Y
experiments at the - Pol.. ~90% oo e S b
llI . A f o’ max 2 /\\ - Lt
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Equipment

LG “ v "'-Ei'.‘ R 2% s 30
: ﬂ“— .
: 12 GeV 5 A
pstream  fiquid Bunch spacing 64 ns
58 | a North LINAC R T pe |
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i photons
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Plannmg a future for CEBAF

* ANEW terrltory to explore
cc states in large quantities and with

« ABETTER insight into our current program

== Enhancement of the phase space

* ABRIDGE between JLab @ 12 GeV and EIC

Low to high energy theory validation with
high precision
The physics program will:
Leverage on the unigueness of CEBAF HIGH
LUMINOSITY
Utilize largely EXISTING OR ALREADY-PLANNED HALL [SISS.
EQUIPMENT —

g 2 FFA arcs
4+6 passes = 22 GeV

New Injector

CEBAF @ 22 GeV
et @ 12 GeV

J@hferson Lab



Proton’s Structure

- Electric/Magnetic charge
- Mass
- Spin

Insights into Quarks and
Gluon Dynamics




Elastic Electron Scattering & Electromagnetic Form Factors

= Elastic e p = e p scattering used for more than 60 years to investigate nucleon structure
* In 1-photon exchange approximation: l _ﬁ(’;

nucleon structure parameterized by two form factors

I 1 I
AL, = (p+ §q,,\’ | JH(0) | p — 5q,/\> .
= a+ 200 [R@)r + B0)S—oma | up - Lo, 3
: 54 d om - 5%
Dirac Pauli

F4 helicity conserving, F, helicity flip form factors

» |n experiments we measure the Sachs form factors

a’E 'cosz(g)

G: +1G;, 2 _
—(E 0)=o,[—= +27G?, tan*(=)] Ou = ) Ge(Q?) = Fi(Q?) —1F(Q?)
M- = 9 4E*sin*(>)
s 2 Gu(@) = R(Q)+F(Q)
Rosenbluth Formula Qz
"= oM

FF's: essential in understanding the nucleon electromagnetic structure
21 Jeff/e?son Lab



Nucleon’s e.m. Form Factors

'quEp/GMp

-0.2

-04

A Puckett, 2010
Bl Gayou, reanal. 2011
@ Jones, Punjabi

] other polarization

1 PR I |

1

0.0

20 40 6.0

Q® (GeV*®)

8.0

do , do o o
TR =15 (E)Mﬁ(l +7) = €e(Gg)* +7(Gyy)
0051 F gz = 4;.10 GeV; I

&
Measure angular dependence of cross section at fixed Q2
e-dependence of “reduced” cross section oris linear with
slope G% and intercept tG2w.

Rosenbluth separation
_ 5 (Ebeam + Ee)
P 2M

» Polarization transfer technique gives different results!

Oc
e=[1+2(1+ T)t(mgérl

0.8 1.0

0.4 0.6

0,

tan

» All double polarization experiments are consitents

Double polarization experiments only possible with high
intensity, high polarized beam

2
Jefferson Lab

22



HpGE/Gy

Nucleon’s Form Factors @ High Q?

Complementary equipment/capabilities of Halls A, B, C allow optimal matching of (Luminosity x Acceptance) of the
detectors to the luminosity capabilities of the targets, including state-of-the-art polarized target technology.

n n
GP/GyP Hall A: SBS Program G"/Gw
i T U i F lArrinétonﬂISﬁt Iy Ay = ZEZ: = %
1.5 = i S-egowaM(DSE) 24/7(T an(6/2) Sk sin 6" cos ¢*
: W E12-07-109 (Hall A, SBS) : GMn 1_0_—.—. Wg;&ag;gﬁt - . ~\/m( 3+ Dt (WJG{{,‘ 0 s ¢
B — — UMD - Bijer and lachelo . __ — N _ : ggg nG'FFE\IERP i . \/1(?{]):—;?2%:“?:;3/_2)?9*
% == VMD + Disp. Rel. - Hammer ] 1.2 Plot Credit: Andrew Puckett — . 3 | T Ap:' - T) tan v/ ”11 <) cos
1.0 e LB~ Ml (2002) 7 ; E ‘EDE SBS GEN 'He 8 ~ ] () + 7+ 271+ 1) tan?(6/2)
——— DSE q(qq)- Roberts (2009) B ERST — ———"
— R RN AZ300MY ] 1.0 fl 10 0.5 == < ]
o5 "Ny, [[—————— . L:f 08¢ 3 1C y Unpolarized d target w N @® Ppolari
—=] 2™ 1 lariz olarized 3He target
1 Tos = p°'a';?“°" transfer N Double polarization
o . = World data 3 \{
0.0 + B 0'75 Global ft (Ye 2018) 3 0.0 t %T % | method
4 o 0.6 ;— SBS GMN projected ; i
1 o e 0 5 10
T Q? (GeVic)y 2
L 1 h | - L
sy 5 10 15 20 Q* (GeVicy
2 2 .
Q° [GeV7] %0 * Polarized 3He target —
. . i I
Measurement of the ratio Ge? / GyP in a 2 1 highest L to date!
wide range of momentum transfer Q2 T oo Projeced r'rSt :'me SO cm
. - N ong targe
using the polarization transfer method %
g P = 72 * 42 -50% target
SBS G(P / G, exp. currently scheduled Q 36 polarization
i 0 2
start running by the end Of 2024 E142 SaGDH GEn-l  Transversity Hall C Aln GEn Jefferson Lab

