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The Fundamental Structure of Visible Matter

* How does QCD generate the spectrum and structure of conventional

https://science.osti.gov/-
/media/np/nsac/pdf/202310/NSAC-LRP-

2023-v12.pdf
https://arxiv.org/abs/2303.02579

and exotic hadrons?

* How do the mass and spin of the nucleon emerge from the quarks and

gluons inside and their dynamics?

* How are the pressure and shear forces distributed inside the nucleon?
» How does the quark—gluon structure of the nucleon change when

bound in a nucleus?

» How are hadrons formed from quarks and gluons produced in high-

energy collisions?

Hadron properties and structure

Nuclei and QCD

Hadronization: forming QCD bound states
Spectrum of excited hadrons

Disclaimer: not a review talk, not a
summary talk, refs: NSAC LRP
report, QCD Town Meeting and the
whitepaper; | apologize in advance if
your favorite topic is not included.
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https://science.osti.gov/-/media/np/nsac/pdf/202310/NSAC-LRP-2023-v12.pdf
https://arxiv.org/abs/2303.02579

Size of the Proton: Charge Radius and the puzzle

* Proton charge radius:
1. A fundamental quantity for proton up 2013 1 e CODATA-2014
2. Important for understanding how QCD works

. . . p 2010 |- ———+e———H spectroscopy

3. An important physics input to the bound state )
QED calculation, affects muonic H Lamb shift (25, — 2Py),) I = epscatt.
by as much as 2%, and critical in determining the Rydberg v e radius R[]

RP, Gilman, Miller, Pachucki, Annu. Rev. Nucl. Part. Sci. 63, 175 (2013).

constant

- Electron

* Methods to measure the proton charge radius: -
1. Hydrogen spectroscopy (atomic physics) 0.15MHz

’ Muon
' =
» Ordinary hydrogen 281 2P 2Pu L -
» Muonic hydrogen 1.4 GHz

>
1|
N|W

E

AOCHZ gaghz  pmq  12MHz Muonic
n=1 \ 1Sz Hydrogen Hydrogen
. . . Boh Di Lamb =
2. Lepton-proton elastic scattering (nuclear physics) ™" onren =7 s e

Relativity

» ep elastic scattering (like PRad)

> up elastic scattering (like MUSE, AMBER)
> Important point: the proton radius measured in lepton scattering =< |6 dG(q*) |
1s defined in the same way as in atomic spectroscopy (G.A. Miller, dq’ q°=0
2019)
Nucleon EM form factors covered by

L:} Brookhaven Z.-E. Meziani, A. Puckett @EINN2023

National Laboratory
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World-wide effort in Nuclear and Atomic Physics on Proton Charge Radius

PRad-II Experimental Setup (Side View)
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https://link.aps.org/doi/10.1103/RevModPhys.94.015002

FIRST EXTRACTION OF GLUONIC SCALAR/MASS RADIUS OF THE

NUCLEON

B. Duran et al., Nature 615, 813 (2023)
Definition of gluonic mass and scalar radius

2\ _ a1 dAG(Y) 1 Cy(0)
<Tm>g — 6Ag(0) dt |t=0 —6
o _ a1 dAg(Y) 1 Cy(0)
<Ts>g T GAQ(O) dt =

Theoretical approach x?/n.df ma (GeV) mc (GeV) Cy(0) Vv (r), (fm) Vv (r3), (fm;
GFF functional form

Holographic QCD 0.925 1.5754+0.059  1.1240.21 -0.454+0.132 0.755+0.067  1.069+0.12¢€
Tripole-tripole

GPD 0.924 2.714+0.19 1.28+ 0.50 -0.20 = 0.11 0.47240.085  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

¢) Brookhaven  7qin_Eddine Meziani, Spin 2023 Symposium; S. Joosten, D. Pefkou, EINN2023 ;



Virtual Compton Scattering and Proton Polarizability Radii

REACTION PLANE
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Elastic FFs Generalized polarizabilities Real Compton Scattering experiments at Mainz

R. Li et al., Nature 611, 265 (2022) and HlyS and nucleon EM and spin polarizabilities
k:.\ Brookhavenr  Nikos Sparveris, Spin 2023 Symposium and EINN 2023
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Tomography of Ultra-relativistic Nuclei with Gamma + A Collisions

