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The Jefferson Lab 12 GeV upgrade project was
declared completed on September 27, 2017.

A Upgrade arc magnets

and supplies
Add 5 cryomodules ‘ \
a

/7 /1

CHL upgrade ) /

29’

\ 20 cryomodules

Enhanced capabilities
in existing Halls

The last 6 GeV era experiments
completed in May 2012.
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To date, over 27 experiments (~1/3) have already

been completed using the upgraded JLab.

ad '4 Hall operation
smce Jan. 2018

First beam May 2014,
2 experiments completed

Hall-A

First beamy &
April 2014, O 8
9 experiments it =
completed ™

First beam Sept. 2017,
7 experiments
completed

Hall-B
First beam Dec. 2014,

9 experiments completed
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These early experiments address a wide range of
basic nuclear physics questions.

1. How do we reveal the quark structure of nuclei?
2. Why & how are the quark distributions inside nuclei modified?
3. What is the nature of short range forces in nuclei?

N
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1. Introduction
2. Early results from
- Experiments probing short distance structure in light nuclel.

- Experiments studying hadron propagation in nuclei.

- Experiments looking at short range correlations and
the EMC effect

3. Summary
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The role of quarks and gluons in nuclei is still one of

the important unsolved and much debated problems.

Quantum Chromo Dynamics (QCD) is the fundamental theory describing the
strong force in terms of quarks and gluons carrying color charges.

>,m

Nuclei as stable
systems made of
quarks & gluons
should be excellent
testing ground for
QCD.

quarks and gluons
in nucleons + nuclei
are non-perturbative
(hidden)

Hadrons in nuclei
are strongly
interacting.

D. Dutta

Aacp ~ mass or (distance)-! scale where Os = 1;

Asymptotically
free quarks

\\\\
| Q> Agep
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separates confinement and perturbative regions

pQCD mechanisms
dominate at

high energies or
short distances

Unclear what energy is
high enough for pQCD

“H to be un-ambiguously

applicable
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QCD is the only legitimate candidate for a theory of the

strong force, but there is no consensus on how it works.

Matter is colorless

Traditional nuclear physics: QCD: quarks + gluons

nucleons + mesons with linear confining potential
forr>0.5fm
A potential between T. Kawanai and . Sasaki, Phys. Rev. D85, 091503 (2012)
V(r) A two nucleons |
0.5 | potentlal between ) =
r [fm] quark and antiquark -
- l O frrrr e T e e .
>
b
2 05
>
1L
Lattice data ——
15 L NRp model
Y 0 01 02 03 04 05 06 07 08 09
r [fm]
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How to describe nuclei in terms of quarks & gluons of QCD?
What is the energy threshold for the transition?

Tuesday 13 April 2021
Unraveling the Nucleon's Collinear Structure (13:30-15:30)

14:50 [136] Residual Mean Field Model of Valence Quarks in the Nucleon SARGSIAN, Misak
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JLab 12 GeV program has a wide ranging program to

address these very questions.

Examine nuclear structure at short distance scales to reveal QCD as the
ultimate source of the strong interaction.

V(r) A,

\ . fml

Understand the role of color in nuclei by studying the propagation of hadrons
through nuclei with exclusive processes.

Probe the properties of superdense fluctuations of nuclear matter and their
correlation to the modification of quark distributions in nuclei.
QNSRC

3N Ske
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Study nuclear structure at short distance scales to

reveal the ultimate source of the strong interaction.

D(e,e’p)n provides details about the high-momentum or short distance structure

V(r) A

-

| [

core

~0.6 fm d’oc (

Experimental
Momentum distributions:
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One of the commissioning experiments in Hall-C

examined the short distance structure (core).

