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Introduction
Electron Scattering Experiments:
JLab 6 GeV Facility and Instrumentation
JLab 12 GeV Upgrade and Beyond (EIC)
Elastic Scattering: Form Factors
Nucleon Properties in Nuclear Medium

Deep-inelastic Scattering: Parton Distributions
Longitudinal Spin Structure

Transverse Spin and Transverse Structure
Parity Violation Electron Scattering



Eternal Questions:
(What is fundamental?)

* People have long asked the questions

What is the world made of!
What holds it together!
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By convention there is color,
By convention sweetness,
By convention bitterness,

But in reality there are alOMS and Space.
-Democritus (c. 400 BC)




What is the world made of?

Visible Matter - Atom - Electrons + Nucleus
Nucleus > Nucleons(proton,neutron) - Quarks

matter constituents
FERMIONS spin = 1/2, 3/2, 5/2, ...
Leptons spin =172 Quarks spin =12

Mass  Electric Flavor

Fl
e GeV/c2 charge charge

Structure within
p_ electron | <1x10-8 u up

the Atom € neutrino
QU ark € electron |0.000511 d down

Size < 1079 m P muon <0.0002 C charm

M neutrino

L muon 0.106 S strange

Nucleus : ' v, tau 0 t top
Size = 1074 m_ ! neutrino

T tau b bottom

~ Neutron =% || So everything is made

d ;
Protof e of quarks and leptons,

Size = 1015 B eh? Who would have
Size ~1071%m thought it was so simple?

If the protons and neutrons in this picture were 10 cm across,
then the quarks and electrons would be less than 0.1 mm in
size and the entire atom would be about 10 km across.




Standard Model

matter constituents

spin = 1/2, 3/2, 5/2, ... force carriers

spin=20, 1, 2, ...

FERMIONS BOSONS

Leptons spin = 1/2

Flavor

p_ electron
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€ electron

Mass
GeV/c?

<1x10-8

0.000511

Electric
charge

Quarks spin =12

Approx.
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U up

d down

Unified Electroweak spin =1

Electric
charge
Name
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M neutrino

M muon

<0.0002
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S strange

Electric
charge
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tau
T neutrino

T tau
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1.7771

t top

b bottom

Mass — Energy
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Electric Charge

Strong (color) spin =1

Name

Color Charge

Electric
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See Residual Strong
Interaction Note

All

Quarks, Leptons

Electrically charged

Quarks, Gluons

Hadrons

Graviton
(not yet observed)
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¢

Gluons
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10-4
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0.8
104
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1
1
1
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to hadrons
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to quarks
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What are the challenges?

» Success of the Standard Model
Electro-Weak theory tested to very good level of precision

QCD tested in the high energy (short distance) region

* Major challenges:

Test QCD in the strong interaction region (distance of the nucleon size)
Understand the nucleon structure

* Beyond Standard Model

Grand Unified Theories? Supersymmetry? String Theory? ...

Search for dark matter, dark energy, ...
Test standard model at low energy




QCD: still unsolved in non-perturbative region
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One of the top 10 challenges for physics!
QCD: Important for discovering new physics beyond SM

Nucleon structure is one of the most active areas




Nucleon Structure and QCD

* Nucleon: quarks and gluons with strong interaction (QCD)

« Strong interaction, running coupling ~1
-- asymptotic freedom (2004 Nobel)
perturbation calculation works only at high energy

Interaction negligible Coupling constant s ()

-- Interaction significant |
at intermediate energy 03]
guark-gluon correlations ]

-- confinement s
Interaction strong at low energy _
coherent hadron =

0,0

-- Chiral symmetry 1 . 5 10 20 50 100 200

lllustration: Typafarm Energy, GeV




Nucleon Structure
Simple Picture (Naive Quark Model):
proton=uud, neutron=udd

Parton Model:
valence quarks + sea (quark-antiquark pairs) + gluons

Parton (Momentum) Distribution Functions
quark: q(x), antiquark:g(x), gluon: g(x)

Parton (Longitudinal) Spin Distributions
Aq(x), AAQX), 49(X), £(x) (orbital angular momentum)
Transverse Spin Distributions (Transversity) and TMDs

59(x, k1), dO(x,k), ...