o—




Proton’s FF @ Very Low Q?:Proton’s Charge Radius

* A fundamental quantity for understanding how QCD works in the non-
perturbative regime

* Has major impact on atomic physics

¢ Two methods to measure it:

- Hydrogen spectroscopy (atomic physics) P OZ(QZ)
- Lepton-proton el. scattering (nuclear physics) <’ > - dO? 0?0
Proton’s charge radius puzzle
CODATA-2014
up 2013
up 2010 T
H spectroscopy
N / //
AP P IR | I R R L L R
0.82 0.83 0.84 0.85 0.86 0.87 0 88 0 89 E r}
Proton charge radius R =
Z
Regular hydrogen and electron scattering: 0.8751 + 0.0061 fm (CODATA 2014) o
Muonic hydrogen: 0.8409 + 0.0004 fm (CREMA 2010, 2013)
24 Jefferdon Lab

o—



Proton’s FF @ Very Low Q?:Proton’s Charge Radius

* The first new method in half a century for
measuring the size of the proton via ep scattering

* Scattered electrons in e.m. calorim. Antognini 2013 (:H spect.) =T CODATA-2014
e Windowless hyd rogen gas target Pohl 2010 (uH spect.) el ———o——— CODATA-2014 (ep scatt.)
Beyer 2017 (H spect.) —e——— ———i CODATA-2014 (H spect.)

* The first high-precision e - p experiment since the
emergence of the ”proton radius puzzle”

+—————e-+——— Fleurbaey 2018 (H spect.)

Bezginov 2019 (H spect.) +——eo——

I
I

Bernauer 2010 (ep scatt.)

* Very low Q2(2.4x10 - 6x102)GeV2/c? PRad exp. (ep scatt) +———————
* e-p events normalized to e-e events PRad-ll proj. ———
PRAD in Hall B 078 08 062 08 086 088 08 092

S Proton charge radius r_[fm]
: Thin Al window p
Cryo-cooler, L. ,

=

rp=0.831% 0.007stac £ 0.012 syst
Nature volume 575, pages147-150(2019)

PRad-II: A New Upgraded High Precision
Measurement of the Proton Charge Radius

Jeff_/e-?son Lab

o—


https://www.nature.com/nature

Unified View of Nucleon Structure

W,'(x,kzr ) Wigner distributions

TMD f,4(x,k;), .. hy¥(xkq)

GPDs/IPDs

Parton Distribution Functions
> Q%=10 GeV?

0.8 — HERAPDF1.7
' @ exp. uncert.
[ model uncert.
[ parametrization uncert.  xu

------ HERAPDF1.6

3D imaging | -

A\

d2ky
d?r;

PDFs

f14(x),

.. h1Y(x) 1 D

26

dx &

Form ‘
Factors 3 I*
GE(QZ)I ‘ } -
GM(Q?) | o

\g_ej?;-?son Lab



Proton’s Mass

° i ]
How much quark and how much gluon is a proton*
» How do massless gluons provide for the large proton mass? .0. \ e

C.D. Roberts, Symmetry 12, 1468 (2020), AAPS Bull 31, 6 (2021)

Electromagnetic charge and spin of the proton
well-studied through electron scattering

[ Dressed

%

N
L X
X

Dressed

quarks o W0
! ) ) m"“”.‘ﬂ“wn\\v‘ﬁ ]
0 1 2 3 4
k/ GeV

Gluons are harder to directly access, as they
do not carry electromagnetic charge

Description of mass still in infancy, as most
energy (and hence mass) carried by the

gluons

A\
Mass =1.78x10% g A
~99% of proton mass
~ 1% of proton mass P

How is the proton mass distributed inside its confinement size?