D(e,e’p)n provides details about the high-momentum or short distance structure

The Hall C experiment Reduced Cross Section, 0,,, = 35 £ 5 deg
extends the reach to the ! :

10" 3 .
highest |Pm| to date. E " Paris PWIA

10° - — Paris FSI
|IPm| ~ 1 GeV/c ——- AVI8 PWIA

107" 5 —— AVIS8 FSI
Theory input was crucial for B — == CD-Bonn PWIA
this experiment to help W —— CD-Bonn FSI
select the kinematics with R ®  This Experiment (Hall C)
small FSI = Hall A Data
ST

Results show deviations ]
from current models 1077
above |Pm| > 700 MeV/c 105 -

7] R
Future: new improved 107" 5 s
calculations and explore o-o o " 0 N 0 o
inelastic channels at JLab & ' | | | | ' |
pr (GeV/e)
EIC _
C. Yero et al., Phys. Rev. Lett., 125, 262501 (2020). Plot courtesy Carlos Yero
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JLab 12 GeV program has a wide ranging program to

address these very questions.

Examine nuclear structure at short distance scales to reveal QCD as the
ultimate source of the strong interaction.

V(r) A,

Understand the role of color in nuclei by studying the propagation of
hadrons through nuclei with exclusive processes.

Wednesday 14 April 2021
Hadrons in Nuclei (13:30-15:30)
14:30 [73] Onset of Color Transparency in Protons at JLab BHETUWAL, Deepak

Probe the properties of superdense fluctuations of nuclear matter and their
correlation to the modification of quark distributions in nuclei.
QNSRC

3N Ske
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Study the propagation of hadrons through nuclei with

exclusive processes.

Look for the onset of QCD predictions associated with hadron /”’"'
propagation in nuclei. )

o/ :” 3 o —
Establish connections with the alternative framework which “% _{,;j%" — —
advocates the dominance of the handbag mechanism w?f;,—o{;:)

At high energies hadron propagation is dominated by reduction of flux, which is quantified

L
by Nuclear Transparency. G, Ou =nuclear cross section parameterized as G, A

g - AG, o, =free(nucleon)cross-section

A T T FLSALSA AL T R L PP Akl
“pp scatt. cross-section

Traditional NP calculations Ingredients Nermesoo
1.0 _ W e ———"jdependent
e 0O,y h-N cross-section o T T
T e Glauber multiple mJ ‘
scattering approximation ’
e Correlations & FSI effects.
2.0 Energy (GeV) 10.0 :

For light nuclei very precise calculations of are possible.
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QCD predicts that h-N interaction for hadrons produced

in exclusive processes at high Q should vanish.

I .0 ______________________________ CT

(AN
"lé\
2
[
&
GPW IA

-Q/6 ;‘
-Qi6 4 3
-Q/6 + - Qe

2 >
Q, Q —

At high momentum transfers, scattering takes place via selection of amplitudes
characterized by small transverse size (PLC) - “squeezing”

The compact size is maintained while traversing the nuclear medium - “freezing”.

The PLC is ‘color screened’ - it passes undisturbed through the nuclear medium.

b
O prLc™ %nN "2

R h
CT is unexpected in a strongly interacting hadronic picture, but it is natural in a quark-gluon framework.

Onset of CT would be a signature of the onset of QCD degrees of freedom in nuclei
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CT is also connected to the framework of GPDs and essential to

account for Bjorken scaling in DIS at small x.

The onset of CT is a necessary (but not sufficient)

conditions for factorization.
-Strikman, Frankfurt, Miller and Sargsian

- small size configurations (SSC/PLC) needed for factorization

- It is still uncertain what Q2 value reaches the factorization
regime

pet T = ZEUS
0L peseee 3200020 « BCDMS’
el o e NMC
Reduced interaction at high ARl = :
. 13 - - - aes §U UG ST WEONE "&:2]'0"
energies due to "squeezing 102 autenee e
and freezing’(i.e. due to CT) [ aa
| d in calculations of oreddsst et sy Y
IS assume In lca ] g_mm.!...... srevmatindy o ) §; g ﬁzg"'s F
structure functions. ety g 4] e
1w = : -3
L. Frankfurt and M. Strikman, e T o] {
Phys Rep. 160, 235 (1988). 0’ Pl xope 2
. NLO QCD Fit
- - - 10 AT EETTT B T S AT T T SRS T T R
CT is implied by the successful 0 ot 0wt W
description of DIS. Q /GeV
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Although CT is well established at high energies the

evidence at intermediate energies is lacking for baryons.

