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Jefferson Lab Overview

« Department of Energy, Office of
Science Laboratory with a single
program focused on Nuclear Physics.

« Mission is to gain a deeper
understanding of the structure of
matter:

o Through advances in fundamental
research in nuclear physics

o Through advances in accelerator and

nuclear science and technology Jefferson Lab by the numbers:
- Created to build and operate the * ~700 employees, 27 Joint faculty
Continuous Electron Beam Cl 630 Active Users_>
Accelerator Facility (CEBAF), unique Scientific users from 39 countries, 278
user facility for Nuclear Physics. institutions (US: 124 institutions in 34 states)

* 630 PhDs granted to-date (212 in progress)

K-12 programs serve more than 12,000
students and 950 teachers annually

e 169 acre site

* In operation since 1995
« Major upgrade finished 2017
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Jefferson Lab Mission

<% 4 \\
« JLab’s primary mission is to explore the fundam E\I <7
nature of confined states of quarks and gluons

— How are quarks confined in nuclear
matter?

— What is the internal landscape of protons
and neutrons?

— How do the properties of protons and
neutrons emerge from their constituent
guarks and gluons?

— How do the nuclear forces that lead to
nuclel, arise from the basic interactions?

« (Can we discover evidence for
physics beyond the standard model
f?
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CEBAF at Jefferson Lab

@ NUECTOR

The injector produces electron . -
beams for experiments.

the linacs, each have 25
sections of accelerator called

CEBAF World-leading Capabilities

= Nuclear experiments at ultra-high luminosities, up to

5.5 h h th
up t0 3.5 passes through the 1039 electrons-nucleons /cm?/ s

linacs to reach 12 GeV.

=  World-record polarized electron beams ~90%
» E=12GeV; |, =90uA
» Highest intensity tagged photon beam at 9 GeV

© ceNTRAL HELUM LIQUEFIER @) RECIRCULATION MAGNETS = Unprecedented stability and control of beam
The Central Helium Liquefier Quadrupole and dipole properties =» Excellent for low energy SM tests
keeps the accelerator cavities magnets in the tunnel
at -456 degrees Fahrenheit. focus and steer the beam = Ability to deliver a range of beam energies and

as it passes through each
arc.

currents to multiple experimental halls
simultaneously




12 GeV CEBAF Upgrade
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* 12 GeV Upgrade Project Complete:
* Total Project Cost of $338M
» Double maximum accelerator energy to 12 GeV
- Add 4t experimental Hall D
* New experimental equipment in Halls B, C, D

* In full operation now with simultaneously
beam deliver to all 4 experimental halls

Completed September 2017

rson Lab
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Detector Requirements:. Complementarity

GlueX/Hall D Detector

Hall D Hall B
excellent luminosity

hermeticity 1035 Sl (Rl
polarized photons hermeticity precision

Ey~8.5-9 GeV 11 GeV beamline

108 photons/s target flexibility
good momentum/angle resolution excellent momentt W§

high multiplicity reconstruction luminosity u

particle ID
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12 GeV Scientific Capabillities

Hall D
Exploring origin of quark confinement Understanding nucleon structure via generalized parton
by studying exotic mesons distributions and transverse momentum distributions
Hall C
Precision determination of valence SRC, form factors, hyper-nudear physiCS,
quark properties in nucleons and nuclei Physics BSM (with SoLID & MOLLER)
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Approved Experiments by Science Topic

Topic HallA | HallB | HallC | HallD | Other | Total
Hadron spectra as probes of QCD 0 2 1 3 0 6
Transverse structure of the hadrons 6 3 3 1 0 13
Longitudinal structure of the hadrons 2 3 7 0 0 12
3D structure of the hadrons 5 9 6 0 0 20
Hadrons and cold nuclear matter 8 5 7 0 1 21
Low-energy tests of the Standard Model and

Fundamental Symmetries 3 1 0 1 2 7
Total 24 23 24 5 3 79
Total Experiments Completed 70 8.0 4.9 19 0 211
Total Experiments Remaining 17.0 15.0 19.1 3.8 3.0 57.9

Program for ~7 to 10 years of exciting science
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User community continues to grow (~1630 scientists)

Demand for 12 GeV capability is very high

US University Users

International Users

Other Users

Total Users

FYO6 FYO7 FYO8 FYOS FY10 FY11 FY12 FY13 FY14 FY15 FY16 FY17 FY18
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CEBAF 12 GeV Scientific Erais in Full Swing!

