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Scientific Motivation - What We Hope to Learn.

o Nucleon elastic electromagnetic form factors (EEFFs)
describe the distribution of charge and magnetization
in the nucleon.

o Reveal the internal landscape of the nucleon and
nuclei.

o Rigorously test QCD in the non-perturbative regime.

o Nuclear models, constituent quarks,...
o lattice QCD.

e Map the transition from the hadronic picture to QCD.
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o Nucleon elastic electromagnetic form factors (EEFFs)
describe the distribution of charge and magnetization
in the nucleon.

o Reveal the internal landscape of the nucleon and
nuclei.

o Rigorously test QCD in the non-perturbative regime.

o Nuclear models, constituent quarks,...
o lattice QCD.

e Map the transition from the hadronic picture to QCD.

EEFFs have played an essential role in nu-
clear and nucleon structure for more than a
half century.
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Some Necessary Background

@ EEFFs cross section described with Dirac (F1) and Pauli (F) form factors

d 0
d% = OMott [(Ff + KATFZ) + 27 (F1 + kF2)° tan? <2>}
where

a?E’ cos?(%)

4E3sin*(%)

and « is the anomalous magnetic moment, E (E’) is the incoming
(outgoing) electron energy, 6 is the scattered electron angle and
= Q%/4M>.

@ For convenience use the Sachs form factors.

O Mott =

@ _ OMott
dQ  e(1+7)

(eGE +7Gy)
where

9.1 1
Ge=F—7F and Gy=F +F, and €= 1—|—2(1—|—7')tan25e
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Where We Are Now.
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Where We Are Now.

@ Vector Meson Dominance and dis-
persion analyses fit all four EEFFs,
but use many parameters.

@ Constituent Quark Models high-
light relativity, but don't capture
all of QCD.

@ EEFFs are the first moments of
the GPDs.

@ EEFFs are an early test of lattice
QCD because isovector form does
not have disconnected diagrams.

PRC 75, 035202 (2007)
012 . .
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Where We Are Now.
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Where We Are Going - Dyson-Schwinger Eqgs

e Equations of motion of quantum field theory.

e Infinite set of coupled integral
equations.

o Inherently relativistic,
non-perturbative, connected to
QCD.

o Deep connection to confinement,
dynamical chiral symmetry breaking.

o Infinitely many equations, gauge
dependent — Choose well!

e Recent results (Cloét et al).

o Model the nucleon dressed quark
propagator as a quark-diquark.

e Damp the shape of the mass
function M(p).
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Where We Are Going - Dyson-Schwinger Eqgs

e Equations of motion of quantum field theory.

e Infinite set of coupled integral

equations.

o Inherently relativistic,
non-perturbative, connected to

QCD.

o Deep connection to confinement,
dynamical chiral symmetry breaking.

o Infinitely many equations, gauge
dependent — Choose well!

e Recent results (Cloét et al).

e Model the nucleon dressed quark 0.8
propagator as a quark-diquark.
e Damp the shape of the mass

function M(p).

Jerry Gilfoyle, Hadron2014
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function M(p).
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Where We Are Going - Flavor Decomposition

@ With all four EEFFs we can unravel the “F
contributions of the v and d quarks.

@ Assume charge symmetry, no s quarks

and use (Miller et al. Phys. Rep. 194,

1 (1990))
Floy = 2R tFilp)

Jerry Gilfoyle, Hadron2014
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Where We Are Going - Light Front Holographic

QCD

© Based on connections between light-front dynamic, it's holographic mapping
to anti-de Sitter space, and conformal quantum mechanics.

@ Recent paper by Sufian et al. (Phys. Rev. D95, 01411 (2017)) included
calculations of the electromagnetic form factors that include higher order
Fock components |gqqqq).

© Obtain good agreement with all the form factor data with only three
parameters, e.g. u, G2/ Gy

1.0

0.6
0.4

0.2

— LFHQCD, r=2.08

LFHQCD, r=1.0

B World data
!