PROTON MASS: REST-FRAME DECOMPOSITION
X. Ji PRL 74, 1071 ( 1995) & PRD 52, 271 (1995)

My = My + M, + M, + M,

M, = % <a b ) My 9 & qgbar kinetic + potential energies

14+ 9m
4+ vm

=— ' bM mass
3
My =—-(1—-a)My gluon energy o
: %

M, = _(1 _ b)MN gluon energy from /o"'?(p

4 trace anomaly S

Ym= quark mass anomalous dimension - -

can be calculated by pQCD =

a(u?)=related to PDF — well constrained
b = unknown

27  Wang et al. Eur. Phys. J. C (2020) 80:507

p2= 4 GeV? 022G



Accessing the Proton Color Charge Distribution

Elastic J/psi scattering Photoproduction of J/psi C

G
bl

GFFs are the form factors (matrix elements) of the QCD EMT for quarks

* Formation of J/ via hadronization of cc pair

and gluons * The reaction is expected to be dominated by
(N1 T4 | N) two-gluon exchange
v} _ . . .
— T (Ag,q(t)y{”P"} + By (- Plo PA +Cya® ARAY — gtva® Eg‘q(t)Mg‘“’) (V) * Assuming factorization (coupling of the gluons
M to the proton is described by local gluonic
. %g,q(t): Related to quark and gluon momenta, A, ,(0) = (xq’g> operator) the process involves the gluonic

Generalized Parton Distributions (GPDs)
The gluonic GPD in can be related to the
gluonic Gravitational Form Factors (gGFFs)

Jg,q(t) =1/2 <Ag’q(t) - Bg,q(t)>: Related to angular momentum, Jiot(0) = 1/2

Dg’q(t) = 4Cg,q(t): Related to pressure and shear forces

6 dA,() 6 G0

<r r%z = 9) ]
A dr | A0 M Jefferson Lab

o—




12 GeV J/y Experiments @ Jefferson Lab

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

"y

Hall C has the J/y-007 experiment (E12-16-007)
LHCb hidden-charm pentaquark search

HII B - CLAS12 has experients to measre TCS +

Hall A has ex.periment E12-12-006 at Sol..ID to Jly in photoproduction as part of Run Groups A
measure J/y in electro- and photoproduction, and (hydrogen) and B (deuterium): E12-12-001, E12-12-
an LOI to measure double polarization using SBS 001A. E12-11-003B

29 Jefferdon Lab



Proton’s Mass Radius

B. Duran et al. (J/y-007), Nature 615 (2023)

S.Adhikari et al. (GlueX), Phys. Rev. C 108, 025201

do/dt (nb/GeV?)

% —e— GlueX €)= 8.93 GeV
100 E,=(9.1,9.25) E,=(9.25,9.4) 3 L
+ ..g H —e— HallC € ‘;9.18 GeV
"T A g } 82 <k = 9.28Ge\
’0" * * _g l + i \.lq:h Iuv E -l-vpu A~ 4
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1072 G e et st e e - e e e e e S
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© : =
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wwy v e AN S Y $ 0900 o [P 3 A o R o )
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o ¢ 5 H 1
e A
-1 \ 1
10 1 e f t+ S
. |
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10°? |
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| 1 .
102 ‘ | 5 [
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Proton’s Mass Radius

Nature volume 615, pages 813-816 (2023)

a b 12.0

05, __ 2 o -102 e J/V-007 (dipole) - J/V-007 (dipole)
= i,,"'ﬁlm::wﬁ."?'“mzi 10 <4 GlueX JIW-007 (exp.)
04y 1151 Rovra ff || % GlueX
3 102
. R., CODATA
03] §
E3 £ 11.0 F
< . Q-0 L R. Wang et. al
0.2 44 — 4 (2020) —
7 & < 105 — =
0.1 -10°{ 3¢ ) —e—1 —
' D=4C ) . e
0 W10.0- I : N
0 05 10 15 20 25 3.0 35 40 45 0 05 1.0 15 2.0 25 3.0 35 40 45 - —— —_————
K (GeV?) K (GeV?) —_—  —
( 2) . 1 dAg(t)l ¢z 1 Cg(o) —— ——
I'm g_UAg(O) dr le=0 "Ag(o) Mﬁ 9.51 —s— r ——
— -2
dA, () (0)
2y _ U 0 o1 GO 9.0/
=670y dr 0 a0 M
. . . Lattice (2021)
® Inner Gluon radius: e Scalar gluon radius: @ Charge radius: 8.5 . : : : :
0.52 +/-0.03 fm 1.069+/-0.056 fm ~0.84-0.88 fm 2 04 00 0800 01 02 0.3
’ ’ ) ' ) ’ radius (fm) Ma/M