A A+A Collision

A STAR: Photonuclear p® — w'n-
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Quantum interference enabled nuclear tomography:

2204.01625,
* A novel approach to extract the strong-interaction nuclear radii,

Science Advances 9
which were found to be larger than the nuclear charge radii (2023) 3903
L:.\ Brookhaven

National Laboratory
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Parity-Violating Electron Scattering

Brookhaven

National Laboratory

Powerful experimental
technique impacting
hadron physics, nuclear
structure, neutron stars,
Standard Model (SM) tests
and beyond SM searches
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HOW ARE QUARKS DISTRIBUTED IN THE NUCLEON?
Fy

2 L
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J. Dove et al., Nature 590, 561 (2021)

Complementary informatiol s
from RHIC from W- and Z-

bosons production in proto »
proton (pp) collisions, and ~ 0.04 : T

polarized sea from W

production from pol. pp

collisions

National Laboratory
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Sea Asymmetry
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The nucleon spin puzzle

PRD 105 (2022) 092011
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Spin Physics with sPHENIX

First direct photon Ay extracted at RHIC by
PHENIX PRL 127, 162001 (2021)

» Mostly sensitive to initial state effects (no
fragmentation) - quark-gluon and gluon-
gluon correlation functions

» Power to constrain gluon-gluon correlation
function as well

Measurement of Ay of heavy-flavor decay electrons by
PHENIX Phys. Rev. D 107, 052012 (2023), probe tri-gluon

correlations * enabled by streaming readout
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https://arxiv.org/abs/2102.13585

Nucleon Structure from 1D to 3D & orbital motion
5-D Wigner distribution

Nucleon EM form factors
core 12-GeV program

at JLab, covered by Z.-E.
Meziani

Parton Distribution Functions Form Factors

Generalized parton distribution (GPD)
Transverse momentum dependent parton distribution (TMD) X.D. Ji, PRL91, 062001 (2003);
Image from J. Dudek et al., EPJA 48,187 (2012) Belitsky, Ji, Yuan, PRD69,074014 (2004)
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Access TMDs through Hard Processes

proton "‘ffif::ffi:::;jz., ‘e, pion proton antilepton

BESIII QBEE? Eéq r o Partonic scattering amplitude

electron i pion Fragmentation amplitude

T @ Distribution amplitude

—— (O~ £, (SIDIS) = — £ (DY)

positron % pion . N
RS h- (SIDIS) = -h (DY
Brookhaven e_e+ tO plOﬂS 1 ( ) hl ( )

~
I O Jrabsmitetat Several talks at EINN2023 13
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Pioneering Studies by HERMES and COMPASS

Multi-dimensional binning with precision — reduces systematics, constrain models, forms of TMDs,
disentangle correlations, isolate phase-space region with large signal strength (HERMES, COMPASS)
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JLab 12 GeV Scientific Capabilities

Hall D — exploring origin of
confinement by studying
exotic mesons

Hall B — understanding nucleon structure
via generalized parton distributions and
transverse momentum distributions

Hall C — precision determination of
valence quark properties
in nucleons and nuclei

Hall A — short range correlations,
form factors, hyper-nuclear physics,
future new experiments (e.g., SoLID and MOLLER)

15




State-of-the-art from CLAS 12

multi-dimensional binning with precision— I o
reduces systematics, constrain models, G 0% Pre018GeV L Pra039Gev 3 Ff,-“*"’fe"
forms of TMDs, disentangle correlations, 1E 00

isolate phase-space region with large signal
strength (CLAS12)
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First multidimensional, high precision measurements - 0. ;
0

of semi-inclusive 11+ beam single spin asymmetries
from the proton over a wide range of kinematics

pug

S. Diehl et al. (CLAS Collaboration), Phys. Rev. Lett. 128, 062005 02 04 05 02 04 06 02 04 06

k:.‘ Brookhaven
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SolLID@JLab:QCD at the Intensity Frontier

Transversity and Tensor Charge

Transversity distribution " SoLID (SIDIS He3) | |
h @ - @ (Collinear & WS
TMD T Scintg g(—’)
. . ) 4]
» Chiral-odd, unique for the quarks .
* No mixing with gluons, simpler evolution — z P
effect ? S
« Tensor charge: — __E—=

(P,S|th,ic""1y|P,S) = giu(P,S)ic* u(P,S)

