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PREX-2 overview
Measured the parity-violating (PV) scattering 
asymmetry of elastically scattered electrons from 
the Pb-208 nucleus
Utilized the right/left symmetric high resolution 
spectrometers (HRS) in Hall A to focus the elastic 
events

70 μA, 1 GeV electron beam on thin Pb-foil targets
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HallA R/L HRS

CEBAF currently unique in 
its capability to run this 
experiment



• Elastic scattering of longitudinally polarized 
electrons from Pb-208 nucleus

• Parity violating asymmetry sensitive to 
weak charge i.e. primarily neutron 
distribution

• Asymmetry arises from interference term 
between EM and weak amplitudes 
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• Flipped electron beam helicity at 120 Hz or  
240 Hz and formed asymmetries at 30 Hz. 

120 Hz: +−− + or complement
240 Hz:   −++−+−− + or complement
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(Born Approximation)

Electric Weak

Proton 1 0.07

Neutron 0 1

Pb-208 neutron distribution via parity violating asymmetry



Weak Charge Distribution of Heavy Nuclei

Kent Paschke November 6, 2020 4JLab Seminar

•Neutron skin thickness is highly sensitive to the 
pressure in neutron-rich matter: constrains EOS

•The greater the pressure (stiffer EOS), the thicker 
the skin as neutrons are pushed out against surface 
tension.

•Knowledge of Rn is highly model dependent, and is 
not well constrained by robust measurements. 

Thiel et al J.Phys.G 46 (2019) 9, 093003

Nuclear theory predicts a neutron “skin” on heavy nuclei

Overlap of astro and nuclear physics interests



Neutron EOS parameter L connects stars to nuclei

5

𝛿𝐴
!"
~

3%

PhysRevLett.106.252501
In neutron matter, symmetry energy S 
(penalty for breaking N=Z) is related 
to pressure  

• Surface relative to core
• Large L=stiff symmetry energy

=thick neutron skin
• Star size sensitive to L

https://journals.aps.org/prl/pdf/10.1103/PhysRevLett.106.252501


• PREX-2 experiment ran from July to 
early September 2019

• Unblinded results in Sept 2020
• First release talk at DNP Nov 2020

• Published final result in Feb. 2021

Milestones
Charge accumulation vs time

Donald Jones, SPIN 2021 6



Published Result

• Measured the parity violating elastic scattering asymmetry of electrons 
from Pb-208 nucleus 

• Did better than originally proposed statistical (±3%) and systematic (±2%) 
uncertainty goals*
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*Lower beam energy constraint caused slightly greater error than proposed on neutron radius despite reaching 
original uncertainty goals.

ppb



Implied neutron skin 
thickness 

Phys. Rev. Lett. 
106 252501 

(2011)
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Journal of Physics: 
Conference Series 312 
(2011) 092044

Electric Weak

Phys. Rev. C 88, 
034325  2013



Connecting neutron skin to 
neutron star radius

• Although 10!" x difference in 
size, neutron stars and Pb-208 
nuclei have same EOS

• Largely unconstrained 
symmetry energy controls both 
the neutron skin of Pb-208 and 
the radius of a neutron star

• Models show strong correlation 
between 𝑅#$%&'(" and 𝑅#)*+

• Neutron skin measured by 
PREX-2 implies                           
𝐿 = 106 ± 37MeV

Correlation 
between L and the 
radii of two neutron 
stars for different 
masses.

Piekarewicz et al arXiv 1907.02561
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Neutron star radii
Reed, Horowitz et al.
PRL 126, 172503 (2021)

Neutron stars deform in strong gravitational fields 
parametrized in tidal deformability Λ~𝑅,
• Soft EOS low maximum mass and small radii

à deform less = Λ smaller
• Stiff EOS high maximum mass and larger radii

à deform more = Λ larger
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• NICER (NASA’s neutron star Interior Composition 
ExporeR) is an X-ray telescope on the 
International Space Station

• NICER able to set limit on neutron star radius 
consistent with PREX



Neutron star radii

LIGO 90% CL

LIGO 95% CL

Reed, Horowitz et al.
PRL 126, 172503 (2021)

• NICER (NASA’s neutron star Interior Composition 
ExporeR) is an X-ray telescope on the 
International Space Station

• NICER able to set limit on neutron star radius 
consistent with PREX

Neutron stars deform in strong gravitational fields 
parametrized in tidal deformability Λ~𝑅,
• Soft EOS low maximum mass and small radii

à deform less = Λ smaller
• Stiff EOS high maximum mass and larger radii

à deform more = Λ larger

• LIGO determined upper limit on tidal 
deformability Λ!.# < 580 for the neutron star 
merger GW170817 with its gravitational wave 
measurement (slight tension with PREX)

(90% CL)
Donald Jones, SPIN 2021 12



Saturation baryon density • Nuclear saturation (energy of nuclear matter 
has a minimum at 𝜌() is fundamental to 
nuclear structure. 
• Suggested by semi-empirical mass formula. 
• Very hard to calculate even today with Chiral EFT.