« This work paves the way for a deeper understanding of the salient role of gluons

 Detailed studies of the reaction yp — J/{¥p are needed in order to verify
the validity of the assumptions
31 Jefferdon Lab
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J/v photoproduction: GlueX Results

First exclusive measurement very

a(yp — J/v¥p) [nb]

1

—
<

close to the threshold

3 3 T
3 i Y
- _ * + ==

T IIIIIII

T

—— GL%
—4A— Cornell
------ M.-L.Duetal. (g, =10GeV)
-~~~ M.-L.Duetal.(g,, =12GeV)

1072

30 85 90 95 100 105 110 115
EY [GeV]
Exponential slopes indicating t-channel
generally consistent with the gluon-
exchange mechanism
Enhancement of do/dt for lowest energy -
> other mechanisms into the game

PHYSICAL REVIEW C 108, 025201 (2023)

* Cusps at the thresholds of /\CI), /\CI)*
Production via open-charm and

rescattering?

vp = AcD™ = J/pp
y J/P

This mechanism is not a 2-gluon exchange and may reduce
the relation between yp = J/Yp and GFF of the nucleon

32
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J/w photoproduction with GlueX @ 22 GeV

'g 14 1 Electron Beam Energy
Increasing the  312f ey
I t b LE a — 17 GeV
electron beam § 10 e
energy resultsin £ |
. 0.8 -
a larger fraction -
of useful high- 0.6
energy photons  ,,f
02F
:llllllllllllllllllllllll
g 2 4 6 8 10 12 14 16
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i Z+(3900)
2YE pr f J /3 vize)
S iL
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Pl e
S E
& [ 4 "]
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- r, } Gt 2019
z+ |
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Polarization Figure of Merit [pb'/45 MeV]

25
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1 12

Electron Beam Energy
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— 17 GeV
— 22 GeV

13 14

17
naturality (—1)’= P
1.5
- natural parity exchange
St it
05F |
- .
0
F I
-0.5
] SRR SRS
o + unnatural parity exchange
-1.5F ! !
'
T X v

Energy upgrade gives
significant increase of
polarization FOM, allowing
unique studies of the gluon
exchange for J/y and higher
charmonium states

29 « Any deviation from the

39

expected naturality (+ or
-1) indicates contribution
of mechanism different
from what is needed to
study mass properties of
the proton
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Hadron/Nuclear 3D Imaging

. . Transverse
eneralized Momentum
Pg,rtqn . Dependent
Distributions

Parton
Distributions

ep,— eBy(n, 7, .. ep — € hX

target angle

hadron angle




Nucleon Gravitational FFs

, B it v P“l"iﬁu)nﬂﬂ . APAY — g/u/A‘Z
» Matrix elements of QCD EMT (P'|T"|P) = u(P") [ A(t)y" P") + Bt)—— g AM u(F)
DVCS - i
{ graviton® * A massless spin-2 field would couple to the Related to Pressure and Shear Forces
stress—energy tensor in the same way that
gravitational interactions do - D —term
@\ accessible through DVCS measurements
p/ o’
p ~ o~ P t=(p-p)2 * The leading contribution to DVCS is described in terms of four GPDs.
HEH,E i

X integrated over * Two of them, Hq(x, &, t) and Eq(x, &, t), give access to quark GFFs as follows

1 1
/ dmeq(m>£>t) = Aq(t) + §2Dq(t)= / d.’l::BEq(il?, §,t) = Bq(t) - £2Dq(t)a
-1

—1

The actual observables in DVCS are Compton FFs ‘ +1 1 1
(CFFs), complex-valued convolution integrals H(E, t) = / . dzH(z,&,t) ( )

—xz—1ie E+x— 1€

Unpol. DVCS x-section: Re 7—((8, t) related by the fixed-t

1 1 1 ,
Acy ~ sing Im {F1 7‘[(&, t) +...) dispersion relation ‘ ReH(&,t) =Cu(t) + - P.V. / d¢’ lf & ¢ +€/] ImH (&', 1).

