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EIC NAS Scien

SPIN is one of the
fundamental properties
of matter.

All elementary particles,
but the Higgs carry spin.

Spin cannot be
explained by a static
picture of the proton

It is the interplay
between the intrinsic

properties and
interactions of quarks

and gluons

The EIC will unravel the
different contribution
from the quarks, gluons

ce Highlights

Does the mass of visible
matter emerge from
quark-gluon interactions?

Atom: Binding/Mass =
0.00000001
Nucleus: Binding/Mass =
0.01
Proton: Binding/Mass =
100

proton
determine an important
term contributing to the
proton mass, the so-
called “QCD trace

How are the quarks
gluon distributed in
space and momentum
inside the nucleon &
nuclei?

nucleon
properties emerge
from them and their
interactions?
How can we
understand their
dynamical origin in
QCD?
What is the relation to
Confinement

Is the structure of a
free and bound
nucleon the same?

How do quarks and
gluons, interact with
a nuclear medium?

How do the confined
hadronic states
emerge from these
quarks and gluons?

How do the quark-
gluon interactions
create nuclear
binding?

anomaly
and orbital angular
momentum.
[1D — 3D Nucleon Structure Hadrons & Cold Nuclear Matter]

How many gluons can
fit in a proton?
How does a dense
nuclear environment
affect the quarks and
gluons, their
correlations, and their
interactions?

What happens to the
gluon density in nuclei?
Does it saturate at high

energy?

?
oﬁ% -

- gluon
recombination

glu
splitting



Jefferson Lab and CEBAF
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O Probe the structure of matter Hadron Spectra
Complex non-pQCD problem which demands (;Iifferent 1D-3D Nucleon Structure
approaches and measurements to access multiple
observables Hadrons & Cold Nuclear Matter

O Discover evidence for physics beyond the standard
model



Near threshold J/\y Photoproduction — gluon mass

Hall C (E12-16-007)

Hall D - GlueX

* Two-gluon exchange model doesn’t reproduce
(0}

* no evidence of 5quark — model-dependent
U.L. on on the branching fraction of the LHCb
P " states

Phys. Rev. Lett. 123, 072001 (2019)
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* measured 5x more statistics > set more stringent limiton o(yp — P. — J/¢¥p)

* Data used to determine the gluonic gravitational form factors
of the proton

N e-emosw * Simultaneously fit of the
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“Determining the gluonic gravitational form factors of the proton," Duran et al, Nature 615, 813 (2023)
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CEBAF Experiment Locates Gluon Mass in the Proton




Mechanical Structure of the Proton: Pressure and Sheer Forces

T F Pressure Distribution Peak pressure in objects on Tangential stress force inside the proton
3 Inside the Proton earth, the sun, and the universe changes direction near r ~ 0.45 fm
s Peak : 38,000 N (4 metric tons)
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NATIONAL LAB RESEARCH Tt Burkert, V.D., et al., Colloquium: Gravitational form factors
- of the proton. Reviews of Modern Physics 95, 041002
(2023)

This breakthrough has paved the way for a novel approach to
unraveling the intricate structure of the proton.
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https://www.osti.gov/biblio/2274730
https://www.osti.gov/biblio/2274730

Hall A SBS Program: unprecedented access to all nucleon FFs at high Q?

SBS-G,," exp. successfully completed in 2022 (E12-09-019)

L B O L S B B e T

1-23_ R lnceen _ 52 (GB + £G1°)
it Bloteey Flnce.en o
1.1} + Precision of the
| . .
~ 10 highest Q2 data point

111 Ill\l\llll\l\l‘l\l\ I\I\l\l!l'll

(O] .
=S09F (13.5 (GeV/c)?) is
@ osf expected to stay
E World data

O7E _ omamezmin unmatched for years

0.6;— SBS GMN projected tO come

S R TR R P

Q? (GeV/c)?
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SBS G.* / G,,” exp. currently being installed  (E12-07-109)

* Measurement of the ratio G.* / G, in a wide range of momentum
transfer Q2 using the polarization transfer method
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Hall B provides First-ever Measurements

Observation of Correlations between Spin and Transverse Momenta in

Back-to-Back Dihadron production at CLAS12

H. Avakian et al. (CLAS Collaboration)
Phys. Rev. Lett. 130, 022501 (2023)

Two hadrons in opposite
hemispheres ( current and
target-fragm. regions)
Direct access to leading twist Fracture
Functions which gives conditional
probability to eject a longitudinally \
polarized quark with the additional
hadron in the target fragment
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First measurement of hard exclusive mA™" electro-production BSA off

protons
S.. Diehl et al. (CLAS Collaboration)
Phys.Rev.Lett. 131 (2023) 2, 021901

