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~ several fm
nuclear binding

~1fm

hadronic structure
excitation spectrum

~0.3 fm

chiral symmetry breaking
mass generation

~0.1 fm

perturbative dynamics

The ability to reduce everything to simple fundamental

laws does not imply the ability to start from those laws

and reconstruct the universe.” -- More is different, P. W.
Anderson [Science 177, 393 (1972)].

 Study the emergence of

hadron structure & the quarks
and gluons dynamics in the
non-pQCD regime

* Search for Physics BSM




Complex and
multifaced problem
requiring multiple
observables sensitive
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Jefferson Lab and CEBAF
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* 12 GeV scientific era is going strong (startedin2017) "OoF.. ™™
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- High-profile results emerging from 12 GeV program CM energy [GeV]

- At least a decade of running in the future

* Looking toward exciting future scientific
opportunities that could be obtained
through cost-effective upgrades

-CEBAF @ 22 GeV
- Positron beam @ 12 GeV




What a 22 GeV Upgrade will bring?

* A NEW territory to explore = cross the critical threshold into the region where cc
states can be produced in large quantities, and with additional light quark degrees
of freedom.

« A BETTER (and needed) insight into our current program =» enhancement of the
phase space

* A BRIDGE between JLab @ 12 GeV and EIC = test and validation of our theory
from lower to higher energy and with high precision

The physics program will:

* Leverage on the uniqgueness of CEBAF HIGH LUMINOSITY

 Utilize largely existing or already-planned Hall equipment

- Take advantage of recent novel advances in accelerator technology

5 4e,f_f.e-r:son Lab



JLab Energy Upgrade Development
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The Hadron Spectra

With an energy
upgrade a unique
production
environment of
charmed exotic states
can be probed




Photoproduction of Hadrons with Charm Quarks

Potentially decisive information about the nature of some 5-quark and 4-quark (XYZ) candidates
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Many “XYZ” states observed in B decays, e*e- colliders _—

Scarce COI’ISiStency between various pl"Od uction 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

mECha nisms 7t 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.

Significant theoretical interest and progress, but

internal structure not understood yet 9 Jefferd
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Spectroscopy of Exotic States with cc

o ash Luminosity for 100 days running
. . e
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Spectroscopy of Exotic States with cc

CLAS12 -HALLB
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Nucleon’s Structure

Better Insights into
Quarks and Gluon
Dynamics

N\

- Distribution of Mass
- Distribution of Forces and Pressure
- Transverse Structure of the Nucleon

These properties emerge from the complex dynamics of its fundamental constituents




J/W photoproduction close to threshold

Gluonic properties of the nucleon

* Relation to nucleon gravitational form factors (GFF)
- Relation to EMT trace anomaly and nucleon mass

- Proton mass radius

GPD factorization
gravitational FFs

13 Jefferson Lab



J/W photoproduction close to threshold

- J/V-007 (dipole)
4 GlueX

Lattice (2021)

& J/W-007 (dipole)
J/V-007 (exp.)
| @ GlueX

Gluonic properties of the nucleon

» Relation to nucleon gravitational form factors (GFF)
- Relation to EMT trace anomaly and nucleon mass

- Proton mass radius

...But under certain assumptions
* VMD relates yp = J/Up to elastic J/Yp = J/Pp

832 0.4 0.6
radius (fm)

0.8 0.0 0.1 0.2
M,/M

03 ¢ m,— o= interaction via gluon exchange
* GPD factorization valid at threshold

Detailed studies of the reaction yp - J/{p are needed in order to
verify the validity of the assumptions



J/w photoproduction near threshold: GlueX Results

PHYSICAL REVIEW C 108, 025201 (2023) vp = AeD™ = J/p
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oroduction with GlueX @ Higher Energies
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Energy upgrade gives
significant increase of
polarization FOM, allowing
unique studies of the gluon
exchange for J/y and higher
charmonium states

Any deviation from the
expected naturality (+ or
-1) indicates contribution
of mechanism different
from what is needed to
study mass properties of
the proton
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Global Properties of the Nucleon

The structure of hadrons is
probed by exploring their
interactions with the fundamental

p I pv
currents Jg Jo . Tgrgle

The matrix elements of these
currents are described in terms of
Form Factors

The most fundamental
information corresponds to the
form factors at zero-momentum
transfer

em: BuJt, =0 (N’|JELINY — Q = 1.602176487(40) x 10~1°C
p = 2.792847356(23) N

weak: PCAC (N'|JE L IN) = g4 = 1.2604(28)
gp = 8.06(55)

gravity: OuTES, =0 (N'|TEY, |N) — m = 938.272013(23) MeV /c2

J=1

N—”

DOI: 10.1142/S0217751X18300259 /

* All well known except the D-term

* |t reflects the internal dynamics of the
system through the distribution of forces

17 \;e,f;fe-r:son Lab



Nucleon Gravitational FFs and Generalized Parton Distributions

/ w — / 11 U P(“‘irf”)” A“ sk A“A” —_— g/“"AQ graviton*
» Matrix elements of QCD EMT (P'|T"|P) = u(P") [ A(t)y" P") + Bt)—— T AM u(F)
For a spin % hadron there are 3 independent Form Factors associated with scattering off a graviton 4 a
/
p p

