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Neutron form factor

2
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Choice of Nuclear Targets
* First excited state far from elastic Tl
* Neutron excess
* Doubly-magic o

e Stable : High Resolution ( 104) Spectrometers
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Using Parity Violation

Electron - Nucleus Potential \7([") — V(r) + Vs A(r)

/

- =
V(r)=[d*" Z p(r')/Ir-r |
208Pb is spin 0

do do

dQ - dQ mott

electromagnetic

[Fe(Q°)

Proton form factor

Q%) = [4°r Jo(ar) o (r)

Parity Violating Asymmetry

do) _(do
A \de)y (do)
do do
- +7
dQ ),  da),
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\ axial

G, _ fein? _
A = 75 [0 4sin? 8,7 pp (1) = N py (0]

A(r) is small, best observed

= by parity violation

—> 1-4sin’4, << 1 neutron weak
charge >> proton weak charge

Neutron form factor
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Neutron Skin vs Mass Number A
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Weak Interaction: Sees the Neutrons
T.W. Donnelly, J. Dubach, I. Sick Nucl. Phys. A503, 589, 1989

proton neutron [ Measured Asymmetry J
Electric charge 1 0
Correct for Coulomb
Distortions
Weak charge 0.08 1

[Weak Density at one Q2 J

Nuclear

APPLICATIONS

Theory
(Symmetry
Energy )

Small Corrections for
S

GE Gg MEC

surface thickness

C. J. Horowitz

Atomic
Parity
Violation

Neutron

Stars



Ways to Find

Neutron Distribution and Symmetry Energy

« Proton-Nucleus Elastic )

 Pion, alpha, d Scattering
« Heavy ion collisions
« Rare Isotopes (dripline)

>~ Involve strong probes

_/
* Pion Photoproduction
Electric Dipole Polarizabilities Electromagnetic probes
« Magnetic scattering
¢ PREX./ CREX APV Weak interaction
e Neutrino-nucleus coherent

MFT fit mostly by data other

* Theory —> than neutron densities

Robert Michaels, nuEclipse 2017 p7 /21



Neutron skin measured by Apv

'\-\\_ " "
i &, & —— Linear Fit, r=0.995 |
7 Ak ° *'::‘P . & © Nonmrelativistic models |
RObUSt Correlation B £ . *g° ¢ Relativistic models

O From strong probes

between 2%Pb Apy
and the neutron skin
over existing nuclear 7.0F

structure models P

X. Roca-Maza (et al.) PRL 106 (2011) 252501

Apv in PVES provides a clean probe of the neutron distribution

PREX: Apv to 3% from 208pb -> rn to 0.06 fm

CREX: Apv to 2.5% from %€Ca  ->rnt0 0.02 fm

Robert Michaels, nuEclipse 2017 p8/21



“Ab Initio” (exact microscopic) calculations of R, for“*®Ca have recently
been published. G. Hagen et al., Nature Physics 12, 186 (2016).

Can be compared to Density Functional Theory (the red and blue points)
and Dispersive Optical Model (DOM).
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Parity Experiment Method

(integrating mode)
polarized-source

specialized GaAs

optics ' Rapid, Random Helicity Flips Measure flux F
laser T DN for each window
> 99% livetime }
100 kV R R A _ Iﬁ F
" HV ; window pair
p()larized \/ 3 WilldOW L H L F;] + E—f
electrons i |
J Accelerator 15 Hz 5

rapid, random, helicity flipping

G(A)
Signal Average N Windows Pairs: A +/- N
Flux Integration Technique: Example : HAPPEX windows
C-REX : 140 MHz Calorimeter Raw Window Pair Asymmetry
PREX: 500 MHz 10° 23 Million o= 3.8x10°
Window Pair
Calorimeter . 103 e e
e R —— A ~ . M
= D I Y Bstscsincad I
/// : copper phototube integrator 0.2 ] 0.1 0.2

electron flux [ : quartz

No non-gaussian tails to +/- 50



. . . Op, — O _ _
Parity Violating Asymmetry A, =—%—L ~10"xQ’ ~10°
Oq + O
2
O~ M + >""‘< Apy from
e 14 o 0 interference
208pp 208pp