Mid-w ay throu g h second full year of Lo, MARATHON vs SLAC/Bodek et al. and BoNuS
. MARATHON from *H/*He
0 p e r at I O n 0.9 : BoNu$ (W>1.8 Go\'/(‘{ and Q? evolved)
=== Kulagin-Petti Model
. . 0.8 SLAC/Bodek et al. (Hamada-Johnston N-N Potential
Completed several high-impact | ‘?‘,\? |
; . . S ~
experiments; analysis in progress 2, %%LM +
. . ] ® = 4
Delivered thesis data to nearly 50 o5 i E’*"’“‘tw—w i
graduate students .
0.3
0.4 02 03 04_ 05 06 07 08 09
Search for a pentaquark Bjorken 2

containing charm-type

Rin(fm)
2 16 22 25 28 30 33
Z 1400—< 1l T T T 1
§10 - : PREX o
T Measurement of 1200}~ —@ .
g Neutron skin [ l
1 . . 1000} | -
constrains tidal =t |
. - g0l 20% upper bound /7 |
polarizability of | =0.98;0:=5.28
10 }- —— Gluex Prel iminas o i 1
e | neutron stars 600} : _
—— P,(4450) J=5/2 BR=2% | |
, i ‘ ‘ | ‘ 400 —lg—1 | | é | ] |
085 9 s o T os 1 115 12 127 125 13 135 14 145 15
E, (GeV) RI}: (km)
11
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Hall A: Tritium Experiments

0.4

0.3

().8. i

MARATHON vs SLAC/Bodek et al. and BoNuS

¢
i

MARATHON

MARATHON from *H/*He

BoNu$ (W>1.8 GeV/c? and Q° evolved)

=== Kulagin-Petti Model

(see C. Keppel talk)

Measurement of the F2n/F2p, d/u “gagtarce! o
Ratios and A=3 EMC Effect in DIS |

Precision Measurement of the Isospin
Dependence of two-nucleon SRC

Hydrogen1H '«"
Determining the Unknown An e
Interaction by Investigating the Ann Helium 3He

Resonance

A. Accardi, et al. Phys. Rev. D 93 114017

Bl Cl15
MMHT14

3 CTie
[ JR14

SLAC/Bodek et al. (Hamada-Johnston N-N Potential) ‘_‘:-a 0.4
0.2
bof, :
¢ é}i\ﬂ e 0 02 04 06 08
& ,
¢"¢~¢__¢_¢_¢_¢__ x
« d/u at large x sensitive to valence quark
dynamics
1 » High x determination of F",/ FP,
04 05 06 0.7 0.8 09 ,
Bjorken constrains d/u

12 .Jgjj%gon Lab



Hall A: MOLLER Project (see K. Kumar talk)

Fundamental Symmetries - Major Item of Equipment

Special opportunity with 12 GeV Upgrade
to Search for New Flavor Diagonal Neutral
Currents

MOLLER main components:
« High-power target:

: . * High-Precision Polarimetry
Unique discovery space for new

physics up to 38 TeV mass scale, with a
purely leptonic probe * Spectrometer

* Moller-quality parity beam

Most impact if run timely or in phase with
initial HL-LHC runs that will add the
complementary hadronic probe (FY25-28)

Expecting FY20 Project Start

Prototype magnet coil test
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Hall B: PRad - Solving Proton Charge Radius Puzzle

« e-p elastic cross section Cryo-cooter, ﬁ I Thin - window
measured at very low Q2 (10*to Besnihato' Harp :;» ‘
102 GeV? ) by e.m. calorimetry blocker | T :

only

* The e-p cross sections are
normalized to the Mgller cross
sections measured simultaneously
within the same detector
acceptance — reach a sub-
percent precision of r,, in an
essentially model independent
way.