* Generalized Parton Distributions: multidimensional description of nucleon
structure (longitudinal momentum versus transverse position) H E H E

* A massless spin-2 field would couple to the stress—energy tensor in the same way that
gravitational interactions do - D —term accessible through DVCS measurements

, , 1 1 1 3
ReH (&, 1) + iImH (£, 1) = ./_1 dax L S £ T I,J H(z,&,t)

ReH,(E,t) = %/1da:PIqumt / ,Z

* D-term related to the subtraction constant in the dispersion relation (at fixed t) for
the Compton Form Factor

18 4e,f_fe-r:son Lab




Mechanical Properties of the Proton

e (quark) D(t) term and determination of
the pressure distribution inside the proton

from JLab-CLAS DVCS data @ 6 GeV
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Large -t range required
to perform the Fourier
transform with
controlled uncertainties
=> high luminosity
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Bound 3 Quark Structure of N*s and Emergence of Mass

Continuum Schwinger Method

The solution of the QCD equations of motion
for g/g fields reveals existence of dressed q/g

with momentum-dependent masses.

Mass (GeV)
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o
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0.2 F
0.1
0.0 [,

« JLab22 is the only foreseeable facility to
extend these measurements up to 30 GeV2
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« Q2 evolution of the y,pN*
electrocouplings could
offer an insight info hadron
mass generation and the
emergence of the N*
structure from QCD

—
Jefferson Lab



3D Picture of the Nucleon in Momentum Space (TMD)

v=E-FE

0* = 4EE sin(0/2)
x=0%/2Mv
z=E,/v

o o=f(x, G2 z,P)

dx dydog dz doy, dP,?l

02 y? - - ~COS @y, ; ~COS 2d.
= S I—a) (ly— = {1‘:'/;7' +eFyun+v2e(l+¢) cosdp Frpp; ™" + e cos(2¢) Frp ™"

A more complete picture of the nucleon
...but there is no free lunch
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The Nucleon Structure in 3D
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SIDIS Enhanced Multi-D Phase Space @ 22 GeV
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= Q2 evolution studies possible

QCD predicts only the Q2 dependence

+ Increase significant the range of high

Q2 allowing:

- Studies of evolution properties
- Disentangle leading/sub-leading
contributions

- Validate/test the phenomenology

Enhanced P; Range
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* What is the origin of the “high” PT tail?
Perturbative/non pert. conftributions?

Q* (GeV?)

Projections for 100 days of running with L= 103 cm2s-1
using the existing CLAS12 simulation/reconstruction chain
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Expected uncertainties for SIDIS cross sections in 4D bins



Impact of SIDIS data at 22 GeV

O Spin-averaged TMD - up quark:

. MAPTMD22
NQ‘ W MAPTMD22 + JLab24
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+
Simulated JLab data: Q2 > 1.4 GeV?;, 0.2 < z < 0.7; Py < min[min[0.2Q, 0.52Q] + 0.3 GeV, 2Q)
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Nuclear Dynamics

— T Exploring nuclear forces dominated by

1{,:1::«1! nuclear repulsion
ectron

Investigation of nuclear-medium effects

’ A - antishadowing and the transition to the EMC
region wit unprecedently precision

SRC

Correlated Partner

Proton o Nedrtron

* Hadronization and Color Tranparency




Nuclear Dynamics at Extreme Conditions

The dynamics of the nuclear repulsive core is still poorly understood

- Crucial for understanding the dynamics of transition between hadronic to quark-gluon 1s0
phases of matter
- evolution of the universe > 100
- dynamics of superdense matter at the cores of neutron stars ()
A 22 GeV upgrade will provide reach to the nuclear forces E so Nuclear Shels
dominated by nuclear repulsion >“
O [EaaE e N
JLab22 ——
100 so ==
FJF
F12N -100 NN-SRCs
10} 5
-150 15 2 25
1, fm
1k | JLAB22 JLAB12/6
o0l | o Superfast Quarks
: The high Q2reach will allow
+ the suppression of quasi-elastic contributions,
+ the first-ever direct study of nuclear DIS structure
0.01 - function at Bjorken x> 1.2 (r~ 0.5 fm,)
10 5(
JLab12

Q?, GeV?
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CEBAF FFA Upgrade — Baseline under Study

Starting with 12 GeV CEBAF Enabling Technology:

NO new SRF Novel permanent magnets CBETX- like (power & cost savings)

NEW 650 MeV injector A

Remove the highest recirculation pass and replace

them with two FFA arcs including TOF chicane e c

Recirculate 4 + 6.5 times to get to 22 GeV . =
< Toom > v < Toom > M

Focusing Magnet BF Loe= 1.67 m Defocusing Magnet BD Lgp= 1.24 m

* A prototype open midplane
BF magnet was built and
evaluated for mechanical

650 MeV integrity

* Magnetic measurement
confirmed a robust design
with >1.5 Tesla in good field
region, 1073 field accuracy