Applications of Ay, at Jefferson Lab

* Nucleon Structure
Strangeness ss in proton (HAPPEX, GO expts)

« Test of Standard Model of Electroweak sin’ 4,
e—e (MOLLER) or e—-q (PVDIS)
elastic e —p at low Q? (QWEAK)

-+ Nuclear Structure (neutron density) : PREX & CREX

;17 Son Lab

Robert Micha e|S, nuEcli pse 2017 P 11 / 21 omas Jefferson National Accelerator Facility



Hall A High

- Resolve Elastic Scattering

 Discriminate Excited States

target

Quads

Robert Michaels, nuEclipse 2017

Resolution Spectrometers

Elastic

Inelastic

N

Dipole

p12/21

detector

Quad

Quartz

detectors

scintillator

Transport z= 0




PREX-I Results PRL 108 (2012) 112502

1 @ Position Monitors : Phvsi
i @ Intensity Monitors S1CS Asymmet
i @ Luminosity Monitors 1 Y ry

Detectors

| A Modusmoncots £ A= 0,656 ppm
+ 0.060(stat) + 0.014 (syst)

- Statistics limited (9% )
- Systematic error goal

CEBAF achieved! (2%)

Pb target -

O / —
O 1 M
S ]
L= |}
{ ~J \

Jefferson Lab 13721

omas Jefferson National Accelerator Facility




Parity Quality Beam : Unique Strength of JLab

Helicity — Correlated Position Differences
Plotted below

< Xg; — X/ > for helicity L,R l l
Araw = Adet ) AQ ta AE+ zBi AXi
T T Measured separately

Points: Not sign-corrected.
20-50 nm diffs. with pol.

source setup & feedback diff_bpm  Sign flips using 72 wave plate &
UEZZ_ Wien filter ++ -+ -
« 0.15- | This BPM, Average = 2.4+ 3.1 nm
Sign flips provide g - -
further suppression : = 0.1
Average with signs = g - %
what experiment feels . 0.05__1 t ¢ I % 1 ;
| £ . ? + d | . MREEE:
achieved 5 VE 't
< 5nm 0.05- }
L PREX data
O T L
Y520 25 30 35 40

Slug # (~1 day)
Robert Michaels, nuEclipse 2017 14 /21



PREX-I Asymmetry

(Pe X A)

dit det_all

HWP OUT/Wien R A=-0.606 +/- 0.113 ppm, dof=58 , y°= 1.06, P=0.38
IHWP IN/Wien R A=-0.496 +/- 0.107 ppm, dof=71 , y°= 0.75, P=0.95

A
(prm) (}.5

0
-0.5

—

'__

HWP OUT/Wien L A=-0.566 +/- 0.095 ppm, dof=87 ,y"= 1.18, P=0.14 i

AVG- A=-0.535 +/- 0.071 ppm, dof=159 , y’= 0.97, P=0.60
AVG A=-0.594 +/- 0.050 ppm, dof=308 ,f= 1.00, P=0.50

—|III|IIII|III

—-i—
—i—

—a—
i
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—i—
|_
—
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Slug # (~1day)

Robert Michaels, APS 2017
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Asymmetry leads to Ry PR}:JX-I%I?;ScfStainShed a neutron skin
at ~95%

Neutron Skin = Ry - R, = 0.33 +0.16 -0.18 fm

0.8 ' T ' | ' T ' T ' T
B =R PRL 108 (2012) 112502
n<_> p
0.75F il
SI
- SLY4 |
g +PREX-I
g o1l NL3p06 i |
i SIII NL3 |
g B PREX-II i
< 0.65- o .
- . NL3m05
0.6 -
i | | | | |
54 | 55 5.6 5.7 5.8 5.9 6
R R (fm)
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PREX'I I and C'REX
Status

Improve the
shielding and
vacuum seals

Robert Michaels, nuEclipse 2017

Experiments approved

PREX-Il A rating 35 days

C-REX A- rating 45 days
Systematic Error Goals for PREX-II

demonstrated by PREX-I

May 2017 : passed a readiness review,
are allowed to ask for beam time
Might get beam in 2018 (TBD)

017 /21 Jefferéon Lab

omas Jefferson National Accelerator Facility



New PREX / CREX Scattering Chamber

» One cryo-cooled production target ladder
and one calibration-target ladder.