Electron Scattering and Nucleon Structure

» Clean probe to study nucleon structure
only electro-weak interaction, well understood

« Elastic Electron Scattering: Form Factors
- 60s: established nucleon has structure (Nobel Prize)
electrical and magnetic distributions

e Resonance Excitations

-=> Internal structure, rich spectroscopy (new particle search)
constituent quark models

« Deep Inelastic Scattering
- 70s: established quark-parton picture (Nobel Prize)
parton distribution functions




Inclusive Electron Scattering

e=(E, ié) / e'=( E',/_c") 4-momentum transfer squared
— Q' =—q*> =4EE'sin’ ¢

Invariant mass squared

W?>=M +2Mv—0O°

p=(M0) — "

ized: tan26’
Unpolarized: deE [ - ’ }

= o’ E'cos’ 9/2
 4E’sin (6’/2)

Oy

F, and F,: information on the nucleon/nuclear structure




Typical Electron Scattering Spectra at Fixed Q 2
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Electron Scattering ----- A powerful tool
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6 GeV CEBAF, 3 Experimental Halls




Thomas Jefferson National Accelerator Facility

Newport News, Virginia, USA

One of two primary DOE nuclear/hadronic
physics laboratories

6 GeV polarized CW electron beam o
(F) — 85%’ | = 180 MA) Recirculation

Arcs (magnets)

3 halls for fixed-target experiments

Hall A: 2 high resolution spectrometers
Unpolarized, L=10%° cm=2st
Polarized *He, L=103° cms-1

extracting
units

Hall B: large acceptance spectrometer
Polarized p/d, L=1034 cm~2s

Hall C: 2 spectrometers
Unpolarized, L=10% cm2s1
Polarized p/d, L=103%>cm~2s
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CEBAF @ JLab Today

« Superconducting recirculating electron accelerator
* maximum energy 6 GeV
* maximum current 200 puA
 electron polarization 85%

« Equipment in 3 halls (simultaneous operation)
« 2 High Resolution Spectrometers (p,,.,=4 GeV/c)
« 2 spectrometers (p,.,—=7/ and 1.8 GeV/c)
« Large Acceptance Spectrometer

« JLab Personnel and User Community
« ~600 JLab employees
e ~1700 users from ~300 institutions, ~40 countries




JLab Accelerator Site

Recirculation
Arcs

=" Helium
Refrigerator

45-MeV Injector

(2 1/4 Cryomodules)\ ‘(200.(21?)80 Zﬁgzggs)

Elements




RECIRCULATION
ARCs (MAGNETs)

EXPERIMENTAL
HALLs |




— SIMULTANEOUS COMPLEMENTARY EXPERIMENTS —

T Pair of identical ngh Resolution
Electron or Hadron Arm == Spectrometers (HRS )

HALL B >

CEBAF's Large Acceptance Spectrometer
(CLAS) and Bremsstrahlung Photon Tagger

{HALLC

High Momentum Spectrometer (HMS)
and Short Orbit Spectrometer (SOS)

Short Orbit .
Spectrometer High Momentum
Spectrometer
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Hall A Beamline and Spectrometers
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Thomas Jefferson National

2 HIGH RESOLUTION SPECTROMETERS
Maximum Central Momentum: 4 GeV/c
Momentum Bite: 5%
Momentum Resolution: <10

Solid Angle AQ: 7 msr

| Min. Central Scattering Angle: 12.5©




JLab Hall A




Electron Spectrometer Detector Package
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Polarized 3He Target
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CEBAF Large Acceptance Spectrometer

Six segment toroidal field
Angular coverage: 8° - 140°
Momentum resolution (FWHM):
Small angle, 0.5 %
Large angle, 1.0%
Maximum luminosity:
~1034cm2sec1