1 0.4 — Sd )
_ .. €@ Goldstein et al (2014)
g% — / [h% (iL‘) — hcll (CE‘)] dzx + SoLID projection - Radic;[, Bacchetta (2018)
0 ¥ Gupta et al (2018)
0.2+ ¥ Alexandrou et al (2020)
A fundamental QCD quantity dominated by = 0.1} # Pitschmann etal (2015)
valence quarks; Precisely calculated on the ] I JAM22 (no LQCD)
lattice : 0.0 . JAM?22
Global analysis including LQCD (PRL 120  : —0.1F ! n
(2018) 15, 152502 0.2} + .
J. Cammarota et al, PRD 102, 054002 (2020) (JAM20+ 02F * >
L. Gamberg et al., arXiv:2205.00999 (JAM22) oal 03} oy

o~ Brookhaven 0 0.2 0.1 0.6 -
7 Rete A Metz, G. Koutsou, B. Surrow@EINN2023 04 06 08 10 du




TMD Physics: STAR and forward upgrade
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7 First observation of non-zero Sivers

asymmetry in dijet production

Precision measurements at both energies probe TMD evolution and
provide important cross-checks and essential x-Q2 overlap with EIC

RHIC Run-24 will reduce uncertainties at 200 GeV by a factor of
2, enabling the most sensitive universality test with EIC data

B. Surrow@EINN2023 18



Polarized Drell-Yan @ SpinQuest

Measure Drell-Yan azimuthal asymmetry Anticipated Sensitivity
to extract sea quark Sivers: 0.2l Drell-Yan Target Single-Spin Asymmetry

3 ealfilx )i xo #1622
> ef,[f‘j(xl)-f?(xz)+1;-,42]

ppld') - prux 4 < M, <9GeV

DY
Ay o

0 :
i B= DGLAP
- I . B =% TMD-1
Two-year runtime: o e
. DGLAP: arXiv:1612.06413
 Add solid NH3 target, upstream C[TMD-1: anvidotsorg 3 T Cm S target
| [TMD-2: arXiv:1308.5003] ¢ 7.9 cm ND3 target
forlowerxt |||||||||]||||I||||II|||||]
015 02 025 03 035
« Proton on target: 1.4 x 1018 X target
<) Brook
Q National | Dr, |, Lavrukhin — ievgen@umich.edu SpinQuest@Fermilab UMNfEEﬁSIIng\? 14




Exclusive reactions giving access to GPDs

(TCS), DDVCS ¢
@)
-2

z+&
Quark GPDs
x dependence
r

Voutier, Ried@EINN2023

Constantinou, Diehl, Metz,
Meziani, and others

Vi

DVMP

Quark GPDs
Transversity GPDs /{ Gluon GPDs x
N N N

»
:;:

¢
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First-ever measurement of Timelike Compton Scattering (CLAS12)
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P. Chatagnon et al. (CLAS), Phys. Rev. Lett. 127 (2021)
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Talk by P. Chatagnon

YP—Y*p—(e’)e'ep
Quasi-real photo-production (Q?~0)

The beam helicity asymmetry of TCS accesses
the imaginary part of the CFF in the same way
as in DVCS and probes the universality of GPDs

The forward-backward asymmetry is sensitive to
the real part of the CFF — direct access to the
Energy-Momentum Form Factor d (t) (linked to
the D-term) that relates to the mechanical
properties of the nucleon (quark pressure
distribution)

This measurement proves the importance of TCS
for GPD physics.

Limits: very small cross section — high
luminosity is necessary for a more precise
measurement

Imminent doubling of statistics thanks to data
reprocessing with improved reconstruction

E. Voutier@EINN2023 21



Perspectives: polarized positrons beam for Jefferson Lab

Physics Motivations:

* Two-photon physics

* Generalized parton distributions
* Neutral and charged current DIS

* Charm production

* Neutral electroweak coupling

* Light Dark Matter search
 Charged Lepton Flavor Violation

PePPO: proof-of-principle for a
polarized positron beam
PRL 116 (2016) 214801

R&D ongoing
Possible timeline: >2030

Brookhaven

National Laboratory

Publication of the EPJ A Topical Issue about "An experimental program with
positron beams at Jefferson lab*, Eur. Phys. J. A 58 (2022) 3, 45