1 GE (Q?)/GY (Q*)

0.0

-0.2 L
10" 10°
Q* (GeV?)

10!
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Where We Are Going - Light Front Holographic

QCD

@ Based on connections between light-front dynamic, it’s holographic mapping
to anti-de Sitter space, and conformal quantum mechanics.

@ Recent paper by Sufian et al. (Phys. Rev. D95, 01411 (2017)) included
calculations of the electromagnetic form factors that include higher order
Fock components |gqqqq).

© Obtain good agreement with all the form factor data with only three
parameters, e.g. u, G2/ Gy
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© Major difference with DSE approach!
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Where We Are Going - New Experiments

The JLab Lineup

Quantity Method Target Q*(GeV?) Hall Beam Days
Gy~ Elastic scattering LH, 7-155 A 24
GE/GF, | Polarization transfer LH, 5—12 A 45
Gy E — p/e — n ratio LD, — LH, 3.5—-13.0 B 30
Gn E — p/e — n ratio LDs,LH,  35-135 A 25
GE/Gyy | Double polarization polarized He 5-8 A 50
asymmetry
GE/Gpy | Polarization transfer LD, 4-7 C 50
GE/Gyy | Polarization transfer LD, 4.5 A 5

Data collection is complete.

PAC approval for 229 days of running in the
first five years.

All experiments build on successful ones from
the 6-GeV era.
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How We Will Get There: Jefferson Lab

Add new
hall L D

20 eryomodules

X Add 5

cryomoduley

: Enhance equipment
Ya3 in existing halls
Continuous Electron Beam Accelerator Facility (CEBAF)

@ Superconducting Electron Accelerator (currently
338 cavities), 100% duty cycle.

@ En. =11 GeV (Halls A, B, and C) and 12 GeV
(Hall D), AE/E =2 x 10™*, lsummed ~ 90 1A,
My = (E-E")M [GeV’] P, > 80%.
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The Experiments - New Detectors

Hall A - High Resolution Spectrometer
(HRS) pair, SuperBigBite (SBS), neutron
detector, and specialized installation exper-
iments.

Hall C - New
Super High
Momentum

Spectrometer to
paired with the
existing High
Momentum
Spectrometer.

Jerry Gilfoyle, Hadron2014

Future Form Factor Measurements at JLab

Hall B - CLAS12 large acceptance
spectrometer operating at high lu-
minosity with toroid (forward detec-
tor) and solenoid (central detector).

Hall D - A new GlueXDetector
large accep-
tance detector
based on a
solenoid mag-
net for photon
beams is under

construction.
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Proton Magnetic Form Fac

@ E12-07-108 in Hall A (Gilad, Moffitt,
Wojtsekhowski, Arrington).

Precise measurement of ep elastic
cross section and extract Gy

Both HRSs in electron mode.
Beamtime: 24 days.
Q? = 7.0 — 15.5 GeV? (1.0, 1.5 GeV?

JLab E012-07-108,

e-p elastic cross section

T
Andivahis
s
Walker

0%

——
=

v e e sub
£012.07-108 statistical uncertainty

JLab € GeV
Our prelimi

s n|p 0o

o
oo

steps).
Significant reduction in uncertainties:
do/dQ G,
Point-to-Point  1.0-13 0506 ﬁm
Normalization ~ 1.0-1.3  0.5-0.6 T ¢
Theory 1.0-20 0510 § [
L o8-
Two-Photon Exchange is a major g [
source of uncertainty — vary € to con- E osl
strain. [
Sets the scale of other EEFFs. 04l

+2% projected
I

inary results (May 2017)

o

@ Completed data collection this year.
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Proton Form Factor Ratio GZ/G;,

@ E12-07-109 (GEp(5)) in Hall A (Brash,
Jones, Perdrisat, Pentchev, Cisbani, Pun-
jabi, Khandaker, Wojtsekhowski).