First direct search for the onset of CT

Transparency in A(p,2p) Reaction at BNL

0.8 o New Result PRL 87, 212301 (2001)
m JOOSK ResuiF PRL 81, 5085 (1998)
o 1988 Resultf PRL 61, 1698 (1988)

Solid line is fit to

Transparency T
o
N

0.4:
— |1 /oscillation in
= = . pP-p scattering
0.3 — - Ir\ data
ozf fFT | T | -
- -
01 £ ™\ Shaded band
n Glauber

O 1 1 [ 1 1 I | 1 1 1 | 1 1 1 | 1 1 1 L 1 I |
(5 8 10 12 14 16

Beam Momentum GeV/c

calculation

Results inconsistent with CT only. But can be explained by including additional
mechanisms such as nuclear filtering or charm resonance states.

EEP-2017, Bled, Slovenia D. Dutta Color Transparency 12 /25



There has a been a long ongoing effort to measure CT In

protons using the A(e,e’p) reaction.

Q2 dependence consistent with

A(e’e p) results standard nuclear physics calculations

0.9 e 3ok

0.8 |-
= 07 Solid Pts - JLab
g 0.6 [ Open Pts -- other
o
@ 0.5
S
= 04 4 L A

0.3 o, a

A
0.2
0.1 ; | !

Constant value fit for Q2 > 2 (6eV/c)? has y2/df~1

N. C. R. Makins et al. PRL 72, 1986 (1994) D. Abbott et al. PRL 80, 5072 (1998)
G. Garino et al. PRC 45, 780 (1992) K. Garrow et al. PRC 66, 044613 (2002)
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But, JLab experiments from the 6-GeV era have

conclusively observed the onset of CT in mesons.

A(e,e' 1) A(e,e' p9)

0.75

e --= FMS Model (No CT)

ve | — musmodelcr) | Hall-C Experiment E01-107

081 0.7 1 pion electroproduction from

| | nuclei found an enhancement

' . T e ] in transparency with increasing

05| ‘CLAS Experiment E02-110
- rho electroproduction from
045 | nuclei found a similar enhancement,

onsistent with the same predictions
041 ceveieoeieel (L. El-Fassi, et al., PLB 712, 326 (2012) )

_ e

o 0.6 B | 2 » [

c Q2 & A, consistent with the
h - -

g | 0.6 prediction of CT.

0 | T T e "_-- B (X. Qian et al., PRC81:055209 (2010),
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FMS: Frankfurt, Miller and Strikman, Phys. Rev., C78: 015208, 2008
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The first experiment to run in JLab Hall C in the 12 GeV era,

was a search for the onset of CT in protons.

« Coincidence trigger: SHMS measures protons,
HMS measures electrons
« Targets: 10 cm LH, (H(e,e’p) normalization),

* 6% 12C (production),
* Al dummy (background)

Loop 1 dce
Lone 1 10em

Loop 2 10ca

Loop 3 10cw

10cm Dummy + C
10cm Dummy

| | dew Dusmy
I T T oeties 1

| | Optics 2

— Carbon Hole
Carkon 6Z A
Carbon 6X B
Carbon 0,5%
10E4C
11p4C

Berullius
Carbon 1.5%
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The results from the first Hall C experiment rule out the

onset of CT in (e,e’p) up to Q2 = 14.3 GeV?

. N 90 By ]
agrees with parametrization of known ) _ siMc
. . . . - 72 ‘ -
ep elastic data & simulation of experiment | i - -
Q 1.2 T R D R ' = . do SO . 0..). 1 TEr i
5 ' ' ' dE o dQ o dEydfly v [Py |7ep S D) 4 36 kL . 1 K
= 1L p(e,e’p) results k _ _ T .
= i ] spectral functions agree with 4 whk. R
~ | = H - 1 ] ]
E g Se—— PWIA reaction mechanism. § Bio Caliee sulieo a0l
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- No onset of CT which places very stringent 2
E constraints on all existing models

BNL observations unlikely
to be because of CT

Transparency
© © 2 9 2 2 2 9
N W & O O N O © -

= 4 This experiment =
- ¢ Bates E
- 0 SLAC — Constant value E
0.1 £ A JLab 95/96 ---- Glauber + CT(l, Ill) E
" F oo lJLab ?9 . S Rellalivistlic Glaluber-li CT 3
0 0 2 4 6 8 10 12 14 16 18 20 D. Bhetuwal et al.,
Q3 [(GeV/c)?] Phys. Rev. Lett., 126, 082301 (2021)