SCIENTIFIC ' ' ; ;
BLCAN _ ——e—— Sick et al
EIaSth e'p —e— Bernhauer et dl
i scattering _
P Atomic H
AN PRad@JLab: .. (projected)
Pohl et al A 0.84184(67) .
- Muonic H
Antognini et al A 0.84087(39)

Results have been submitted to Nature | ©-78 082 086 090 094  0.98
Proton Charge radius (fm)
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Hypothetical massive gauge
boson A’ - force-mediator between
the dark sector and the Standard
Model - which couples to ordinary
photons through a “kinetic mixing”
mechanism.

_ HEAVY PHOTON
gy, SEARCH

1 mm gap between Si
tracker detectors for

passage of electron beam

2015 Run @ 1.05 GeV  =——v_|

2016: 2 GeV data
under analysis

2019: Running now N

« NP-HEP Collaboration

* Complementary run
(APEX) in Hall A
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dux20

Y
NA4B2 |

4 Weeks @ 2.2 GeV
— 4 Weeks @ 4.4 GeV
2015 Engineering Run - 1.7 PAC Days

1072 1071
A’ mass (GeV)

10°10

=11
107343
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Hall C. Color Transparency
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Preliminary carbon transparency 0.6 s+ New Result

results do not show the onset of CT
In protons

o
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e
'Y
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JLab data ok
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(scaled down)
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Hall D: Exotic Mesons on the Way

R e T

OO0

cos "9GJ

|
ocCCc OO

RO DRNON R DR

1.5 2 25 3 3.5 4 45 5
m('q’ﬂ'_) [GeV/cz]

COMPASS: Phys. Lett. B 740, 303 (2015).

* GlueX-l is complete
 70% of data analyzed

* 3 papers in preparation

e Successful run of Primex-n
* Next is GlueX-IlI (with DIRC)

Width (GeV)

o
°

0.1

0.2

03

04

0.5

0.6

0.7

= . a,(1320)

= a,'(1700)

= , @

:_ 1 " 1 PR i P i P i - i i PR i i al i i i al i i i i

2 13 1.4 15 16 7, 18 19 20
Mass (GeV)

JPAC: Phys. Rev. Lett. 122, 042002 (2019).
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Hall C & D: Pentaquarks

v — Po— J/¢p

200} oo Number of J\y = 469 + 22
160 | oo
140 |
120
1008
80
60
40

20

events/5 MeV

!Hllllll\\]l\\ll

et A

Hall C e

a "< 1\'}3\%
2% BT

9% Curadiator VO il .
= positron in SHMS
— = | :
Incident A >
beam N\
Hydrogen é‘ Detector Stacks:
et o” Tracking/ Timing:

1. Drift Chambers
« 2. Hodoscopes
O Particle ID:

3. Gas Cerenkov

2 @ 4. Lead Glass Calorimeter
i 4

electron in HMS

“Bag of quarks” pentaquark

_*» No pentaquark signals

e

nb

o(yp — J/yp),

—A— Cornell

-=== Kharzeevetal x2.3
—— JPAC P(4440)

— — incoherent sum of:
------- 2g exch. Brodsky et al
3g exch. Brodsky et al

E, Gev 20

Largest data set of photoproduced J/y’s
(~2100)

Experiment completed - resultsSsaome | Aaaas
Absolute cross section ~ I *

The Large Hadron Collider beauty experiment has discovered three new pentaquarks.