l . . . .
Cu(t) = QZ 63/1(1 telmi(i  t) »Dterm(z t)=(1-2%) Z di(t) C3/%(2) » In the limit of renormalization scale ‘ ‘ Dy (t) — % 49 (1) ‘
- _

o K-> oo, all Dg n(t) go to zero except
ocan dq 1(t)




Mechanical Properties of the Proton

o

2p(r) (GeV fm)

dq(t) o< /dar @ p(r)

o

Repulsive pressure near center
p(x=0) = 10% Pa
Confining pressure at r > 0.6 fm
(in xQSM due to the pion field)

Atmospheric pressure: 105 Pa
Pressure in the center of neutron
stars < 1034Pa

Normal forces as a function of
distance from the center.

The arrows change magnitude and
point always radially outwards.

r2p(r) (GeV fm™)

0.015

o
2

PRESSURE

0 1 A A A
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—_—

s World data

1 CLASdata

I CLAS12 proj.

|NING
PRESSURE
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1
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Dq(t)

-0.5

- ; I 22 GeV
r 11 GeV
i 6 GeV
I ,0.2‘ I ‘0.4‘ I ,0.6‘ I .O.BI = 1 = I1.2I I I1.4‘ I I1.6I I ‘1.8‘ ’ ‘27 ' I2.2
-t(GeV?)

Projections @ 22 GeV

Tangential forces as a function of distance

from the center.
The forces change direction and magnitude
and sign near 0.4 fm from the proton center.
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3D Picture of the Nucleon in Momentum Space (TMD

2
2 2 do
———— +yF(x0 )} dz dy dps dzdg, dPE,

o ’ o526
= Wﬁ Fuovr +€Fuur +V2e(1+¢) cosdn ™ + ccos(20m) o %

+ A V2e(1—¢) sing, Fin " + Sy, [\/25(1 +¢) singy, Fi7 o +esin(2qb,,)Ff—i;f2°"]

+5L A [V 1-e2Frr++/2¢e(1—¢) cos¢th7f°"]
+5r [Sm(¢h —¢s) (Flsri"l:‘i;hic‘ﬂ +5F;i¥%ih705)) + ¢ sin(¢n + ¢S) Fi};i¢>h'¢>f;)

+ ¢ sin(3¢y, — ds) I“T'i;”o"’o“ ++/2¢(1+¢) singg Fff;‘"s

+ VAT F2) sin(2on - ass)F:f;‘”””"’"] o [ T cos(gn — gs) FE )

+1/2e(1—¢) coss Fyy* + \/2e(1 —€) cos(20 — ¢5)F{°T5‘2°“°S"] }

Multi-dimentional analysis mandatory ! quark-gluon correlations %

. _ . . a key for understanding
High luminosity experiments mandatory! long-range quark-glion
37 dynamics



TMDs

Upolarized proton: indications (from exp
data and lattice calc.) that the up-quarks are

closer to the center than the down-quarks.
[PLB, 665 (2008) 20 - PRD 83 (2011) 094507]

Transversely polarized proton:
Polarization-averaged distributions not
anymore cylindrically symmetric. Images
show that the distortion for up- and down-

quarks is opposite
[Images elaborated from data: EPJA (2009) 89 —
PRL107 (2011) 212001]
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TMD: High Statistics Crucial!
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SIDIS Enhanced Multi-D Phase Space @ 22 GeV

eNH,—epX
08 0 3500a5)
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4 B
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| s | Q% evolution
SR " 2GeV studies possible
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25 5 15 10 125 15
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£}
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3 " “y. EIC 18x275
=10% ‘" +.y>0.01
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With EIC 1 A | = 1L iveal :
1 0 g2 10 10

x-section from Bacchetta et al, 1703.10157

40
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Projections for 100 days of running with L= 103°> cm=2s-1
using the existing CLAS12 simulation/reconstruction chain

Expected uncertainties for SIDIS cross sections in 4D bins



The Nucleon Structure in 3D

do
dz dy dos dz doy, AP |
o < ; ~COS8 2d,
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Spectroscopy

Study of the interaction between
matter and electromagnetic
radiation

Wavenumber¥ [cm™']

Precision measurements of the
hydrogen atom spectrum ultimately

P led to the development of QED
oseph v. Fraunhofer, 1814

The study of the empirical spectrum of the hadrons first introduced the concept of quarks and their
threefold color charge - experimental foundation of QCD