5 positron-based proposals, two of which on DVCS (CLASI12, Hall C) recently
Conditionally Approved by JLab PAC51

0.4

06 Aj, @E=10.6 Gev  Measured only|
by HERMES 03

(low statistics)

A, @ E =10.6 GeV

—— Never measured

04 -, = = = PARTONS

0.2

. .
''''''

-
il

0.2,
A PP
0.4
06 ERRRT T -
N il _Oq-lll|I||||I||||I||||I||||I||||I||||I
0 50 100 150 200 250 300 350 "0 50 100 150 200 250 300 350
¢ (°) ¢ (°)

Model predictions for 2 out of the 3 proposed pDVCS observables

Impact of positron pDVCS projected data on the extraction of
ReH via global fits: major reduction of relative uncertainties

Talk by J. Grames

Talk by A. Schmidt

Silvia Niccolai, Spin 2023 E. Voutier@ EINN2023
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Tomography of the nucleon @ EIC

T T
10°E i 5
F current data for Sivers asymmetry: E
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8 [ O HERMES %% K%P,;<1GeV,02<2<07
— JLab Hall-A 7" P, <0.45 GeV, 0.4<2<0.6
©
lanned:
102E P =
o Jlab 12
8
10 15
@ 25
@] 18
< 18
]
1o
w
-
z
1 b o
Ll
-4
10
\«5‘\'6(
ov?
VP 50
150 40
3
10020

0 0.2 0.4 0.6
Quark transverse momentum (GeV)

sof "] KL T Jia”

oa vy o7
— —, p—

p

0.03<|tf <1.6GeV2 0.2<|t| < 1.6 GeV?

Distribution of gluons

\o-e

g

p

Fourier transform of momentum transferred
= |t| = p-p’ > Spatial distribution

0.03 < |t| <0.65 GeV?

e+p—oe+p+Jy
15.8 < Q2 + M3, < 25.1 GeV?

0.16 <xy <025

02 04 06 08 1

5 E
0.016 < xy, < 0.025 0.06
al 0 . I . L n 0.04
0 0.2 0.4 0.6 0.8 1 0.02
0
3L 1.2 1.4 1.6
2 0.12
0.1
1 0.08
0.0016 < x,, < 0.0025 0.06
0 L I L L I 1 i 004
0 0.2 0.4 0.6 0.8 1 12 1.4 1.6 0.02
0
12 1.4 1.6

Y

b+ (fm)



Pressure and Shear Stress on Quarks in the Proton

M. Polyakov, PL B555 (2003) 57

E 0-01 5 ---------- XQSM
8 repulsive ——— Data fit
= pressure
L 0.01 >
confining
0.005
pressure

Lo T T T b b e b b v b
0 0.2 04 06 0.8 1 1.2 14 16 1.8 2
r (fm)

V.B., L. Elouadrhiri, F.X. Girod, Nature 557 (2018) 7705, 3¢

DVCS is a suitable probe of

Lr ‘Brookhaven gravitational properties of particles!

"~ National Laboratory

Shear stress r*s?(r)

systematic error band

this result
.............. vQSM

-0.01

-0.02

| | | | | L1 1 | L1 1 I L1 1 | L1 | | L1 1 | L1 1
0O 02 04 06 0.8 1 12 14 16 18 2
r (fm)

The 2y field couples to the EMT as gravity does,
with many orders of magnitude greater strength.



GFF studies at the Electron lon Collider

CFF #(x,t) extraction at EIC kinematics with integrated lumi-

- nosity of 200 fb-! w/ polarized electrons and polarized protons.
5P
~ X | i
) ron E 4_' S PN SRR (O U L O
TwopOssibl Injector (RCS) - = F | cLAS12
=0 €3l L ;
(Polarized) Stector Locatio,, / s g T
lon Source S [:
2
1=
Source: Pre-Conceptional Design Report, 2019 0 :. iil i HE |
- 1072 10" L Xg
o4 103 E:
%= FE 100 =
S [ 1.558
s ek “ 3 il
. >§° 5 =
B 102 B
10 e sl o SR 0;_
E 10 05 ;_ ........
1 - 1 _
I it St Sl S i | 1 =
_ _ _ ) Ciii idoiidiil i iiiii i ididi
1072 1072 107" ‘e 1.5 ppe ppe- e "
Prog. Part. Nucl. Phys. 131 (2023) 104032, e-Print: 2211.15746 Credit: EX. Girod

~ :
(€)= oD Volker Burkert, Erice School for Nuclear Physics 2023



https://arxiv.org/abs/2211.15746

How does the mass of the nucleon emerge from the quarks and gluons inside?