GHP-2021, Apr 14, 2021



https://indico.jlab.org/event/437/

The Future of Color Transparency and
. Hadronization Studies at Jefferson Lab and
. - Beyond

7-8 June 2021
Online

US/Eastern timezane

SUEEREE This workshop will explore the options for new theoretical and experimental efforts towards resolving

Overview the puzzling lack of color transparency in protons as reported by a new A(e,e'p) experiment at the
recently upgraded Jefferson Lab. The objectives of the workshop are to stimulate new theoretical and

Timetabic experimental work towards understanding the origins of the apparent reaction dependence of this
Registration fundamental prediction of QCD, and/or the differences between three-quark and quark-antiquark states.
Participant List The connection of color transparency/coherence phenomenon with final state interactions in deep

inelastic scattering, hadronization in the nuclear medium, heavy-ion collisions, and quantum
entanglement will be examined. The possibility for new experimental searches including at future
] d.dutta@msstate.edu facilities such as the EIC will also be discussed. The results of the workshop will be summarized in a
<> 662 617 5366 report that can serve as a roadmap for the future developments and a guide to areas for possible
collaboration.
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JLab 12 GeV program has a wide ranging program to

address these very questions.

Examine nuclear structure at short distance scales to reveal QCD as the
ultimate source of the strong interaction.

V(r) A,
: \ * r [me

Understand the role of color in nuclei by studying the propagation of hadrons
through nuclei with exclusive processes.

Probe the properties of superdense fluctuations of nuclear matter and their
correlation to the modification of quark distributions in nuclei.

Wednesday 14 April 2021 Hadrons in Nuclei (13:30-15:30) N spe.
14:50 [160] Elastic Electron Scattering from 3He and 3H Mirror Nuclei KURBANY, Leigaa

3N ke

Thursday 15 April 2021 Nuclear PDF's (13:30-15:30)

14:50 [172] Determing the isospin Dependence of short-range correlations in Tritium LI, Shujie
and Helium-3 at Jefferson Lab

GHP-2021, Apr 14, 2021



Examine what happens during the brief intervals when two

or more nucleons overlap In space (Short Range Correlations).

In inclusive quasi-elastic (QE) scattering
high momentum nucleons dominate at x > 1

QE 2N-SRC 3N-SRC
oA = 0Oqe + a2(A)o2 + az(A)os

probability of finding

2N SRC in nucleus A
If SRC is dominant the per nucleon oa _ az(A)
ratio of x > 1 yields should be constant .,, ~ «,(2//)

~ N. Fomin et al., Phys. Rev. Lett. 108 (2012) 092502.

6 - + } number of deuteron like high momentum pairs in
: 34 : 120 = g K (¢ p

< " : the nucleus (w/o corrections for center-of-mass
g L o v—o—oo b o ) mOtion).
0 r....r 1 I ] ] r'..?.. ] 1 ' ] :
6 F e 6, 1 b do we need quark exchanges between
;(i | . el " ‘ nucleons and the kneading of the nucleon
- 2 . - . " . u
K2l o’ o : constituents into six- or nine-quark bags?
S ntte ° ., _o° !
0+ +——+— .- ]
] -
r 9 197 -,—.—l— 1
5 P i s : DIS at x > 1 = access to super-fast quarks
3 g . - ® 7 i
loe. oo . : (quarks that carry light-cone momentum
L .? 1 1 L 1 .ﬂ". 1 L 1 ] et
0 > ?
TR i s iR e e B fraction > that of a nucleon at rest)
X X
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40 years ago the discovery of the EMC effect brought quarks

into nuclear physics.