An important area of exploration in the field of spectroscopy is to create in the lab hadrons not excluded by
QCD but that do not fall neatly into two limited set: gqq, qq

Mesons in quark model have P = (-1)**and C = (-1)"s
o Some JP¢ combinations are forbidden for qq states, (0~,0*,1*,2* ...) —
o The forbidden JPC can be accessed if there are additional d.o.f. in the final state (‘( \
- Additional quarks: tetraquarks or molecular mesons o
- Gluonic excitations: glueball state or a hybrid meson

Mesen

Study of the missing resonances



Search for Hybrids

25F

2.0F

m /[ GeV

1.0+

05}

...aka flushing out the hidden gluons

negative parity positive parity

exotics

m; = 396 MeV

isoscalar wme=
{ s

isovector
YM glueball

Upper limit on the relative
photoproduction cross section
of i, to a; released soon

43

electron
beam

Hybrids predicted at relatively low
energy mass

Majority of (few) experimental data to
date is related to one state, the m;

lead-glass calorimeter

barrel time-of
calorimeter -flight

Linearly polarized real
photon beam

R
Ty

photon beam

forward drift
chambers

central drift
chamber

electron
beam

tagger magnet superconducting
. magnet
tagger to detector distance

isnotto scale

\g_e;fi-?son Lab



K-Long Facility (KLF)

Photon Tagger Pair Spectrometer

& Triplet,Polarimeter
12 GeV e- 7 S' """"""" :
North LINAC R A : Y 75 m E -
) ' . LN .
: ' ]f i .
Diamond Radiator  Electron Collimator GlueX
East ARC Beam Dump Spectrometer
12 GeV 5 pA I
Bung*sPaeine 64 ns

North LINAC

ast ARC

_H’. Beam Dump

8-states 6-states
- .
5-states 4-states
3-states 1-state
‘ ¢ ok
4-s*tites £ - 1-state
\Photon ul=

Beam Dump

JLab 12GeV  SLAC 16 GeV

Hyperon Spectroscopy

According to LQCD

Photon many more states including hybrids (thick bordered)

[l FyYfr FrrE
T T T T T T T T T T

Edwards, Mathur, Richards and Wallace, Phys. Rev. D 87, 054506 (2013)

* Many more states expected than observed!

% 10° 10— - .
new injector: ' - P . & A Rich spectrum of uds baryons
> 10° z [ 7 neutrons
64ns @ 5pA - J £ Ef
- . 2 0 P o] Study of properties with # of strange-
o i Fe A quarks gives insight into baryon
- cby b interactions, d.o.f.
- ES
1070‘ 2 J‘M 6 8 [(;OW1]2 10" é ’él (‘i' [é;w‘]o
lomentum [GeV/c] lomentum [GeV/c] - °
N * Important input to high-
N(Ky1)/sec ~ 10* ﬁNlOS P P g

Beryllium KL production target yields ~10* K, / sec

density/temperature hadron physics



The Hall B Spectroscopy Program

BARYON SPECTROSCOPY

N* degrees of freedom??

NG
DNE;

Measure exclusive electroproduction final states from
unpolarized proton target with longitudinally

polarized electron beam

The N* program is one of the key physics
foundations of Hall B

» CLAS12 is designed to study exclusive
reaction channels over a broad kinematic
range:

N, oN, 0N, nN, 'N, N, KY, K*Y, KY*

* Goal is to explore the spectrum and
structure of N* states

- Search for “missing” states, studying poorly
known or rare decay modes (strangeness-
rich)

- Probe their underlying degrees of freedom via
studies of the Q? evolution of the
electroproduction amplitudes

45

Forward

MESON SPECTROSCOPY

Quasi-real photo-
P production

MesonEXx:

Detailed mapping of the meson
spectrum up to masses of 2.5
GeV

Search for rare or poorly known
states (strangeness-rich,
scalars, ...)

Search states with
unconventional quark-gluon
configurations

2Z
Jefferson Lab



More Exotics
Configurations with and
Energy Upgrade

A unique production
environment of charmed
exotic states can be probed
that should help to demystify
some puzzles




Photoproduction of Hadrons with Charm Quarks

JLab @ 22 GeV: Potentially decisive
information about the nature of some 4-quark
(XYZ) candidates

MeV
*X(GQOO) m cc ® céqq ® ccqs ®  ccqq ® cccc ®  céqqq
4750¢ Xco(4700)
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w4415 = ==p a0y s T
=—¥(4390) o P{4380)
DDy ¥(4360) Xe1(4274) R (4240 e PAAS LR oo
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¥(4160) —_— ZJ4200)
p'D* 2(4050) zwoz0) ;
4000¢ (4040) T
N x(3915§" (3672 Xe2(3930) 243000y Ze3985) 5
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3500r e
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77 0-F 0°F 1°- 1°F 1~ 177 2- 2¢F 77 0~ 1~ Z. P.