DIFFERENT MASS DECOMPOSITIONS

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

Trace decomposition Energy decomposition Ji’s decomposition

uw=2GeV
~ 8%

Gluon A

« energy »
(traceless)

Quark

energy energy

Ya Trace
anomaly

anomaly

~92% ~23%
Relies on Independent of Motivated by
virial theorem virial theorem virial theorem

L;.\ Brookhaven Zein-Eddine Meziani Spin 2023, EINN2023, S. Joosten

National Laboratory

120

100

16.76(2.4) %
47.73(12.34) %
20.03(0.9) %
20.81(0.6) %
105.33(12.62) %

Mm Mg M, M, Total

C. Alexandrou et al.,
(ETMC), PRL 119,
142002 (2017)

Y.-B. Yang et al.,
(xQCD), PRL 121,
212001 (2018)

26




From Cross section to the Trace Anomaly

I

Y +N>N+J/ly

Heavy quark — dominated
by two gluons

o _9pap _ 2
(P[T%|P) = 2P*P, = 2M

o g
% 2:— ; o
© 10°
_ ) B
doyN—yN 1 1 ) S 10 *
— (5, t=0) = ‘ —| ‘u,_‘,,.’t:O 4 — 3
dt (s ) 641 m2 (A2 — m¥) Mun(s ) (=) - /
| £ 1F
 VMD relates photoproduction cross section to quarknium-nucleon b|% -
scattering amplitude O101E T CAMERINITS
E Real Amplitude —s=— GITTELMAN 75
« Imaginary part is related to the total cross section through optical 102L imaginary Amplitude —~ AUBERT 79
theorem 2 —— AID 96
3l o - BRETWECGHT
* Real part contains the conformal (trace) anomaly; Dominates the 10 10 2
near threshold region and constrained through dispersion relation V\}?GeV)
. Y. Hatta et al., PRD 98 no. 7, 074003 (2018)

D. Kharzeev (1995); Kharzeev, Satz, Syamtomov, and Zinovjev EPJC,9,

459, (1999): Gryniuk and Vanderhaeghen, PRD94, 074001 (2016) Y. Hatta et al., 1906.00894 (2019)

K. Mamo & I. Zahed Phys. Rev. D 101, 086003 (2020)
R. Wang, J. Evslin and X. Chen, Eur. Phys. J. C 80, no.6, 507 (2020)

L:> Brookhaver A measurement near threshold could allow access to the trace anomaly

National Laboratory

GlueX new data highlight reaction mechanism




J¥ Experiment E12-12-006 @ SoLID
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Sensitivity at threshold at about 10-3 nb! - . % el (GoV)

" ~ GlueX, PRC108, 025201 (2023) ¢ Meziani, Joosten
(ORENNSEY  B.Duranetal, Nature 615,813 (2023) o I EINN2023




Y 1 S Productlon at EIC

10 E T T T T T T T T | E
o - ToF, DIRC, - EIC Simulation (10GeV on 100GeV) .
| e/m calorimete MPG & MAPS trackers || RICH detectors T 100fb7 (116 days @ 10%cm2s7) ]
1 QP<1GeV? _
| § b 3
| : P
/ . - + | -
[ T ] S10'E 3
| = | g F .
\\ - i
\ 10_2 — ¢ —
\ - n  ZEUS (2009) -
| E o H1(2000)
2.0 3l 2-gluon fit B
« Lot > 4 e 10 E | | Lo ;
" ' 10 10°
W [GeV]
Y(1S) production at EIC has lower
theoretical uncertainties, and provides extra
channel to study universality while J/ at SoLID
has better statistical precision
. A i T AT Gryniuk, Joosten, Meziani, and Vanderhaeghen, PRD

102, 014016 (2020)




Pion/Kaon Structure at Jefferson Lab 12 GeV+ and EIC

Sullivan

Hard scattering from virtual meson cloud
of nucleon

SF (and PDF) / +

extractions,
p(k) t  n(k)