Provides access to p-A
transition GPDs

Provides access to the d-
quark content of the nucleon
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BSA clearly negative and ~ 2 times larger than for the hard exclusive
m* /7% production — Polarized u quarks (n*n, n°p) has positive
asymmetry, d quarks (1"A**) negative asymmetry



Hall C - New nuclear data challenge theory

Ruling out color transparency in quasi-elastic Probing the Deuteron at Very Large Internal Momenta
12C(e,e’ p) up to Q? of 14.2 (GeV/c)?
(e,"p)uptoQ (GeVi/c) Phys. Rev. Lett. 125, 262501 (2020)
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Will provide crucial information needed

for identifying the origin of the EMC effect




Hall C - Upcoming Results

Home of the precision cross section measurements through L/T and tagged DIS (TDIS)

gy Pion/Kaon elastic EM Form Factor W Pion/Kaon Structure Functions
ElsicEN £ o Informs how EHM manifests in the wave function o i o Informs about the quark-gluon
& . : momentum fractions
pk) F k) o Decades of precision F_ studies at JLab and oK) T alK)
Sullivan process recently completed measurement in Hall C for F_ Sullivan process
and also F
Jefferson Lab 12 GeV experiment C12-15-006/006A
Jefferson Lab 12 GeV - experlments E12-19-006, E12-09-011 =05 205 ,
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b i X | -~ GRV.P parametrization 3 [ - DysonSchwinger Eq.
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PionLT experiment with SHMS+HMS (completed in 2022): _
» L/T cross sections at fixed x=0.3, 0.4, 0.55 up to Q?=8.5 GeV? TDIS with SBS: Pion and Kaon F2 SF extractions
» Pion form factor at Q2 values up to 8.5 GeV? v'High luminosity, in valence regime
KaonLT experiment with SHMS+HMS (completed in 2018/19): ;9 ;lAlrgfs'/ ) o Independent charged pion SF
> Highest Q2 for L/T separated kaon electroproduction cross section; LT x1o/emss o First kaon SF
separated cross sections have been extracted — anticipate Large acceptance o  First neutral pion SF

~70 msr

publication as soon as later this year; KaonFF will follow if warranted
Important for small cross sections




MOLLER: World-leading Measurement of e-e PV

(Qe,) = £2.1% (stat) = 1.1% (syst.)
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SoLID Whitepaper : J.Phys.G 50 (2023)
Highlights of SoLID scientific programs

and instrumentation

Solenoidal Large Intensity Device (SoLID)
CLEO magFét @Jlab

Fully Enables CEBAF 12 GeV at the Intensity Frontier - \
= : , ; = ; : i J -

L« cold tes?c?bmpleted
. *1to 2 days of power.
_on testing at 1 e

A

I

S 5 ~
.
e e

cm-2s

High luminosity 1037-103°
+

large acceptance detector

— Nucleon spin, origin of proton mass and gluonic force, BSM 7/ ; y . .y oA Y
experiments require precision measurements of small cross sections [ R . Aiel 3
and asymmetries, combined with multiple particle detection
— There is a critical need for a high luminosity 1037-103° cm2s and
g y SoLID Awaiting Science Review Report

large acceptance working in tandem — takes full advantage of

Jefferson Lab capabilities




Hall B: Nuclear Experiments

Suite of experiments using nuclear targets: D, C, Al, Sn, Cu, Pb July 2023-Nov 2024

, : 0.9 .
* Study of Color Transparency in Exclusive Vector Meson [~ Mieory BN CT Model e

0.85r..... .
Electro-production off Nuclei new Double-Target system T g e O

® 5 GeV CT Result
O Exp: Hall B, 11 GeV

S
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* Quark Propagation and Hadron Formation 0.75-

0.65

* A Low Energy Recoil Tracker (ALERT): A
comprehensive program to study the partonic nuclei
& nuclear effects
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Coherent Processes on ‘He

DIS on #He and 2H : Tagged EMC Effect Incoherent processes on 4He and 2H

* “He(e € “He ) * 4He(e, e/+3H)X (proton DIS) * 4He(e, ey p+3H)

®* 4He(e, € ‘He o) * 4He(e, e'+3He)X (neutron DIS) * 4He(e, &'y +3He)n
Explores the partonic structure of * ?H(e, o' + p)X (neutron DIS) * H(e, ey + p)n
‘He Test FSI and rescaling models Identify medium modified nucleons