Exotic particles called pentaquarks may be less weird than
18 previously thought



Results Published in 2017/2018

nature

International weekly journal of science

6 May

We've measured the pressure inside
aproton and it’s extreme =z COSMOS

* Precision measurement of the weak charge ofthe
proton, Qweak collaboration,
Published: Nature 557, 207-211 (2018)

, "M Revealed: the weak charge of a proton

New measurement limits search for as-yet-undiscovered fundamental particles.
Andrew Masterson reports.

* The pressure distribution inside the proton, Burkert,
Elouadrhiri, Girod,
Published: Nature 557 (2018) no.7705,396-399 =

NEWSAND VIEWS - 03 MAY 20

= nature

Weak charge of the proton measured

The proton’s k charge defines the strength of certain interactions between protons and

» A per-cent-level determination of the nucleon axial e
coupling for quantum chromodynamics, Berkowitz ; ScienceNews ~ Msiovermon
et. al., Published: Nature 558, 91-94(2018) 5@

mination of this quantity provides a stringent test of the

The inside of a proton endures
more pressure than anything
else we've seen

+ Ultrafast Nucleons in Asymmetric Nuclei, M. Dueret.
al., CLAS Collaboration,
Published: Nature 560 (2018) no.7720,617-621

* Aglimpse of gluons through deeply virtual compton
scattering on the proton, Dufurne et. al., Published:
Nature Communications 8, 1408 (2017)
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physicsworld n

Recent Publications

)| nuclear physics

: hcug;;;;:‘i’:)}:s‘ IbE;;Aw.;;“r::;:)tuns and neutrons may explain 35-
M D i ey

High-energy protons emitted after _—

hooking up with neutrons 2

Protons and neutrons pair up, get speedy, even if other neutrons are watching.

CHRIS LEE - 8/16/2018, 10:01 AM

International weekly journal of science

» Modified structure of protons and
neutrons in correlated pairs, e R
The CLAS Collaboration, o "
Nature 566, 354—358 (2019). Loy

New Research Suggests Protons Highly Influence
Neutron Stars PHYSICS

Physicists Have Finally Solved a Fundamental
Mystery Concerning The Insides of Atoms

MIKE MCRAE 21 FEB 2019

(aleksandarnakovski/iStock)

Something about atoms has never added up. Fundamental particles called
quarks get kind of sluggish once they're caught up in crowds of protons and
neutrons - and quite frankly, they shouldn't.

Ty
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Unified View of Nucleon Structure

f &, &k |
Transverse TMDs X Generalized
Momentum Parton
Dependent Distributions

distributions

Form Factors

Ge(Q?) Gu(Q?)

PDFs
flu(x)’ .- hlu(x)

A NEW eye to study the nucleon: major capability with JLab @ 12 GeV
. Nucleon femtography and comprehensive description of its internal dynamics. |




Virginia Center for Nuclear Femtography

CENTER for
NUCLEAR FEMTOGRAPHY

* Funded by Commonwealth to “.....to facilitate the application of modern
developments in data science to the problem of imaging and visualization
of sub-femtometer scale structure of protons, neutrons, and atomic nuclei”

— Seven (of fourteen) joint lab/university initiatives funded by the
Commonwealth of Virginia

« Multi-disciplinary, bringing together nuclear theorists and experimentalists,
mathematicians, computer scientists, ... ... and architects and artists!

* Workshop at University of Virginia

FEMTOGRAPHY 2018

Symposium on Imaging and Visualization in Science

December 10-11, 2018, University of Virginia

The Symposium on Imaging and Visualization in Science will be held at the University of Virginia
December 10-11, 2018. This symposium will bring together scholars and researchers from Virginia
universities and research institutes to discuss recent developments and future opportunities in the
imaging and visualization of scientific data.