@ Polarization transfer using H(€, &'B):

GE P, E+E' 0.
- =5 tan | —
GE, P 2M

2

@ Electron arm: EM calorimeter (BigCal).

@ Proton arm: new, large-acceptance
magnetic spectrometer (SBS) with
double polarimeter, and hadron
calorimeter.

@ Beamtime: 45 days.
@ Kinematics and Uncertainties:
Q% (GeV?) 5.0 80 120
AlpGeg/Gn] 0.025 0.031 0.069
@ Combined with GEp(4).
@ Rated high impact by JLab PAC.
@ Running expected in 3-4 years.

Jerry Gilfoyle, Hadron2014

Proton form factors ratio, GEp(5) (E12-07-109)

Proton Arm
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Proton Form Factor Ratio GZ/G;,

@ E12-07-109 (GEp(5)) in Hall A (Brash,
Jones, Perdrisat, Pentchev, Cisbani, Pun-
jabi, Khandaker, Wojtsekhowski).

Polarization transfer using H(€, &' B):
6 _ pEE, (0.
Gl P 2M 2
Electron arm: EM calorimeter (BigCal).

Proton arm: new, large-acceptance
magnetic spectrometer (SBS) with

double polarimeter, and hadron
calorimeter. 1o
@ Beamtime: 45 days.
@ Kinematics and Uncertainties: s 05
Q% (GeV?) 50 80 120 <
AlpGeg/Gn] 0.025 0.031 0.069 2

Combined with GEp(4).
Rated high impact by JLab PAC.
Running expected in 3-4 years.

Proton form factors ratio, GEp(5) (E12-07-109)
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Target
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Al filter — > Calorimeter
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GEp(II)

GEp(V) PAC 35
GEp(1v)
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Neutron Magnetic Form Factor Gf, - 1

@ E12-07-104 in Hall B (Gilfoyle, Hafidi, Brooks).
@ Ratio Method on Deuterium:
R— 92 [2H(e,e’ n) el
9Z[2H(e,e’p) el
T Mott <(GE)21++$’,\;’)2+27 tan? %(GA"AF)
92 [ H(e,e’)p]
where a is nuclear correction.

@ Precise neutron detection efficiency
needed to keep systematics low.

=axX

e tagged neutrons from
p(e, e'mrn).
e Dual LD, — LH, target.

@ Kinematics: Q = 3.5 — 13.0 (GeV/c)?.
@ Beamtime: 30 days.

@ Systematic uncertainties < 2.5% across
full Q? range.

@ Running expected in 2019.
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Neutron Magnetic Form Factor Gf, - 1

@ E12-07-104 in Hall B (Gilfoyle, Hafidi, Brooks).
@ Ratio Method on Deuterium:
R— 92 [2H(e,e’ n) el
9Z[2H(e,e’p) el
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@ Precise neutron detection efficiency
needed to keep systematics low.

=axX

o T T T T T

e tagged neutrons from G 1.2
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! <, = Statistical inti I
p(e, e 7T+ ) (;E 1.1E tatistical uncertainties only
15 n“hnvréa 3.
e Dual LD, — LH, target. o s~ T
09 B iy

0.8 e —

@ Kinematics: Q = 3.5 — 13.0 (GeV/c)?.

0.7
@ Beamtime: 30 days. 05
"F Red - J.Lachniet et al.
H H 0, 0.5 Green - Previous World Data
o Syster;atlc uncertainties < 2.5% across Black - CLASTS anicipated. | | |
full Q* range. 04734 "% & 10 12 _ 14
[ Q*(GeVv?)

@ Running expected in 2019.
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Neutron Magnetic Form Factor G, - 2

@ E12-09-019 in Hall A (Quinn, Wojt-
sekhowski, Gilman). Hadron Arm

@ Ratio Method on Deuterium as in Hall B:
R = Z3[*H(e, €'n)qel/ & [*H(e, €'p) o]

@ Electron arm: SuperBigBite spectrometer.

