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Connecting heaven and earth
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Crab  Nebula     (X-ray, infrared, radio, visible) Gravitational 
(LIGO/Virgo)

coherent neutrino scattering

Drischler et al.
https://arxiv.org/abs/2004.07232Chen et al. 

http://arxiv.org/abs/1004.4672v2

Earth-based (nuclei)

Heavy ion collisions
GDR
neutron skin in Tin isotopes
nuclear masses
Dipole polarizability
Coherent neutrino scattering

Space-based (neutron stars)

NICER – EM
LIGO/Virgo – tidal deformability

Same particles, same EOS,
18 orders of magnitude different in size!

It all has to hang 
together…

Piekarewicz (CEvNS2019)



Equation of State of Neutron Matter
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𝜀 𝜌, 𝛼 = 1 ≈ 𝜀0 𝜌 + 𝛼2𝑆 𝜌 ≈ 𝜖0 + 𝐿𝑥

𝑥 = Τ𝜌 − 𝜌0 3 𝜌0

𝜌0 = 0.15𝑓𝑚−3
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𝛼 = Τ𝑁 − 𝑍 𝐴

EOS of pure neutron matter

E/A for symmetric 
nuclear matter

Symmetry 
energy

Pressure of pure neutron matter

L – density dependence of symmetry energy
unconstrained by isoscalar measurements 
(~symmetric nuclear matter, including 
nuclear binding energies, etc.) 

Doubly-magic and neutron rich
nuclei to simplify corrections



Parity-violating electron scattering (PVES) 
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other methods, like HIC, have 
strong interaction uncertainties

in electron scattering the probe 
doesn’t interact via the strong force

does interact via the E&M and weak forces

Electrons with different helicities 
“see” different potentials for the 
nucleus because of parity-violation 
in the weak interaction

𝐸𝑙𝑎𝑠𝑡𝑖𝑐 𝑠𝑐𝑎𝑡𝑡𝑒𝑟𝑖𝑛𝑔
⇒ −𝑞2= 𝑄2 = 4𝐸𝐸′𝑠𝑖𝑛2𝜃
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Neutron skin with PVES
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Measurement of Fn(Q
2) at a 

single Q2 translates to a 
measurement of Rn via 
mean-field nuclear models
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𝐴𝑃𝑉 =
𝜎+ − 𝜎−
𝜎+ + 𝜎−

≈ 2

+ The Fourier transform of the 
weak “form factor” FW(Q2)

gives the weak charge density 
as a function of radius, just as it 
does for the charge form factor

At low Q2 there is a tight 
correlation between Rn and 
Fn(Q

2)

https://arxiv.org/pdf/1904.12269.pdf



Measuring APV with ES

June 2021 CAP Congress 6

Polarimetry

Polarimetry

detectors

detectors

spectrometerbeam target

spectrometer

Collimators Magnets

main detector

electronics

accelerator

Position 
monitors

tracking 
detectors

luminosity 
monitors

Raster
Photo-

cathode

continuous

invasive

Pockells
cell

At injector

Wien filters

Energy 
measurements

background 
determination

targetbeam
polarized 

beam
polarized 

beam

Charge 
monitors

Halo 
monitors

cooling
position

−+

−+

+

−
=

YY

YY
Ameas

( )

−−+=

=


 −=

PPiΔP where

1

2
1

N

i

iP
Y

Ymeascorr PAA
i

sig

backbackcorr
sig

f

fAA
A

−
=

beam

sig

PV
P

A
A =



Hall A High resolution spectrometers
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elastic

inelastic

detector

dipole

quads

target
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0.5 (5) mm thick Pb (Ca) target

5° (4°) scattered electrons 

Q2 =0.0088 (0.022) GeV2/c2

thick and thin quartz detectors

1 (2.2) GeV electron beam, 50-70 (150) µA

high polarization, ~89%

helicity reversal at 120 Hz or 240 Hz

PREX (CREX)
Parameters



Special equipment
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Septum magnet needed 
because to reach the low 
angles

Vacuum vessel to transport 
scattered electrons in vacuum 
to detector hut

Precision collimators to define 
the acceptance



Special equipment, cont.
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Integrating detectors (reduce 
deadtime effects) 