i -ty J. Seely et al. PRL 103, 202301 (2009)
3 °© EMC S 1 0.35
, o0 BCDMS 1 Size of EMC effect 0.90
1.1 F e SLAC - varies with A '
’}j +¢ $+ - E 0.25
L o bbb *ﬁ’ .............................. % | ....] Shape of EMC effect™, 0-20
S 4) 2 P + =S 13 s n
= X =. { independent of A m 0.15
s % g " g &
o & & ’¢£%‘ gl 1 T 0.10
THE S 3 ’l‘ . z 1 Independent of Q2 08 E3He
K= ,%' EMC effect I. ¢ 2r
0.8 (s roiihea el guge B & g p Tty o TGS T midje orpiipra g 0.00 S T
0.0 0.1 0.2 0.3 0.4 05 0.6 07 0.8 09 10 S U L

X

L. Weinstein, et al., PRL 106, 052301 (2011); O. Hen et al., PRC 85, 047301 (2012)
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Residual strong interaction (Binding - Coulomb)

A large campaign underway at JLab to study SRC and EMC effect

D. Dutta
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A unique Tritium program in Hall A included studies

of superdense fluctuations in nuclei.

Charge Normalized Yield

Screenshot from
Target Operator GUI

107 = Tritium @ 4.9 uA, vield=1.974
Tritium § Tr!t!um @ 116 VA, vfold:Q.GS' |
Tritium @ 189 uA, yield=4.556
o 10 _ Empty Cell @ 22.6 uA, yield=0,069
Hydrogen E
Helium-3 E & ‘f !
Empty Cell — Jﬂ l[ ]
1C'E=
I | 25 cm Dummy = ! ."'MA‘_"!:&MO-L“MM-NJI
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= \ Make vertex z cut ,J Hﬁl
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3 . l“uu 50 remove endcaps | ‘}Eﬂ,}!
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T — 11 I 1 e T IS T 1 |
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" BeD Vartex Z {mi

—

Low activity (~ 1 kCi); High-pressure sealed cell @ 40K; Beam current < 22.5pA

Used for a broad physics program with mirror nuclei (3H, 3He)

Iso-spin dependence of o e
2N SRC 3N RC '-:-‘L""l l: R AT ELL R 'OEM(‘ --------- | o.gg ) : '*-f-\~-‘ ol
f uaccmsA | | \ e | F
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< | “% : | A SU®) 5 \ It I
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The Tritium program includes studies of short range

correlations with inclusive scattering from 3H/3He.

2 0,
———=a,(A
g @A)

D

(A/D) ratio of inclusive cross section at x>1

 probability of scattering from a SRC pair

Compare 3He to 3H to study the composition of SRCs

Helium-3/Deuterium ratio

3.0

Tritium/Deuterium ratio

3.0
I 0Q%=1.4GeV? I 0?2=1.4GeV?
25 . ) 02 1.8GeV? | 55| ¢ 0Q*=1.8GeV?
I7
2.0 - ¥§tii§£i i 2.0 1 ;1
< o, { JEEE ’iiii‘}
N’ 15 - * i 1.5 - :
N g ®
m * Y *
1.0 A : 1.0 - - 4
A -> _
- . ' . '
Preliminary 05| 3 Preliminary
0.0 T T T T T T 0.0 T T T T T T
0.8 1.0 1.2 1.4 1.6 1.8 2.0 22 038 1.0 1.2 1.4 1.6 1.8 2.0 2.2
Error bars represent stat. error and stat.+syst. error ij Error bars represent stat. error and stat.+syst. error ij
October,2019. Ociber,2019
Publication under review by collaboration XBj Plots courtesy of Shujie Li, LBNL
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The Tritium program includes studies of short range

correlations with inclusive scattering from 3H/3He.

Compare 3He to 3H to study the composition of SRCs

Oily  Opp+ Oy -~ TInp >
complete np /'"_i_ﬁ'l’e : L . : : ! S o S oty Oy
dominance m_ I 0Q%=1.4 GeV- upw— S

I I 0?=1.9 GeV?
0.9 > 0.85+-0.01
Ratio of np/pp SRC pairs
in A=3 nuclei =4.4+-0.4 i % i
0.8f ﬁ : {1 T
f H
I
no isospin . &7_____5_%% ____________________________________________ T3y _ 20+ Opp opn3on, o0
dependence Pr el min ary Ospre  Onn — 20,
Draft under collaboration review
U615 i 1.4 1.6 1.8 7.0
X
—
XBj Plots courtesy of Shujie Li, LBNL
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A study of short range correlations with exclusive scattering from

3H/3He was the first publication from the Tritium program in Hall A.