- S

« |dentify light ions: H, 2H, 3H, *He,
and ‘He

* Detect the lowest momentum
possible (close to beamline)

« Handle high rates

« Survive high radiation environment

— high luminosity




Hall C Neutral Particle Spectrometer (NPS) Program

Relevant technologies for EIC (backward EMCal, BO calorimeter) Detector- frame

e- beam — small angle configuration Large angle and other configuration

E12-14-003

* Wide-angle Compton Scattering
E12-14-005

*  Wide Angle Exclusive n° Photoproduction

E12-13-010-E12-06-114 - E12-13-007 —E12-23-014
*  Exclusive Deeply Virtual Compton on proton
* SIDIS p(e,e’,p°) cross section.

Map the transverse momentum dependence.
E12-22-006 E12-17-008
*  Exclusive Deeply Virtual Compton on deuteron *  Polarization observables in WACS

Subtract the proton data from deuteron data to E12-23-004
get neutron Search for nonzero strange proton FF

. C12-20-012 (standard + positron beam)
Completed Run Group 1A in 2023/24 «  DVCS using a positron beam

Magnet

Nucl.Instrum.Meth.A 956 (2020) 163375

Neutral Particle Spectrometer (NPS)
i : : Magnet with calorimeter
8 . - 1080 Lead-Tungstate blocks in
| - Calorimeter to detect y & n°
- fADC250 with streaming triggers
- NPS attached to SHMS carriage to
allow easy angle change. The
calorimeter is on rails.

Miktat Imre and Carlos Domingues
installing PMT/bases assemblies



JLab — EIC Science and the Interaction Region
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global processing and storage

e JLabis a partner in the EIC Project

* Working on the science and
designing the detector to
accomplish the physics goals of ePIC
collaboration.

* Computing for ePIC is also being
developed

* Project management

EIC Detector
R. Ent (TJ)
E. Aschenauer (BNL)

Detector Management
L Ent (1) Fﬂa:cr::::?n}
E. Aschenauer (BNL) :
Detector R&D and DAQ)'Compuﬁﬁg
Physics Design D. Abbott (TJ)

T

Tracking

J. Landgraf (BNL)

Detector Infrastructure

B.Eng (T)) R.Sharma (BNL)

Particle Identification IR Integration &
(PID) Ancillary Detectors

B. Zihlmann (TJ) Y. Furletova (TJ)
Electromagnetic Detector Pre-Ops &

Hadronic Calorimetry

A Kiselev (BNL)

Detector Magnets

R. Rajput-Ghoshal (TJ)

MZRon Lab
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Far-Forward Physics at EIC

All these processes require the detection of protons, neutrons, photons and hadrons at
small scattering angles = MAJOR EIC science and detector emphasis
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Sullivan process

Look at this process in more detail as example of science from JLab to EIC
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What Do We Know: Mass of the Proton, Pion, Kaon

Visible world: mainly made of light quarks — its —
mass emerges from quark-gluon interactions. gy

Proton

Quark structure: uud
Mass ~ 940 MeV (~1 GeV)
Most of mass generated by dynamics.

xf

MeV

w! e

- exp. uncert.

Gluon rise discovered by HERA e-p L [ premeimionmmcet.
GeV 10 10° 10° 10 L1
. Fraction of overall proton momentum
carried by quark or gluons

Quark structure: ud
Mass ~ 140 MeV

Exists only if mass is dynamically @ 1 Mass ~ 490 MeV -
generated. Ny Boundary between emergent- @ @>
Emotv or full of gluons? and Higgs-mass mechanisms.
Yoo o More or less gluons than in pion?

Quark structure: us

proton the EIC will allow determination of an important term
contributing to the proton mass, the so-called “QCD trace anomaly”

pion and the kaon the EIC will allow determination of the quark «
and gluon momentum contributions with the Sullivan process.

C. Aguilar et al., Pion and Kaon structure at the EIC, arXiv:1907.08218, EPJA 55 (2019) 190.
Arrington et al., Revealing the structure of light pseudoscalar mesons at the EIC, arXiv:2102.11788, J. Phys. G 48 (2021) 7, 075106.



Light Meson Structure Programs at JLab and EIC

Beyond protons and neutrons, pions and kaons are the necessary main building blocks of nuclear matter.
If we really want to claim we understand QCD dynamics, we have to understand their structure.