Hall B CLAS




CEBAF Large Acceptance Spectrometer

Torus magnet
6 superconducting coils

|
Large angle calorimeters

Lead/scintillator, 512 PMTs

Pol. NH3/ND3 target or

Liquid H/D/He targets +
y start counter; e minitorus

Gas Cherenkov counters
e/w separation, 216 PMTs

Drift chambers
3 regions, 35000 cells l

Electromagnetic calorimeters
Lead/scintillator, 1296 PMTs

Time-of-flight counters
plastic scintillators, 684 PMTs
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HALL C ELEVATION VIEW
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Maximum Central Momentum 1.8 GeV/c 7.5 GeV/c
Momentum Resolution dp/p [FWHM] 0.1% 0.05% - 0.1%
Solid Angle AQ 9 msr 6.7 msr
Angular Range 12° - 165° 120 - 90°







Polarized ]
proton/deuteron target it Ty Semon &

F-—' = | Refrigerrator
Polarized NH,/ND; targets < o
Used in Hall B and Hall C E SIS 5
(also at SLAC) e i) [
Dynamical Nuclear Polarization i l ] Il
H ||
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~ 40% for d | |
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JLab’s Scientific Mission

« How are the hadrons constructed from the quarks and
gluons of QCD?

* What is the QCD basis for the nucleon-nucleon force?

* Where are the limits of our understanding of nuclear
structure?

* |s the “Standard Model” complete?

Critical issues in “strong QCD”:
 What is the mechanism of confinement?

 How and where does the dynamics of the g-g and g-q interactions make a
transition from the strong (confinement) to the perturbative QCD regime?

* How does Chiral symmetry breaking occur?
 What is the multi-dimensional structure of the nucleon?




JLab 6 GeV Program

* Main physics programs
nucleon electromagnetic form factors
N — N* electromagnetic transition form factors
longitunidal spin structure of the nucleon
Transverse spin and transverse structure
exclusive reactions
parity violation
form factors and structure of light nuclel
nuclear medium effects
hypernuclear physics
exotic states search




and beyond




Physics Drivers for JLab Upgrade

* New capabillities
 search for origin of confinement (J°¢ exotic mesons)

« determine quark-gluon structure of the nucleon and nuclear
matter via

 parton distributions in valence region
 transverse spin and transverse structure (TMDSs)

» exclusive processes (DVCS, meson production) to study
GPDs

« Expand present program to higher Q2
« form factors of mesons, nucleons, and light nuclel

* Low energy test of standard models




add Hall D

-I, (and beam line)

Upgrade magnets
and power supplies

12 GeV JLab

20 cryomodules

cryomodules

Enhance equipment in
existing halls




12 GeV Upgrade Kinematical Reach

Reach a broad DIS region

Precision SIDIS for
transversity and TMDs

Experimental study/test of
factorization

Decisive inclusive DIS
measurements at high-x

Study GPDs




Experimental Halls

w' The Glue)/Hall D Frofect

(new) Hall D: linear polarized photon beam, Selonoid detetcor
- GluoX collaboration: exotic meson spectroscopy
gluon-quark hybrid, confinement
Hall B: CLAS12
- GPDs, TMDs, ...
Hall C: Super HMS + existing HMS
- Form factors, structure functions, ...
Hall A: Dedicated devices + existing spectrometers

- Super BigBite, Solenoid, Moller Spectrometer
- SIDIS, PVDIS, ...



ELIC at L ~ 103 cm=3s

30-225 GeV protons
30-100 GeV/n ions

Green-field design of ion complex
directly aimed at full exploitation of
science program.

3-11 GeV electrons
3-11 GeV positrons







Elastic Electron Scattering

e=(E, ié) / e'=( E',l_c") 4-momentum transfer squared
— O’ =—q* =4 EE'sin* ¢

Invariant mass squared
W?>=M +2Mv—0O°

Elastic Scattering: W=M, no change of internal property, only recoil.




Nucleon Electro-Magnetic Form Factors

The Sachs Electric (charge) G. and Magnetic G,, Form Factors

E(E,@): GM|:

2 2
G, + 717G,

1+ 7

dQ

+27G;, tan® (0/ 2)}

can be alternatively expressed as F, and F,

= GM_GE QZ

x(1+7) 4AM

F=G.+7G,,

2

with k. anomalous magnetic moment
F, and F, are the Dirac (non-spin-flip) and Pauli (spin-flip) Form Factors

In the Breit (centre-of-mass) frame the Sachs Form Factors are
the Fourier transforms of the charge and magnetization distributions