1. e Improved (hard) vacuum seals
- Qt « Run PREX and CREX with one installation
4 e Small chamber allows efficient shielding

Septum magnet

Robert Michaels, nuEclipse 2017 18 /21



Detectors Developments

* Cherenkov radiation from
electrons traversing thin
quartz.

+ Simulation and data
benchmarked quartz
properties

2 Quartz .
detect * Also, GEMs for high-rate
eLectors tracking
[75] I ~
_ E Prototype B, B55MeV electron beam
Electrons in HRS S A s negohie |
Simulatod data: Qthick émm, sop 3.6mm, DatAngle 2deg
alisur polish 0.981. GE k77230 (bialkall)
10 AN DO U WO A N S R
Tested at Idaho and Stony Brook ™ quarzADC hit_n_hist
. Eniries 570986 Entries 580000
Beam tests at Mainz Mean 7.2 0.009464 || Mean  37.22 2 0.009283
10° RMS  7.207+0.006602 || RMS  7.072 0006584
Integral 5.8e+05 || Integral . 5.8e+05
~ (o)
RMS/Mean ~ 19% 10t Il RMS _ 194 RMS = 49
Mean Mean
1 ......... ......
0 = Ostat \/1 —I_ C’rfres i N |
[ 150 om0

Photo-electrons

Thiu Fab 25 18:25:57 2016



P2 setup X MREX

Future
Weak Charge ,‘
Scan ? 0 O

Electron Scattering
e Jower Q? at Mainz S, —
* higher Q? at JLab

BCaat2GeV 0= upan

I 60 cm liquid hydrogen targetl

. =1 Focusing Solenoid
SF — rmgx=7 5 | ;
2.5x10 :_ o 2;5 ¢r"( : = B-= 0'7*Bma)( e
SF ~ n=4 target @ -1250 mm
20x10°F n=3 ’
< 15x10°) ]
sp ]
1.0x10 " F Effect on A,y
of when one of ai
5.0x10 1 changed by 5% -
L . T RS S RS 5
0 'OO 5 10 15 20 [N W et
O (deg.) -1000 -500 N
_do/dQp —do/dQ;  Grq® QwFw(qg®)
"7 do/dQg +do)dQ T dwa? ZFa(gd) M. Thiel, D. Becker, P.Souder
Z. Lin, S. Ban, C.J. Horowitz J. Phys. G39 014104 2012; PRC C92,014313 2015
p 20 / 21 Jeomas Jeﬁ§rs?nrlaati!>719A§:eleratorFacility



PREX, C-REX : Summary

Fundamental Nuclear Physics with many applications

PREX-I: 9% stat. error in Asymmetry
Goals: PREX-Il 3% 0.06 fm, C-REX 2.4% 0.02fm

Systematic Error Goals Achieved

Problems being fixed:
shielding, rad-hard vacuum seals.

PREX-Il & C-REX ready; possibly to run in 2018

Robert Michaels, nuEclipse 2017 http://hallaweb.jlab.org/parity/prex Jeomas JeffesrgmaﬁlagAlgceleramr Facility



Backup slides



PREX/ CREX EXxperiments

PREX-2: 3% stat, 0.06 fm

CREX: 2.4% stat, 0.02fm

PREX-| PREX-II ) CREX
E=1.1 GeV. 5° E=1.1GeV, 5 E=1.9 GeV, 5°
! A=0.6 ppm A=23ppm