Proton Mass ~ 940 MeV versus Pion Mass ~140 MeV Pion and Kaon Structure at the EIC — History
Paradoxically, the lightest pseudoscalar mesons—
th . d k to be kev to th O PIEIC Workshops hosted at ANL (2017) and CUA (2018)
e plons an aons appear o be ey 0 e O ECT* Workshop: Emergent Mass and its Consequences (2018)
further understanding of the emergent mass and Plon and Kaon Structure at an Eletron- PIEIC White Paper (2019)
structure mechanisms. R. Abdul Khalek et al., Nucl. Phys. A 1-2 0 2017, PvisJuf,
1026 (2022) 122447 —
L | =106 = glue wouwm«
© 1o = sea -
= valence
_‘E osf [ S@Fs 02 L
© oy EIC L EIC Yellow Report and
% 06 . 005 6% /8 v Meson SF Paper (2021)
Jefferson Lab and EIC meson S | vl g _— .
FF and SF measurements L TR X
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X :mkendolm et al.' B c % | &\x\ 6
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mo JLab (6 G_eV) o Projected uncertainties for measurements at EIC &€r e 1
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EIC and Light Meson Structure Measurements

Good Acceptance for TDIS-type Forward Physics! Low momentum nucleons easier to measure!

EIC Yellow Report - e
1.04 Central N

ouf O EIC design well suited for HERA-style (Sullivan process/leading

hadron) pion/kaon SF measurements
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EIC Pion/Kaon SF Measurements &/
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The Pion in 3D — Spatial Imaging

Lot of recent theory interest in the Sullivan process and calculations of meson structure

E BB EEEOEN

Pion tomography using the lattice —
valence quark GPD results

H. Lin, Phys. Lett. B 846 (2023) 138181
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The Pion in 3D — Momentum Imaging

Lot of recent theory interest in the Sullivan process and calculations of meson structure

PRD 105, LO71505 (2022);

PRD 104, 114012 (2021) E. Ydrefore & T. Frederico
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FIG. 1. The conditional TMD PDF's for the pion (left) and
proton (right) as a function of br for various z values (in-
dicated by color) evaluated at a characteristic experimental

scale ) = 6 GeV. Each of the TMD PDFs are offset for visual

purposes.

P. Barry, L. Gamberg, W. Melnitchouk, Moffat,
Pitonyak, A. Prokudin, Phys. Rev. D 108 (2023)
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Steps towards pressure distribution

Nature, 557, May
17,2018
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Experimental prospects at EIC first discussed in J. Phys. G 48 (2021) 7, 075106 — further work ongoing



Steps towards pressure distribution
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Meson Structure — a Synergy of Experiment, QCD
Phenomenology and Lattice QCD

Phenomenological
Priors

This plot was made in the context of a Experiment l Lattice QCD

large group of theorists and \ /
Global
Analysis

experimentalists working together on
pion and kaon structure in a series of EIC-
LFQCD —( 2°Im20% ) 4= Schwinger-Dyson

related workshops (“Pion and Kaon
Structure at the EIC”).This group
continues to meet, with emphasis on the

synergy of experiment, QCD theory and \ I /
LQCD.

QCD at
J. Phys. G 48 (2021) 7, 075106; Conpting
arXiv:2102.11788

This will remain the theme, the mesons provide an excellent area to make progress in
understanding and gaining intuition of how QCD works. The two-quark systems lend
themselves for advanced QCD theory calculations of the QCD dynamics. The Sullivan process
may (should!) provide the key data required for experimental validation.




Summary

[ The 12 GeV era is going strong
o More than 1/3 of experiments have been completed
o High-profile results are emerging from the program
U CEBAF’s approved program extends into 2030s (assuming ~30 weeks OPS/year)
o 86% complete in FY29 without SolLID
o 70% complete with SoLID
( CEBAF will remain a critical facility for fixed target electron scattering at high luminosity
o Laying the groundwork for an exciting role for CEBAF in the EIC era

1 Example of science from JLab to EIC: Meson structure is one of the Far Forward processes with major

EIC Science and Detector Emphasis and is essential for understanding EHM and our visible Universe
o Meson structure is non-trivial and experimental data for pion and kaon structure functions is extremely
sparse
o Jlab 12 GeV will dramatically improve the nt*/K*/n° electroproduction data set
o EIC - Potential game-changer for this topic due to large CM range (20-140 GeV); Large x/Q2 landscape for
pion/kaon SF; Potential to provide definite answers on different gluon distributions in pion/kaon
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