@ Hadron arm: hadron calorimeter (HCal). Cocher | SSooo
asCher ~T—=
@ Neutron detection efficiency: O )
Electron Arm 4 >
GEM/ Calo

o Use p(7,7")n for tagged
neutrons.
@ End-point method.

Kinematics: Q% = 3.5 — 13.5 (GeV /c)?.
Beamtime: 25 days.
Systematic uncertainties < 2.1%.

Two Gy measurements ‘allow a bet-
ter control for the systematic error’
(PAC34).

@ Expected in next 2-3 years.
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Neutron Magnetic Form Factor G, - 2

@ E12-09-019 in Hall A (Quinn, Wojt-

sekhowski, Gilman). Hadron Arm
. . . BNL HCalo
@ Ratio Method on Deuterium as in Hall B: Target BigBen
R = %[H(e 'n)ocl/ G5 H(e, e'poe] 1\

@ Electron arm: SuperBigBite spectrometer. = Beam

Hadron arm: hadron calorimeter (HCal). BigBite

@ Neutron detection efficiency: Electron Arm

o Use p(7,7")n for tagged

neutrons.

) o e -
o End-point method. G120 Anticipated E
= 1.1 Statistical uncertainties only —|
i ics: Q2 = 2 (5 ke B Dl El
@ Kinematics: Q° = 3.5 — 13.5 (GeV/c)*. 12 wg -~ ~ ]
g e g g g i =
. 0.9 | 3
@ Beamtime: 25 days. 08 P - . 8 : 4 3
@ Systematic uncertainties < 2.1%. o7f =————— E
n ¢ _ Red - J.Lachniet et al. E
@ Two Gy measurements aIIO\{v a bet 08 o e orid Data :
ter control for the systematic error’ 0.5 Black - CLAS12 anticipated ! o
\B\Iu\e;H\EI\IA\\\\\\\(w\“r\l\lww\lww\\\\\ B

(PAC34). 04 2 4 6 8 w0 12 14
Q¥(GeV?)

@ Expected in next 2-3 years.
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Neutron Form Factor Ratio GZ/Gf, - 1

@ E12-09-016 in Hall A (Cates, Wojt-
sekhowski, Riordan).

@ Double Polarization Asymmetry: _ —2/7(7 + 1) tan(0. /2) cos ¢* sin 6* G, /G,

Get AY, from *He(&, €' n)pp. = (GR/GR)? +7/e

@ Longitudinally polarized electron beam. . =271+ 7+ (7 +1)?tan(6./2) tan(6./2) cos 0"
3 . . (CR/Ch)? + /e

@ “He target polarized perpendicular to
the momentum transfer. where ¢ — 1/ (1+2(1+r)tan?(%=))

@ Electron arm: Super BigBite spectrom-
eter.

@ Neutron arm: hadron calorimeter HCal
(overlap with GEp(5) and Hall A Gp).
@ Beamtime: 50 days.
@ Kinematics and Uncertainties:
Q? (GeVv?®) 5.0 6.8 8.0

Alue] 0027 0022 0032

stat

AlueE] 0018 0021 0013
M

syst

@ Expected in next 3-4 years.
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Neutron Form Factor Ratio G/

@ E12-09-016 in Hall A (Cates, Wojt-
sekhowski, Riordan). Jrn

(Not to scale)
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Get AY, from *He(&, €' n)pp.

@ Longitudinally polarized electron beam.

@ 3He target polarized perpendicular to
the momentum transfer.

@ Electron arm: Super BigBite spectrom-
eter.

Shower

@ Neutron arm: hadron calorimeter HCal
(overlap with GEp(5) and Hall A Gp).
@ Beamtime: 50 days.
@ Kinematics and Uncertainties:
Q? (GeVv?®) 5.0 6.8 8.0

Alue] 0027 0022 0032

stat

AlueE] 0018 0021 0013
M

syst

@ Expected in next 3-4 years.
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Neutron Form Factor Ratio GZ/G;, - 1

@ E12-09-016 in Hall A (Cates, Wojt- G Ve
sekhowski, Riordan). Jrn

(Not to scale) Magnet

@ Double Polarization Asymmetry:
Get AY, from *He(E, e'n)pp.
@ Longitudinally polarized electron beam.