A=0.6 ppm 70 WA, 25+10 days 150 pA, 35 + 10 days
Charge Normalization 0.2% Charge Normalization 0.1% Charge Normalization 0.1%
Beam Asymmetries 1.1% Beam Asymmetries* 1.1% Beam Asymmetries 0.3%
Detector Non-linearity 1.2% Detector Non-linearity* |1.0% Detector Non-linearity 0.3%
Transverse Asym 0.2% Transverse Asym 0.2% Transverse Asym 0.1%
Polarization 1.3% Polarization* 1.1% Polarization 0.8%
Target Backing 0.4% Target Backing 0.4% Target Contamination 0.2%
Inelastic Contribution <0.1% Inelastic Contribution <0.1% Inelastic Contribution 0.2%
Effective Q? 0.5% Effective Q2 0.4% Effective Q? 0.8%
Total Systematic 2.1% Total Systematic 2% Total Systematic 1.2%
Total Statistical 9% Total Statistical 3% Total Statistical 2.4%

Achieved, published

statistics limited result,

systematics well under control

*Experience suggests that

leading systematic errors can
be improved beyond proposal

;l?onL

omas Jefferson National Accelerator Facility




PREX-I Asymmetry (.xa)

HWP OUT/Wien R A=-0.606 +/- 0.113 ppm, dof=58 , y°= 1.06, P=0.38
IHWP IN/Wien R A=-0.496 +/- 0.107 ppm, dof=71 , y°= 0.75, P=0.95
HWP OUT/Wien L A=-0.566 +/- 0.085 ppm, dof=87 ,y’= 1.18, P=0.14 [

dit det_all

ppm

0.5
0
-0.5

AVG- A=-0.535 +/- 0.071 ppm, dof=159 , y’= 0.97, P=0.60
AVG A=-0.594 +/- 0.050 ppm, dof=308 ,f= 1.00, P=0.50
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Neutron skin and Symmetry Energy

Mean-Field predictions show a correlation between neutron skin of
a heavy nucleus and the density slope of the symmetry energy.

9S(p)
[ T T T T I T T T T T T T T -%:I L Cx ap |pD
[ —— Linear Fit, r =0.979 “
b © Nonrelivisic models ot % 2 Slope of symmetry energy
A e ativist : . . .
: CHALIVISIE Mode® SOuoY at saturation density

A 50 T T T T T
7] | B.A. Brown [PRL 85, 5296 (2000)]

40 [~ Bl

30 [—

20 [~

00 150
L (MeV) e
X. Roca-Maza (et al.) PRL 106 (2011) 252501

| I |
0.0 0.1 0.2 0.3
neutron density

r, calibrates the Equation of State of neutron rich matter,
determining L




Connecting low to medium to high density

: : Medium density :
Low density : nuclei ,

50 T T T T T

Heavy Ion Collisions

neutrons

Danielewicz, Lacey, and Lynch,
Science 298 (2002) 1592.

| B.A. Brown [PRL 85, 5296 (2000)] / | - Projectile
148
40 [~ =] i
5
s 2 - % 0.
2
Z [~ -
W B 5
20 4 | ‘
I | 10{Targe
°r i 1114Sn
- 20 45 40 5 0 5 10 15 20
! | i | ; il
0
0.0 0.1 0.2 0.3

neutron density

FIG. 2. The neutron EOS for 18 Skyrme parameter sets. The
filled circles are the Friedman-Pandharipande (FP) variational
calculations and the crosses are SkX. The neutron density is in
units of neutron/fm>.

Highest density :
Neutron Stars

ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE
INNER CORE

Dany Page



Input : /S /
- Eq. of state (EOS) P(,O)

PREX / CREX helps here

- Deduce Mass-Radius relationship,
and other properties

Crab Pulsar

Structure

0
Q
2,
i
>
=
L¢]
[=1]

Neutron skin is highly correlated with
several neutron star properties

J. Piekarewicz, Rev. Nuc. Phys 10 (2016) 625

0 02 04 06 08 1
Correlation with skin of 2°Pb