Synchrotron Radiation impact on beam quality
Net transverse emittance dilution : 150um
Net natural energy spread : 2x103

Net synchrotron radiated energy: 1 GeV

* Radiation resilience tests
will be carried out at CEBAF




Multi-Bunch Dynamics in CBETX FFA Arc

articles remaining: 4000 / 4000 / 4360
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A Positron Program with CEBAF at 12 GeV

* Topical issue on An Experimental Program
with Positron Beams at Jefferson Lab
Eur. Phys. J. A 58 (2022) 3, 45

JLab PWG = ~250 Physicists

* Dedicated R&D program to add a positron source capable to produce 100 nA
polarized and 1 wA unpolarized positron beams.

* Demonstrated for the first time the efficient
transfer of polarization from e” to et

§IOOT 2
:;= 80;— ; 3 ' I'he European Physical Journal volume 58 - special issue « april - 2
2 60
- * /A
ﬁ 40— }
% 20:_ @Rnognludbyimopnn Physical Society
e Hadrons and Nuclei
%100% rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr —
. X !
” e e A g o
"k 1 = o X £ ool ¢
* PEPPo setup in theinjector area ofCEABF 13 } “An Exponmenta Program
P= 8.19 MeV/c - . 2ol
0 1 2 3 4 5 6 7
p MeV/e) Edited by Nicqlag Alamanos,
Phys. Rev. Lett. 116, 214801 Dougias Higbotham,
aSyl‘I;i;rli\lcit:\;:gL?:,e:lxel Schmidt
* A Positron Program White Paper has been published in 2022
* Experimental program accessible to positron beams:
e.m. Form Factors, PDFs, GPDs, physics BSM, measurement of weak .
. courtesy of Joanna Griffin,
neutral-current couplings, LFV defrson Lab

* 6 Proposals and 5 Lols submitted to the JLab Program Advisory
Committee in July 2023 29




One Detailed Example: Understanding Two Photo Exchange

P.A.M. Guichon, M. Vanderhaeghen, PRL 91 (2003) 142303 P.G. Blunden, W. Melnitchouk, J.A. Tjon, PRL 91 (2003) 142304

Measurements of polarization transfer observables in electron elastic scattering off protons question the validity of
the 1y exchange approximation of the electromagnetic interaction.

A.J.R. Puckett et al. PRC 96 (2017) 055203

[ T T T | T T T | T T T | T T I T T ]
1.5 T —
1.0 S é % % % %} O ]
o = E =
[©] ..
B o5l ouniabio i Two-photon exchange (TPE) is likely the cause of the form
o V-9 @ Punjabi05 ] . .
2* | m Pucketti2 1 factor discrepancy at high Q2.
- A This work ]
- V Christy04 ==
- O Andivahis94 n
0.0 == . . .
| =~ Global fit] ——— Global fit Il i o ~ M |2 + 2Re [',\AI,PJMZ,T] + ..., elasticscattering cross section
- Crawford07 Ron11 B
- Vv Zhanit Paolonei1 E
: 2 2 i J
el ¢ Qa“‘l’“os *l This ""°’kl(° ~2B Gel") B Ray = Tete _ 14 4Re M 1’?“:2’?] 4+ .. positron-proton/electron-proton cross section
0 1 1 1 > 1 1 1 a 1 1 1 6 1 1 3 1 1 oc—p |)M 1’_rl

Q2 (GeV?)
e* @ JLab has a the unique opportunity to bring a definitive answer about TPE.
30 ‘g_e,f_f.e-r:son Lab



Electron/positron injector vault is required for 12 GeV e+ and 22 GeV e-

123 MeV ¢* and 650 MeV ¢ i
. Injected to North Linac NorthLinac 0 Beamline
' | to CEBAF =
m o A \ l
g_'l £ BN ) R i | TI]_;]_I]?] l'u
~ / i; . 1 = A o [“I:v"_p “"___: | 1 E‘E‘
) a5 = - B | 7 erE |
e i i — : 4
WP West | 'C:,’Vgg - ' -1
o - - [ b : < -
e \Elj Arcs || % ) I - %
, im {i. O = 1 0= ]
A T N -
N AL T - e R ———— R —————
iy "HE  nEEm - .
;"L T South Linac
‘Green beamline’ is a cost-effective option for staging positron and energy upgrades:

123 MeV e* for 12 GeV CEBAF
- 22 EBAF E
650 MeV e for 22 GeV CEBAF Energy Upgrade‘!re/f/f_(;?Son Lab
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Conclusions and Outlook

 QCD manifests fascinating complexity

Large research facilities like CEBAF are required to understand the implications of
QCD in experiments

* CEBAF will remain the prime facility for fixed target electron scattering at the luminosity
frontier

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 unique insight into the non-pQCD dynamics
It is complementary to the envisioned EIC program

It has been presented at the NP Long Range Plan

Strong support by a Broad Community

32 Jefferdon Lab