3N SRC

Short Range Correlations in 3H/3He

using proton and neutron momentum
distributions in A = 3 asymmetric nuclei

A(e,e’p) yields at x>1 vs Missing Momentum |Pn|

Spectral Function

Momentum Distribution (VMC)

— — — CDA & Kaptari AV18+UX At | P
= P — — Benhar & Pandharipande =~ —— NLO E1 (1.0 fm) t arge I mI,
ot IR NLO Ex (1.0 fm) 3He/3H ratio ~ 1 in
= — np dominance picture
E N3LO
S NLO
< N4LO
_G_Z L= NZLO
2
() I
& = NLO  ----- N“LO
2 = .
e NLO - CDBonn/TM deviations due to
N°LO

final state interactions (FSI)

S + NN potential?
2
o
S
© ! : 1 1 !

0 100 200 300 200 500

P el [MeVic] R. Cruz-Torres et al, Phys.Lett. B797 (2019) 134890
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EMC effect in Tritium and Helium-3 was also

measured

110 Tritium lIsoscalar EMC Ratio
—— Kulagin-Petti Model Prediction

The First measurement of
EMC Effect in Tritium

The isoscalarity correction factor uses the

103" MARATHON measured F,/F 2 ratio.

0.95 1.10 Helium-3 Isoscalar EMC Ratio
- Kulagin-Petti Mcdel Prediction
¢ “*He EMC Ratic (1.027 Normelization)
0.90 1.05 The isoscalarity correction factor uses the
01 02 03 04 05 06 07 08 0 MARATHON measured £,/F f ratio.
Bjorken x
3He result agrees with 6 GeV 0.0 %

measurement in DIS region (W>2 GeV)

0.90
. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Plots courtesy of Makis Petratos Bjorken x
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Another experiment in Hall C has measured the

EMC effect and 2N-SRC (at x >1) in 1°B & °B.

The First measurement of EMC Effect in Boron

g m - [ 2 T
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The Tritium program also measured Fa2n/F2r & d/u,

using 3H & 3He.

MeAsurement of the F2"/F2pr, d/u RAtios and A=3 EMC Effect in Deep Inelastic Electron
Scattering Off the Tritium and Helium MirrOr Nuclei (MARATHON).

1 o. MARATHON vs SLAC/Bodek et al. and BoNuS

n P
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Incomplete list of other completed experiments that

will have results soon.

Charge symmetry violation in quark distributions:
Measured SIDIS ratio of t*/t- on Deuterium, data collected in 2018 and 2019

in Hall C.

SIDIS pion electroproduction scans in (x, z, Pr) and QZ? at fixed x,
data collected in 2018 and 2019 in Hall C.

L-T separated cross sections for exclusive kaon electroproduction at high Q2,
data collected in 2018 and 2019 in Hall C.

Determining the A-n interaction via study of A-nn resonance,
data collected as part of the Tritium program in 2018 in Hall A.

Measurement of the neutron distribution in 208Pb using parity violating
electron scattering, data collected in Fall 2019 and 2020. Results to appear in
PRL soon.

Measurement of Bound Neutron Structure (BoNuS-12) in Hall-B completed in
2020.
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* The upgraded accelerator at JLab is fully operational and the
extensive experimental program is underway in earnest.

* Over 30% of the approved experiments have already been
completed.

e Exciting new results on the role of quarks in nuclei are
trickling in and some have already been published.

e Some of these results are very puzzling.

e Look out for the deluge about to come, and move us closer
to an eventual resolution to the problem of quarks in nuclei.

A big shout out to the army of
graduate students and post docs
working on these experiments.

This work is supported by US DOE under
contract #DE-FG02-07ER41528
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Among the completed experiments several conducted

extensive measurements of structure functions and PDFs.

One of the Hall-C commissioning experiments measured H(e,e’) and D(e,e’) cross
section to: i) study quark-hadron duality, and ii) compare moments of the F2 structure function
to Lattice calculations
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