L:’\ Brookhaven

National Laboratory

Pion/Kaon elastic EM
Form Factor

o Informs how
emergent mass
manifests in the
wave function

Understanding pion/kaon is vital to our understanding of

0.6

0.5+

0.0

L |
% Amendolia et al.
e Ackermann p(e,e’m*)n
A Brauel et al. (Reanalyzed)

lmo JLab (6 GeV)
{ JLab (projected 12 GeV errors)

~ N -
s Higher

energy '

¥ / JLab e —_ Melnitchouk Duality

4 Hufauruk Cloet & Thomas BSE+NJL

y Nesterenko & Radyushkin-QSR _|

Roberts et al Dyson-Schwinger
J.P.B.C. de Melo et al Light Front QFT

20
Q* (GeV?)

30

hadron structure and dynamic generation of hadron mass

Tanja Horn at QCD Town Hall Meeting September 2022

30



@\ AMBER science questions

)

There are two bearing columns of the facility:
1. Phenomenon of the Emergence of the Hadron Mass Kaon Proton

2. Proton spin (largely addressed by COMPASS and
others, Phase-2)

o M, ~ 140MeV o My ~ 490MeV o M, ~ 940MeV
EHM: e Spin 0 @ Spin 0 e Spin 1/2
How does the all visible matter in the universe come about o 2 light valence o 1light and 1 "heavy” o 3 light valence
and what defines its mass scale? e valesceuars guatks

Higgs generated masses of the valence quarks:
Unfortunately, the Higgs-boson discovery (even if extremely BB 8 q

important) does NOT help to answer the question: Migrg) ™ 7 MeV Mius) ™ 100MeV- Miururg) ™ 10 MeV
v’ The Higgs-boson mechanism produces only a
small fraction of all visible mass
v The Higgs-generated mass scales explain neither . i\
the “huge” proton mass nor the ‘nearly- Y
masslessness’ of the pion \

As Higgs mechanism produces a few percent of visible mass, _oﬂ
07
Where from the rest comes?

7\
g k

07/06/2021 Strong QCD 2021 Oleg Denisov C. Quintans at EINN2023




Nuclei and QCD - How does the quark—gluon structure of the nucleon
change when bound in a nucleus? EMC effect

1,2 : : , 208 % 0.5¢
a T F
3 197 -
11 | He - R ol
: 56 e F
N T T . . S— - 0.3
1% 1.0 7] 27 " B
< : | A E
X091 LR I 12 ~ F
& W N TV ° s F
0.8 L= This work N e A / A0 8 0.1—
2 | = Ref. ® e o v 5
= Ref. 10 4 208Pp |4 O 53 o
0.7 & ] ] ] 1013 7)) VI B
0.2 0.4 0.6 3He 0.8 Qu O
Xg = M TF
B. Schmookler, Nature (2019) wo ¢ R s L LS S
Probe Flavor EMC effect using SIDIS SRC Scaling factors Xg= 1.5 a,(A/d)
2.2
avor-indep (SLAC)
i 1.21
e, 2/ B Hen et al, RMP 89, 045002 (2017)
+—|Q ' /l ¢ +‘ L1y
= e SRC data from Fomin et al
= 2.0 . e L0A
v g s EMC data from Gomez et al and Seely et al
I € o0f 2 mpem e
kS R g Weinstein et al, PRL106, 052301 (2011)
SN &= 3Ga 2 =04 R Hen et al, PRC85, 047301 (2012)
@®  CLASI2 Projection SO
0.7 =

Lo Tpj

lt 0.2 0.4 0.6 0.8 02 0.4 0.6 s(i)-.g K. TU@E'NN2023
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Polarized EMC effect: 7Li(8,¢') DIS

Is the valence nucleon modified?

« Most EMC experiments
average over all nucleons

1.2

Ac Ratio oc [N*-N-]("Li) / [N*-N-](p)

NNM = Shell model (p 87% pol.)