Nucleon E-M Form Factors

e e
_ p(r)
Y Fourier transform of 4nridr
charge distribution | .X

QED: precise predictions

Nucleon charge and magnetization distributions:

Ge(Q?), Gy(Q?) GL(0) =1 G/ (0) =+2.79 = p,=I+x,
electric and magnetic form factors G."(0)=0 G,/ (0) = -1.91 =y =k,




Early Measurements of EM Form Factors
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» Stern (1932) measured the proton magnetic
moment [, ~ 2.5 Hp;,c 2 Proton was not a
point-like particle (Nobel Price)

» Hofstadter (1950’s) provided the first
measurement of the proton’s radius through
elastic electron scattering (Nobel Price)

» Good description with Dipole form factor

2

A2

GD:{ - 2} with A =0.84GelV
XN +0

- Bosted Fit: PRC 51, 409 (1995)




Polarization Improves Precision

Double polarization = interference term GG,
Greatly improve the accuracy of form-factor measurements

Progress in polarized beam, polarized target and recoill
polarimeters made it possible:

* Polarized beam with high intensity (~100 pA)
and high polarization (up to 85%)
* Beam polarimeters with 1-3 % absolute accuracy
* Polarized targets with high polarization and high density or
 Recoll polarimeters with large analyzing power




JLab Polarization-Transfer Data

Using Focal Plane Polarimeter in Hall A

E93-027 PRL 84, 1398 (2000)
E99-007 PRL 88, 092301 (2002)

Clear discrepancy between polarization
transfer and Rosenbluth data

Investigate possible experimental
sources for discrepancy:

optimized Rosenbluth experiment

confirmed SLAC results

Investigate possible theoretical sources
for discrepancy

—> two-photon contributions

New 6 GeV results (Vina Punjabi’s talk)
12 GeV plan (Charles Perdrisat’talk)
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JLab Polarization-Transfer Data (Gen)
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E02-012 Using polarized 3He target in Hall A, submitted to PRL
Earlier data using recoil polarization and polarized deuteron target, Hall C



Electric

Magnetic

JLab Data on EM Form Factors
Testing Ground for Theories of Nucleon Structure

Proton
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Summary on Form Factor Experiments

Very successful experimental program at JLab on nucleon form factors
thanks to development of polarized beam (> 100 pA, ~80 %), polarized
targets and polarimeters with large analyzing powers

Precise polarization-transfer data set up to Q?2=5.6 GeV?

New Rosenbluth data from Halls A and C confirm SLAC data
Discrepancy due to 2-photon effects

New Hall C measurement up to Q2 =9 GeV? (Vina Punjabi’talk)
Hall C experiments on deuteron, precise data up to Q2 = 1.5 GeV?
New Hall A 3He experiment, extend to Q%= 3.4 GeV?

Q? < 1 GeV~ data from 3He(e,e’) in Hall A

Q? < 5 GeV? data from ?H(e,e’'n)/?H(e,e’p) in CLAS

JLab at 12 GeV will extend to higher Q2 (Charles Perdrisat’s talk)




The Proton’s Shape

It's a Ball. No, It's a Pretzel. Belitsky, Ji and Yuan: PRD 69, 074014(04)
Must Be a Proton.
(K. Chang, NYT, May 6, 2003)

10.0=x x=0.40 x=0.70

I c.0 0 g.0-  I- -1 -0.5 0 0.5 1

qguark spin parallel to that
of the proton (left), quark spin
perpendicular to the proton spin

(right).

G. Miller, PRC 68, 022201 (03)




EMC Eftects, Coulomb Sum Rule, Hadronization, ...




QCD and Nuclel

 Most of the strong interaction confined in nucleon,
only residual strong interaction remains among
nucleons in a nucleus (exponential tail?)

« Effective N-N interaction with meson exchange

« Study QCD with nuclel
« Short range not well understood: Short range correlations
* Nuclear medium effects
« EMC effect
* Coulomb Sum Rule quenching(?)
 Form Factor Modification(?) in 4He
e Color Transparency
* Quark propagation in cold and hot nuclear matter



SRC Pair Fraction (%)

Short-Range Correlation Pair Factions

R. Subedi ef al., Science 320 (2008) 1476).

10° - : v
- x* I
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1 0 A np/2N from 12C(p,2pn) /1zc(p,2p)
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Hadrons in the Nuclear Medium

- Nucleons and Mesons are not the fundamental entities
of the underlying theory.