Polarized
3He Target

Beamline

@ 3He target polarized perpendicular to
the momentum transfer.

o
/ GEM x2
GEM x2
Engn:\ /
Magnet

@ Electron arm: Super BigBite spectrom-

Preshower/
eter. Corenkoy e
@ Neutron arm: hadron calorimeter HCal
(overlap with GEp(5) and Hall A Gp). 10 ; T
. [ 4 Mad ———— VMD-E. Lomon (2002) ]
@ Beamtime: 50 days. L Eeors - b 1
I st~ ravensia) |
@ Kinematics and Uncertainties: L dos T, Sehivlansie |
/{ ——— FJF, < IF(QUAYO% A = 300 MoV,
e= 051 alster fit (1971 —
Q? (GeVv?®) 5.0 6.8 8.0 g '} S — o oo ]
s [ YT
G ) ) - ]
A [%ﬂ 0027 002 0032 % [ N
stat 1 J i
AlueE] 0018 0021 0013 sof——+—1 3
M syst F o  E12:09-006, sHM;r] N\
. [0  E12:09-016, SBS (This Experiment) \. B
@ Expected in next 3-4 years. w s
0 5 10
Q%in GeV?
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Neutron Form Factor Ratio G/

@ E12-11-009 in Hall C (Sawatzky, Arring-
ton, Kohl, Semenov).

@ Polarization transfer using 2H(&, e’ i) p:

Ge _ P E+ E’ N e

Gy, P 2M 2

@ Electron arm: Super High Momentum | || Neutron Polarimeter
Spectrometer (SHMS).

@ Neutron arm: neutron polarimeter with

tapered-gap neutron-spin-precession

magnet and proton recoil detection.

Kinematics: Q* = 3.95,6.88 (GeV/c).

Beamtime: 50 days.

Bottom Arrays

Systematic uncertainties about 2-3%.
Statistical uncertainties about 10-16%.
Complementary to the *He experiment.

Expected after 2020.
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Neutron Form Factor Ratio G/

@ E12-11-009 in Hall C (Sawatzky, Arring-
ton, Kohl, Semenov).

@ Polarization transfer using 2H(&, e’ i) p:

GE _ PELE (0

Gy, P 2M 2

@ Electron arm: Super High Momentum
Spectrometer (SHMS).

@ Neutron arm: neutron polarimeter with .

Analyzer
Bottom Arrays

Neutron Polarimeter

tapered-gap neutron-spin-precession
magnet and proton recoil detection.

Kinematics: Q* = 3.95,6.88 (GeV/c).
Beamtime: 50 days. 10
Systematic uncertainties about 2-3%.

Statistical uncertainties about 10-16%.

T T T T T
W JLab E93-038: *H(e,e'n)
® JLab E93-026: 2H(é,e’'n)
A JLab E02-013: *He(e,e’n)
O This Proposal

Complementary to the *He experiment.
Expected after 2020.
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Neutron Form Factor Ratio GZ/Gf, - 3

@ E12-17-004 in Hall C (Annand, Bellini, ) S
Kohl,  Psikunov, Sawatzky, Wojt- &H
sekhowski). y/&

@ Polarization transfer using 2H(€, e’ i) p:

GE P E+FE’ (t%)
=——=—F—F7tan| —

Gy P 2M 2

@ Electron arm: Super Big Bite Spectrom-

eter.

@ Neutron arm: HCal, neutron polarime-
ter, CDet coordinate detector, scintilla-
tion counter.

Kinematics: Q? = 4.5 (GeV/c)?.

Beamtime: 5 days.

Systematic uncertainties about 3%.
Statistical uncertainties about 8%.
Complementary to the *He experiment.