• Nuclear saturation suggests interior baryon 
density of heavy nuclei should be approx. 
constant and equal to 𝜌(.
• Never cleanly observed. 
• Charge densities known but heaviest stable N=Z 

nucleus is 40Ca (too small to clearly show 
saturation). 

• Combining weak charge radius from PREX-2 
and known electric charge radius able to 
determine baryon density to better than 3% 
(theory + exp error)
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Citations indicate continuing community interest

PREX-2 Published Feb 2021PREX-1 Published Jan 2012
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Interest extends well beyond the electron scattering community into nuclear structure and astrophysics

64 total as of 10/15/21
452 total as of 10/15/21
~47 per year



Garnered press attention
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APS Viewpoint “highlighting exceptional research”



Achieving the 
physics result
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Beam-related false asymmetries
• Changes in beam parameters between helicity 

states create false asymmetries which could easily 
be of comparable size to the physics.

->Typical corrections involve beam energy, intensity, XY 
angle and XY position

• Solution: carefully minimize/cancel false 
asymmetries and correct residual

• During PREX-2 careful setup and monitoring of the 
polarized source produced small residual helicity-
correlated differences
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Data quality
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Asymmetry after correction for HC beam asymmetries

Cancellation of residual false asymmetries with helicity reversals
1. Halfwave plate (In/Out) reverses relative laser helicity
2. Wien reversal (Right/Left) rotates electron launch angle 180 deg

Corrected asymmetry consistent 
over experiment after correction

Null asymmetry consistent with 0



Data quality
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Data quality
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Data quality
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Data quality
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Asymmetry after correction for HC beam asymmetries

Cancellation of residual false asymmetries with helicity reversals
1. Halfwave plate (In/Out) reverses relative laser helicity
2. Wien reversal (Right/Left) rotates electron launch angle 180 deg

Corrected asymmetry consistent 
over experiment after correction

Null asymmetry consistent with 0

After correcting for beam asymmetries, need to 
correct for backgrounds and scale by polarization



Moller polarimetry
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Cross check with Compton polarimeter was consistent 
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Background Correction
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Now we have all the pieces in 
place to get 𝐴() from the raw 
measured asymmetry

We still need 𝑄* and an acceptance 
function to interpret this result in 
terms of neutron radius 

Almost there…



Absolute Angle Calibration - Watercell

**Analysis by Siyu Jian

Elastic H peak
Elastic O peak

Energy spectrum from 
water target

Momentum [GeV]

• Critical to measure the absolute 
scattering angle to high precision

• Nuclear recoil method
• 1H and 16O in one target (same E-loss) 

provides straightforward 
measurement of angle, insensitive to 
other calibrations

• Determined central angle (4.76⁰) to 
δθ = 0.02⁰

• <Q2> = 0.00616 ± 0.00004 GeV2   

(δ Q2/Q2 = 0.65%)

recoil momentum difference ⟶ scattering angle

Determining central scattering angle and 𝑄!
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Concluding remarks

• PREX-2 successfully ran a technically difficult 
experiment thanks to the vigilance and consistent 
efforts of so many: students, post-docs, staff 
scientists, faculty, engineers, technicians, operators…

• One year after completing data taking was complete 
we unblinded the data (in spite of working through 
COVID-19 difficulties and strenuous efforts of largely 
the same crew simultaneously completing CREX)

• The final results were published in PRL in Feb 2021 
and are already having an impact well beyond the 
Jefferson Lab and electron scattering community
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Our Mascot 
“Rexy”
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Allison Zec



Backups
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Correcting beam false asymmetries
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Good agreement between three independent techniques 
for measuring sensitivities to beam parameters 

1. Beam modulation
2. Linear regression 
3. Lagrange Multiplier Regression 

Left/right symmetry of detector provides some 
cancellation so correction dominated by energy

𝐴() = 550 ppb



Other measurements 
sensitive to L
• Many other methods are more 

precise, but suffer from 
interpretability due to  variable levels 
of model dependence

• PREX cleanly interpretable but less 
accuracy due to statistics

32

PREX 68% C.L

PREX 90% C.L

arXiv 1203.4286 Lattimer and Lim 2013