At nuclear matter densities of 0.17 nucleons/fm3,
nucleon wave functions overlap considerably.

Proton
Neutron

 EMC effect: Change in the inclusive deep-inelastic
structure function of a nucleus relative to that of
a free nucleon.




 EMC effect, shielding and anti-shielding

5(A) / o(D)

1.2

0.8

Nuclear Medium Effects (1)

: e SLAC E139 (Fe)
- * EMC (Cu) .

| | I | | I I | I

0O 01 02 03 04 05 06 0.7 08 019

X

J. Ashman et al., Z. Phys.
C57, 211 (1993)

J. Gomez et al., Phys. Rev.
D49, 4348 (1994)



A dependence of p dependence?

1.2

Magnitude of the EMC effect for i
C and *He very similar, and 11
p(*He) ~ p(12C)

1

f
0.9 ¥ Hetiom. (1.5%) t:”*

“He suggests p—dependent

08 # 20 Nom. (1.6%)

12 -

Magnitude of the EMU effect for
C and ?Be very similar, but
p(®Be) << p(12C)

1.1

09 } DBENDI]IL (175

‘Be suggests A-dependent

08 f %C Nom. (1.6%)

02 03 04




A dependence of p dependence?

Fit of the EMC ratio for
0.35<x<0.7 and look at A- and
density dependence of the slope

J. Seely et al, PRL 103, 202301 (2009)

002 004 006
Ave. Nuclear Density [fm™®]

0.08

I I
" 3Hf:

1.1

Ay
L

0.9

0.8

Density determined from ab
nitio few-body calculation

S.C. Pieper and R.B. Wiringa,
Ann. Rev. Nucl. Part. Sci 51, 53 (2001)

‘Be has low average density,
but large component of
structure is 20+n meost
nucleons in tight, a-like

configurations




Nuclear Medium Effects (lII)

Coulome Sum Rule

L l R~ RL(Qaw) .
D=7 o WG+ NjzaHRE™ T

/

b
y
b
y =

Elastic Quasi-Elastic

Ge, Gm ‘ RL Rt

Probing a nucleon inside
a nucleus

S, Yoy

Possible modification of the

nucleons’ property inside nuclei ~ 200 300 400 500 600 11001200

g (MeVie)



E01-015
Precision Measurement of Coulomb Sum at g=0.5-1 GeV/c

Spokespersons: J. P. Chen, S. Choi and Z. E. Meziani
PhD students: Y. Oh (Seoul), X. Yan (USTC), H. Yao (Temple),

1.2
New Nal detector for L $ 4 ¢ ¢ 6 b4
background control y [
Precision data at 4 angles, 09 |
for 4 targets (*He, 12C, 5%6Fe . |
and 2%8 Pb) £ I
Analysis well underway 0 | + = % ;;E E’b
Expect preliminary 05 ® Expected Error on “Fe
results in a few months 0,4" S

200 400 600 800 1000 1200

4. (MeVlc)



Nuclear Medium Effects (lll)

 Quark propagation in cold and hot matter
SIDIS A-A Collision

1 1

E,= zv~2-20GeV E,=pr~2-20GeV
(HERMES/JLab) (RHIC)



 Quark propagation

Riy(zn) =

Cold
QCD matter

1 sz(zh)

DIS
N A

dzh

Sl

1 dN%(z;) =~ Dp(2)

DIS
N D

dzn
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SIDIS to study hadronization
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E12-0/7-101

Spokespersons: J.P. Chen, H. Lv,
B. Norum, K. Wang

* Projected R, vs.
z for n+ and
proton on 3
targets

12C, 64CU,184W
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Summary

Electron Scattering: A clean tool to study nucleon/nuclear
structure and QCD

JLab facility: 6 GeV beam, 3 halls
JLab 6 GeV program

12 GeV upgrade and beyond
Precision EM form factors with polarization
Nucleon property inside nuclear medium

EMF effects

Coulomb Sum Rule

Hadronization