=0 I=1 1=1/2

* Many “XYZ” states observed in B decays, e*e- colliders

* Scarce consistency between various production
mechanisms - internal structure not understood yet
47

ete” ontn /Y

via a tetraquark Z;?

Interpretation of data is complicated by nonresonant D*~D = | /i~ scattering
that can produce peaks in invariant mass spectra for certain choices of E, and
7+ momentum that result in a D*~D interaction. These peaks are effects of initial
state kinematics and do not require a resonance in 7] /1.

Jefferdon Lab
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* Nuclear forces dominated by nuclear N UC|ea r Dyna m ics

repulsion — short space-time separation
in nuclei

* Nuclear-medium modifications of

Correlated Partnes . hadronic structure

Pratonm o Ne Y A




Modification of Nucleon Structure in Nuclei

Quark momentum distributions in nucleons bound inside nuclei are
different from those of free nucleons.

* Fermi motion: bound nucleons moving

RA . .
F, in nuclear medium
§ [ . W [ oo
5 Fermi © EMC??
antishadowing -
! : - motion
~ Emc . .
shadowing * Antishadowing ??
« Shadowing: multiple-
0.1 0.3 0.8 X scattering (diffractive)
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Modification of Nucleon Structure in Nuclei

Extensive Program at Jlab to measure F2 in different nuclei

DIS regime: Q"2 > 2

...... N v e e S S ST S S ST SR S S!

¢ E03103 (1.84%)
¢ HERMES
:‘§TLA~ 3
(a)
¢ E03103 (1.7%)
¢  SLACE139 (1.2%)

J. Arrington et al. Phys. Rev. C 104, 065203 (2021)
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Nuclear Forces at Short N-N Separation

Extensive sets of data related to SRCs have become available from our experimental program

Rev. Mod. Phys. 89, 045002

LOG MoMENTUM DISTRIBuTION

/

:kF ~20%

NuclLEolN MoMeENTUM

large relative

neutron

X\ proton

Short-Range Correlated (SRC) pair in an A>2 nucleus

~1.7fm

SRC Image Credit:
Dr. Lawrence Weinstein

-dR/dx

L. Weinstein et al, PRL 106, 052301 (2011)

e
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=
IS

o
w
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197Au

T

\g_e,f_/fg-?son

aZ(A/d)G

The size of the EMC effect in different nuclei correlates linearly with the density of SRC pairs.
92
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Nuclear Dynamics at Extreme Conditions

A 22 GeV upgrade will provide reach to the nuclear 150

forces dominated by nuclear repulsion

QCD gives new perspective to dynamical origin of the

nuclear core predicting possibility of sizable

contribution to the nuclear wave function from non-
nucleonic components including the hidden color

JLab22
100
FJF
FIN
10}
1k
0.10}
0.01 1'0
JLab12 Q?, Ge\2

Internucleon force reach at 22 GeV

# >100
Q
E 50
- Nuclear Shells
>, [ T _,
-50 <
100 NN-SRCs
-1s0 S5 2z 25
‘ ‘ r, fm
JLAB22 JLAB12/6

Probing Superfast Quarks (associated with nucleons at very

large internal momenta) by Isolating DIS processes
The high Q2reach will allow
+ the suppression of quasi-elastic contributions,
+ the first-ever direct study of nuclear DIS structure
function at Bjorken x> 1.2 (r~ 0.5 fm,)

.ggf?.;-?son Lab



Anti-shadowing: solving a multi-decade puzzle

&

oo 1 i
Sk I;‘ b %l *‘IA { |
¢ E $44
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i f g Lomme | Pheey
R ot ey

Theory predictions for polarized structure
function A/D ratios

14k 15%enhancement '
~. predicted! Smith

1.2F% ™ . Phys.Rev.C 72 (2005) 022203
. N Rev.
[S ’F}.‘/ and Miller. https://arxiv.org/abs/nucl-th/0505048

~
S

For nuclear matter

LOF -
e, L, '=========---‘$5""::: ___________
0.8\ 10% Suppressioft™ sz - =~.—saes’

0.6 ==~ Eur Phys. J. A (2014) 50: 116

0.4 [25% suppression ~ o
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A rigorous testing ground between shadowing, EMC
regimes — models and theory must describe ALL

With a 22 GeV e- beam JLab can access the anti-
shadowing region (x~0.1-0.3) at moderate Q?