- ==NNM SNM
cp o —aMC MSS SNM = Standard Nuclear Model
* Measure modification of . 11 —?/AS —cas (convolution w/out change in
polarized structure function g4, " Q2=12 @24 | medium; equiv. to SRC model)
on a single valence nucleon! FeEe T 1 QMC = Mean Field (Quark-
Meson Coupling)
. | (rescaling/modified sea
| Propesedlodl o N __i scheme)
P : -
11 i i J : S/AS = Shadowing /
2 i 7 T ! Antishadowing
= (Guzey/Strikman)
g T Expected data for CQS = Chiral Quark Soliton
21 e oose | . On(boundygyfiree) (Smib/ien
0.7 F — — — EMC effect 1 with various
0.6 _ polarized EMC effect: AR = m y predictions
0 02 04 06 08 ] 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
T X
(? Eiﬁ?ﬂh?ﬂ?ﬁ%ryr Larry Weinstein at QCD Townhall Meeting September 2022

(CLAS12 Run Group G)



The ALERT Run Group

A comprehensive program to study nuclear effects with CLAS12

A Low Energy Recoil Tracker (ALERT)

ALERT requirements

® |dentify light ions: H, 2H, 3H, 3He, and
4He

® Detect the lowest momentum possible
® Handle high rates
® Survive high radiation environment

— high luminosity

Design: Gas target surrounded by hyperbolic drift

AAAAAAAAA

chamber and scintillator TOF detector.

: \&&1/ A'! ' '7 ‘ .
Extended ALERT program enhanced with CLAS12 luminosity and/or energy upgrades &

Measurements Particles detected | Targets | Beam time request Luminosity*
ALERT Commissioning p, d, “He H and He 5 days Various
Tagged EMC p, °H, 3He ’H and He 20 + 20 days 3.10%* cm—2s7!
Tagged DVCS p, °H, 3He ’H and He 20 + 20 days 3.10%* ecm 257!
«| Nuclear GPDs 4He He extra 10 days on He 6.10%* cm—2s~1
Additional Topics p, d, 3H, 3He 2H and He | 20+ 20+ (10) days | 3(6).103* cm~2s7!

TOTAL

55 days

Tagged EMC — address key questions about the EMC effect
Tagged GPDs — directly compare quark and gluon radii

Tagged DVCS — connect partonic and nucleonic modifications
Natural extension of ALERT Physics into small-x in the EIC era

L:.\ Brookhaven

National Laboratory
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Nuclei and QCD at the EIC
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Low X phys:cs with nuclei

CTEQ 6.5 parton
3.5} distribution functions
t Q% =10GeV?
3.0F
250

1.50

ob o - ]
0.0001 0.001 0.01 0.1 1.0
Fraction of Overall Proton Momentum Carried by Parton

Momentum Fraction Times Parton Density
el
[=]

A
{Qi(x)
og <1
pQCD
~ evolution
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£
@ H@
saturation
non-perturbative region as ~1
In x
gluon
emission
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>ZCeV

= €p
r S d
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4.5

A saturation model prediction
for EIC measurement of
hadron—hadron correlation
function C versus their
azimuthal angular separation
A¢ for electron—proton and

electron—gold collisions
0 GeV

gluon
recombination

z?%w At Qs

Boost

~ (2myx)" > 2R, ~ A

Accessible range of saturation scale Qg 2
at the EIC with e+A collisions.
arXiv:1708.01527

x<0.01

EIC Vs pax = 90 GeV (eAu)

——— perturbative regime ————»
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 I
T T T T T T T T T T T T T T T T T T T T I

(I)T 0.|5 1I 1.|5 2I 2.5
N Q3 (GeV?)

A. Accardi et al., EPJA 52, 268 (2016)



Formation of QCD bound states:
Different mechanisms of hadronization

High-energy limit of “string-breaking” or
“cluster” pictures

Coalescence/recombination of partons
nearby in phase space

Threshold production

Production via decay from other
hadrons

.7

<% Brookhaven . .
I O Jrbpibad C. Aidala, Seminar, UIUC, Mar 20, 2023 C. Riedl, R. Seidl @EINN2023



Identified hadron-in-jet fragmentation functions

= 10 20 < p** <30 GeV 30 < p™ <50 GeV ,o!-n..,_.hio <pX <100 GeV
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R. Aaij et al. (LHCb Collaboration), Phys. Rev. D 108, L031103

Hadron-in-jet theory developments + measurements offer
(&) Brooknaven  NEW opportunities R. Seidl@EINN2023

National Laboratory C. Aidala, Seminar, UIUC, Mar 20, 2023 38




Bound states of hadronic bound states:
Creating (anti)nuclei!