22




Machine Learning: Enabling Technology

Data Science is a component of all Advanced Computing Initiatives:

recent progress 100
* Nuclear Femtography: 1ot
Developing methods to derive §

physics observables from = o
data samples RS
— Initial tests using generated % 10-4
data as a control
105

» Accelerator: Use historical data from
CEBAF to diagnose and improve
operational performance

— Significant progress applying
machine learning to the problem
of classifying C100 cavity faults

| B Pythia
: A GAN

EERRR |

GMES (Mv/m)

— Ro04
‘ A — R045
" /W ; ! — R046

, — R047
That’s the one! — R048

*~_ Not the cavity you
are looking for

-100 0 100 200 300

Example of waveforms for several particular types of SRF
cavity trips. There are 8 types of trips, and our ML already
trained to recognize 4 of them with accuracy better than 86%

-------------------- YL,
vyeetpuputve Ve VuPuvr Ve p p n n mha KK K[K}

Machine Learning Dee_p
Learning
Problem Wh_ICh Which Fault? Which fault
Cavity?
Fea'Fure . tsfresh tsfresh autoj none
engineering regression
Model Random Decision  Random RNN-LSTM
Forest Tree Forest
Result 95.70% 96.60% 88% 86%
23

Collaborations with
universities and other
labs

Lunch and Learn
Weekly Community of
Practice

Dedicated ML
Developer hire in
process

Lab wide regular
Machine Learning
Challenge Contest

Satellite Site for
Pittsburgh Super
Computing Center Big
Data Training
programs




Future: Compelling Physics Questions for an EIC

UDY REPORT

VAN ASSESSMENT OF
IU'S.-.BASED ELECTRON-ION

COLLIDER SCIENCE

An EIC is needed to address the picture of nucleons
and nuclei as complex interacting many-body
systems, and in particular to address three immediate

and profound questions about neutrons and protons
and how they are assembled to form the nuclei of
atoms.

How does the mass of the nucleon arise?

In other words, how do the constituents of the nucleon, the
valence quarks, the sea quarks, and the gluons, and
importantly their interactions, lead to a mass some 100
times larger than the sum of the three constituent quarks
alone?

How does the spin of the nucleon arise?

While nucleons are made of three quarks, each with spin 2
the spins of these quarks constitute only a small fraction of
the nucleon’s spin, the rest seemingly carried by the gluon

spins, the sea quarks, and the orbital motion of the quarks.

What are the emergent properties of dense

systems of gluons?

Two questions concerning the gluons arise when nucleons
are combined into nuclei: How is the gluon field modified
in a nucleus to accommodate the binding of nucleons?
And does a novel regime of nuclear physics emerge in the
high-energy limit, a regime in which the complicated
structure of the nucleus is radically simplified, leading to a
state in which the whole nucleus becomes a dense gluon
system?

24 .ggf,f/er?on Lab



Electron-lon Collider Planning (see A. Deshpande talk)

Federal Nuclear Science Advisory Cmte 2015 Long Range Plan

“We recommend a high-energy high-luminosity polarized EIC as the highest
priority for new facility construction following the completion of FRIB.”

The 2015
LONG RANGE PLAN
for NUCLEAR SCIENCI

0w

N ASSESSMENT OF
'S BASED ELECTRON-ION
COLLIDER SCIENCE

¥

National Academy of Sciences — Assessment of U.S. Based
Electron-lon Collider Science (2018)

“...the committee finds a compelling scientific case for such a facility. The science
guestions that an EIC will answer are central to completing an understanding of
atoms as well as being integral to the agenda of nuclear physics today.”