Expected in the next 2-3 years.
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Neutron Form Factor Ratio GZ/Gy,

E12-17-004 in Hall C (Annand, Bellini,

Jerry Gilfoyle, Hadron2014

Kohl, Psikunov,
sekhowski).

Polarization transfer using 2H(&, e'ii)p:

Ge _ P.E+ E’ (t%)

= tan | —

Gy P 2M 2
Electron arm: Super Big Bite Spectrom-
eter.

Neutron arm: HCal, neutron polarime-
ter, CDet coordinate detector, scintilla-
tion counter.

Kinematics: Q? = 4.5 (GeV/c)?.

Beamtime: 5 days.

Sawatzky,  Wojt-

Systematic uncertainties about 3%.
Statistical uncertainties about 8%.
Complementary to the *He experiment.
Expected in the next 2-3 years.

GRINGH Gas Cherenkov
v Gisss Shower Couners
Plan View of 4.5 (GeV/c) Kinematic Setting
Timing Hodoscope Dimensions mm
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Cu Al

S
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Beam
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~ 4 Neutron Polarimeter b
5~ Charge Exchange np->pn Scattering
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Riordan, JLab Hall A
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Summary and Conclusions

o Large gains over the last decade in physics
understanding of the EEFFs built on new technologies
and capabilities.

o Major changes in our understanding of nucleon
structure.

o At JLab we have begun a broad assault on the EEFFs
and will significantly expand the physics reach of our
understanding.

o Discovery potential in mapping out nucleon structure
and understanding QCD.
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Beyond Elastic Form Factor Measurements

Additional form factor studies after the 12 GeV Upgrade.

Experiment Spokesperson | Title Hall | Beamtime

PR12-06-101 | G. Huber Measurement of the charged | C 52 days
pion form factor to high Q?

PR12-09-003 | R. Gothe Nucleon resonance studies | B 40 days
with CLAS12
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High-lmpact Experiments from JLab PAC
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Additional Theory Results

o Cloét, Bentz, and Thomas calculate the EEFFs using a covariant and
confining Nambu-Jona-Lasinio model (arXiv:1405.5542v1 [nucl-th]).

@ Bound state amplitude from solution of relativistic Faddeev equation.
o Get diquark degrees of freedom.
@ Pion cloud added as a perturbation of the quark core.

@ No model parameters.
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= r £« WAQEINYQE A =300 eV |
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Where We Are Now - Lattice QCD

@ Lattice gauge theory is the only means of ab initio QCD calculations in the
non-perturbative regime.

@ Computationally challenging.
@ EEFFs are an early test of IQCD.

e The isovector form of the

EEFFs is
P n
v F1,2 - F172
Filp=—"—F—F—"" where *
’ 2 \ P.E.Shanahan et al.
SN arXiv:1401.5862v2 [hep-lat]
76y + GE E — Gy — Ge , CSSM and QCDSF/UKQCD
1= 1 + T 2= 1 + 7 :U‘z Collaborations
a3 5
N
and 7 = Q*/4M?. S~ :
o This form does not have com- : i ST S
pUtationa”y demanding dis_ ()()‘(J ()‘2 ()‘4 ()‘6 08 ].‘(]. ].‘2 ]‘,4 .
connected diagrams. & Gev?)

@ Expect EEFF calculation in the next decade.
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Other EEFF Measurements - Electron-Positron

Colliders

e BEPC II/BES Ill - Continued running for next 7-9 years at higher
energies to extend the reach of spectroscopic studies, search for
exotics, ... See talks by Xiaobin Ji, Rong-Gang Ping, and Yinghui
Guan.

o SuperKEKB/Belle Il - Will also probe the precision frontier, flavor
physics, CP violation, exotics, 4 and 7 GeV. Commissioning starts in
early 2015.

@ Novosibirsk - Super Charm/Tau Factory is planned to probe the
precision frontier, exotics, 3-5 GeV, now in CDR phase.
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