* Region extremely interesting, near-equally
dominated by valence quarks, sea-quarks, and gluons
- many many models!!

* Anti-Shadowing is the least studied nuclear structure function
effect experimentally — small effect requiring precision and
high luminosity

* flavor dependence essentially uncharted

* spin dependence essentially uncharted (~*50% differences in predictions)
* no tagged measurements
* no L/T separations




Color Transparency: new nuclear data challenge theory

T — 04 * Fundamental prediction of QCD : a small size color singlet has
A ™ Ao vanishing interaction in a nucleus when it is produced at high
N P, [GeV/c] transverse momentum, Q.
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Jefferson Lab: Present and Future

RECOMMENDATION 1

The approved experimental program will be
86% complete by FY29 without SoLID, 70%
complete with SoLID ...not including new
proposals

RECOMMENDATION 4

We recommend capitalizing on the unique ways

in which nuclear physics can advance discovery
science and applications for society by investing
in additional projects and new strategic opportuni-
ties.

The highest priority of the nuclear science com-
munity is to capitalize on the extraordinary oppor-

tunities for scientific discovery made possible by
the substantial and sustained investments of the
United States. We must draw on the talents of all in
the nation to achieve this goal.

We are working on a CEBAF energy upgrade

and a positron beam

» Continuing effective operation of the national
ilities A AF, FRI
completing the RHIC science program. pushing

the frontiers of human knowledge.

... The staged upgrade plan for CEBAF foresees a first phase to establish
intense polarized positron beam capability at 12 GeV, allowing for new
measurements in nucleon tomography and providing precision
extraction of contributions from higher order electromagnetic
processes. The nontrivial operation with positron beams (polarized and
unpolarized) will open a new area of study for CEBAF in the future. The
subsequent phase is an energy upgrade of CEBAF to more than 20 GeV.
Recently, the Cornell Brookhaven Electron Test Accelerator (CBETA)
facility demonstrated eight-pass recirculation of an electron beam with
energy recovery employing arcs of fixed-field alternating gradient
magnets. This exciting new technology could enable a cost-effective
method to double the energy of CEBAF, allowing wider kinematic reach
for nucleon femtography studies in the existing tunnels and with no new
cryomodules required.

1.3 STRATEGIC OPPORTUNITIES

Strategic investments in forward-thinking projects
and cross-cutting opportunities are important to en-
sure that the field continues to advance. They enable
capitalization on emerging technologies and help
ensure that the United States continues to maintain
competitiveness and leadership throughout the next
decade.

1.3.1. Opportunities to Advance Discovery
Strategic opportunities exist to realize a range of
projects that lay the foundation for the discovery
science of tomorrow. These projects include the
400 MeV/u energy upgrade to FRIB (FRIB400), the

idal Lisrge | i i ffer-
son Lab, targeted upgrades for the LHC heavy ion
program, emerging technologies for measurements
of neutrino mass and electric dipole moments, and
other initiatives that are presentad in the body of this
report.

Future advances in nuclear physics rely upon a vi-
brant program of detector and accelerator RED,
pushing for instance the current limits on detector
sensitivity and on accelerator beam transport tech-
nology. R&D for novel nuclear physics detector and
accelerator ideas influence fields such as medicine
and national security. Such developments must con-
tinue.
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JLab Present & Future Physics Programs

* Program developed through a series of workshops in 2022-2023
CEBAF @ 23 GeV . Next one at LNF-INFN (Italy) December 9-13,2024
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Conclusions and Outlook

 QCD manifests fascinating complexity and facility at luminosity frontier are required to
understand the implications of QCD in experiments

At CEBAF a groundbreaking experimental program has been developed stretching well
into the 2030s with existing or planned new equipment

A new round of upgrades to CEBAF are
presently under technical development: an
energy upgrade to 22 GeV and an intense

polarized positron beams

- This scientific program can provide a unigue insight into
the non-pQCD dynamics

- It is complementary to the envisioned EIC program ,

- Strong support by a Broad Community i‘-\

As Feynman said, it's the thing that doesn't

mA NK YOu ! fit that's the most interesting.
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