¥

Budget Request

Science

 Department of Energy President’s FY 2020 Budget Request to Congress (2019)

FY 2020 Congressional

“Critical Decision-0, Approve Mission Need, is planned for FY 2019”

“The FY2020 Request will provide for the first year of Other Project Costs for
the Electron lon Collider, aimed at research to reduce technical risk and the
development of a conceptual design.”

|E

25 .ggf_g-?son Lab



Jefferson Lab Electron lon Collider: Proposal

ELECTRON-ION COLLIDER

JeFreRsoN Lag High energy
R Booster v Interac

ttion lon collider
3 — ring
2 p— — -
e
\ Y 4 _ lon linac '
- . ' Interaction
.= 3 . ooint ‘
- - Low energy g =
— ™ Boossr
/i — Electron collider
: . ; , 100m g =

Electron source

Figure 8 Concept
« High Luminosity of 1034 /cm?/sec well-matched to requirements

» High Polarization (including deuterons) &ﬂ@
« Energy Range: Vs : 20 to 100 GeV upgradable to 140 GeV

https://www.eiccenter.org/
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EIC Users Group and International Interest

South

« Formed in 2016; currently: PR v
— 864 members
— 184 institutions
— 30 countries

North
Atlantic
Ocean
Me:
Venezuela
Colombia | " *
______________________ B e o - o o o — KQOVYD
Peru s ‘Vanll
Bolivia e :
. IS Madagascar Indian
h y South bt e Ocean e
ic Atlantic
n \ Ocean SoutPAfrica
Argentina

New
| Zealand
3
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SUMMARY

« 12 GeV Scientific erais in full-swing!

— Completed several high impact, high profile experimental programs
including tritium program and Glue-X phase 1

— Anticipating additional significant results from first set of 12 GeV
experiments (~21 experiments complete)

« Mid-way through second full year of CEBAF 12 GeV Operations
— Schedule delivers more than 30 weeks operations in FY19
— Exciting program for next 7-10 years

 Pushing on new frontiers for nuclear physics and tackling some
‘old’ frontiers with new techniques

 EIC Planning is moving forward jointly with BNL and Jefferson Lab
- Great opportunity for international collaboration

28 JefferSon Lab



Thank you for the invitation to participate in ICNFP!
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NEUTRON

QUARK

GLUON

Thanks to many staff/collaborators for their contributions!
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The Neutron “Skin” in the 298P Nucleus

Neutron Star Lead Nucleus

A

« Neutron star properties and neutron skins are both determined
by the EOS of neutron-rich matter

 x

 Measurement of R3)%(fm)

. .16 22 25 28 30 33
neutron skin at JLe 1400 < | |T T Te TS
constrains tidal i | ‘PREXO i}

. . 1200 | _

polarizability of ! PREX-II , |
Projected |

neutron stars 1000} | |
|

goo|— 20% upper bound

r=0.98;0:=5.28

|
600 |- o :
| I .

| | | | | |
ol
Ry (km)

Running in Hall A

PRL120, 172702 (2018)
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J/v & Charmonium Pentaquark

A — J/YpK 55’ 5t D*0

* More experimental and theoretical scrutiny required

1200
LHCb

[ ——data i
- — total fit i

L — backgrouhd

-
o
o
o

800~

BR (P, = J/v p)

> o

= -

3 8

2 < i

g >  No pentaquark signals
§ eoof- T

i & « Evaluation of

D 400 ©

2 [

JPAC model PRD 94, 034002

200

i S
l' i : A
P (4440)" | P(445
| (4312) J&A
N AT, R\ TN T/, T SST TN AP

- ; — | forJ = 3/2
. a - , .. o
4200 4250 4300 4350 4400 4450 4500 4550 4600 H? """ "1 —A— Cornell 90% CL | Limits at 90% CL
PRL 122, 222001 (2019). my,, [MeV] // ------ ] wnmeman- JPAC P’(4312) 3/2° BR=2.9% |
v JPAC F’;(4440) 3/2 BR=1.6%
107" 5= s JPAC P;(4457) 312 BR=27% || See J. Stevens’ talk
8 9 10 E, Gev 20

== e« Largest data set of photoproduced J/{’s

(~2100)
Experiment completed - results soon
o Absolute cross section ~5% precision

I P . |
| et e Hall B J/§ pentaquark taking data
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