80

il

\ \ }\ Positive Particles

' v —
Negative Particles

60

40+

20

(dE/dx ) (keV/cm)

p/|IZ| (GeV/c)

Are any of the recently discovered tetraquarks and
pentaquarks hadronic molecules?

¢ Brookhaven hadronization from these exotic hadrons?

National Laboratory

I What can we learn about hadron structure and/or
k~



Hadrons: conventional & exotic

Conventional hadrons

Meson

Molecule Tetraquark

Hybrid

Glueball
Pentaquark SU(4) multiplets of mesons & baryons

CZY & S. L. Olsen, Nature Reviews Physics 1, 480 (2019)

~, ;
(€)= oD C.Z. Yuan Erice School for Nuclear Physics 2023 A. D'Angelo@EINN2023 mn
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Spectroscopy: a global endeavor
Heavy quarks <—» [ight quarks

0 ete”

2

2 & BESIT

E '8 BELLE

s

& ?BABAR

m Belle IT

9O o

c @

c)te!

© 2

T o

T
LRP Town Hall 2022 Justin Stevens, WILLIAM & MARY 2

g havar A. D'Angelo, B. Briscoe, C. Quintans@EINN2023

CBELSA/TAPS (ELSA),

LEPS (Spring-8), BGOOD (E!
GRAAL (ESRF),

< polarized beam,
polarized target

Results from photoproduction
do now enter the PDG and
determine the properties of
baryon resonances! Observation
of new baryon resonances

(U. Thoma @Erice School 2023)41



* Lots of states with heavy quarks (c, b) and exotic properties were observed
since the discovery of the X(3872) in 2003!

* They are candidates of hadronic molecules, hybrids, and multiquark states.

Z,(10610) Z.,(4000) Saoee
7,(10650) | Z(3900)  J 7,(4020) | ¥,(10750) z.,(3985) | z.(4220) (3960)

Belle BESIIl/Belle BESIII Belle BESIII LHCb LHCb
2012 2013 2013 2019 2021 2021 2022

X(3872)
Belle
2003

P.(4312) W x(6900) | X,(2900) T..(3875) | Y(4500) W T.5(2900) X(6600) | Y(4790) K
Yé4;60) YE§4360) \:(((1%63((})))/ X(‘C‘é‘;o) P.(4440) M LHch | x,(2900) LHCb | BESHI LHCb CMS | BESII
aBar | BaBar P.(4457) 2020 LHCb 2021 2022 2022 2023 2023
2005 2007 Belle 2008 LHCb 2020
2007/08 2015/19
Zoi1=1 & aQQ pair New spectrum emerges although more effort 1s needed to
P,: I=1/2 & a QQ pair
Q QQp understand the nature of them.

Y: JPC=1--
Tqq: tetraquark state
X: other states

NBaEi?rglkLDn?r\ggrrvr C.Z. Yuan Erice School for Nuclear Physics 2023 42




Photoproduction of XYZ states Future

Complementary access to charmonium
photoproduction with higher energy facilities

J'e,f,f.e-r:son Lab upgrade: Electron lon Collider (EIC)

Ee =12 = 22 GeV

Thia Keppel
Plenary Sat @ 4:35

Vs =15 — 6.5 GeV

rp

o) Brook ;ﬂgep = 107" — gep = 10"" cm™~<s
L National Li = e

LRP Town Hall 2022 ' Justin Stevens, WILLIAM & MARY 22



The Electron-lon Collider

Polarized electrons colliding with polarized protons,
polarized light ions, and heavy ions will allow us to study
sea-quarks and gluons to understand:

mass and spin of the proton.
« spatial and momentum distribution of low-x partons
« Possible gluon saturation

« modifications of parton distribution functions when a
nucleon is embedded in a nucleus

«  hadron formation
The EIC is a partnership between BNL and Jefferson Lab.
Project is aiming for CD2/3 in 2025

ePIC detector design is advanced. Significant international
support and participation (160+ institutions, 24 countries).

Major discovery potential!
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Thank you for your time and attention!

Brookhaven National Laboratory is supported by the U.S. Department of Energy’s
Office of Science. Duke part of the research is supported by DOE
Contracts No. DE-FG02-03ER41231

Thank many from whom | “borrowed” slides, many speakers at this conference,
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