Thick and thin quartz bars 
(different systematics)



Target performance
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Solutions:  

Sync the raster
Run with 10 targets

Acquire new 48Ca 
Don’t expose it to air

Calcium target for CREX was in the 
scattering chamber during PREX-2

Vacuum level in target chamber 
monitored VERY closely

sanded oxidized 24 hours



Beam Corrections, examples
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Summary of Data Quality
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PREx II data

The detector system performed well; able to take 
~2.5GHz on 10 x 3.5 cm2 quartz in each arm

𝜎𝐴 =
1

𝑓𝑙𝑖𝑝 𝑟𝑎𝑡𝑒
× 𝐼 (𝜇𝐴) × 𝑅 Τ𝐻𝑧 𝜇𝐴 × #𝑓𝑙𝑖𝑝𝑠 × # 𝑑𝑒𝑡𝑠

−1/2
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https://scitechdaily.com/highly-
accurate-measurements-show-
neutron-star-skin-is-less-than-a-
millionth-of-a-nanometer-thick/
https://gizmodo.com/physicists-
measure-the-neutron-skin-of-an-
atom-what-ex-1846771841
https://www.jlab.org/news/releases/
physicists-net-neutron-star-gold-
measurement-lead
https://physics.aps.org/articles/v14/5
8
https://www.sciencemag.org/news/2
021/04/neutron-stars-may-be-bigger-
expected-measurement-lead-nucleus-
suggests
https://www.sciencenews.org/article/
lead-thick-neutron-skin-atom-nucleus-
new-measure-physics
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https://scitechdaily.com/highly-accurate-measurements-show-neutron-star-skin-is-less-than-a-millionth-of-a-nanometer-thick/
https://gizmodo.com/physicists-measure-the-neutron-skin-of-an-atom-what-ex-1846771841
https://www.jlab.org/news/releases/physicists-net-neutron-star-gold-measurement-lead
https://physics.aps.org/articles/v14/58
https://www.sciencemag.org/news/2021/04/neutron-stars-may-be-bigger-expected-measurement-lead-nucleus-suggests
https://www.sciencenews.org/article/lead-thick-neutron-skin-atom-nucleus-new-measure-physics


PREX-2 Result
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PREX 1 result:



Interior Baryon Density
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Note: acceptance function 
needed to interpret correctly

Interior baryon density from 
PREX combined and charge 
density data:

Interior weak density: 
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Reed et al.
https://arxiv.org/abs/2101.03193

Reinhard et al.
https://arxiv.org/pdf/2105.15050.pdf

There is no model which is able to
simultaneously reproduce APV and αD

within the experimental 1 σ error bands The PREX-II result is relatively 
model-independent

𝑅𝑠𝑘𝑖𝑛
208 ≲ 0.31 fm and a 

lower limit on the stellar 
radius of 𝑅⋆

1.4 ≳ 13.25 km

Context and Implications - Tension



Relating PREX and CREX to Neutron Stars
• The mass of a neutron star as a function of radius 

can be determined from neutron star observations

• Nuclear structure models can produces EOS curves 
relating the mass and radius, using different 
assumptions (values of Esym, NNN interactions)
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PREX 1

PREX 2

Miller, et al. 
https://arxiv.org/abs/2105.06979

Gandolfi, et al. 
https://journals-aps-org.uml.idm.oclc.org/prc/pdf/10.1103/PhysRevC.85.032801

• In this plot, Esym =35.1 MeV corresponds to L = 63.6 MeV 
(Esym =30.5 MeV ~ L = 31.1 MeV )

• Combined PREX gives 106 ± 37 MeV (in a different model)
• CREX will help narrow the width of the 3N bands

PSR J0740+6620 
from XMM-Newton and NICER



CREX Status

• CREX data is being analyzed 

• Expect to unblind by end of summer

• Publish this fall
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Transverse
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MREX – at the Mainz Microtron - MESA
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https://arxiv.org/pdf/1904.12269.pdf



Conclusion

• PREX 2 is complete
• Weak form factor 

• Weak radius

• Neutron skin

• Interior baryon density 

• CREX data is being analyzed – expect to publish in Fall 2021

• Future experiment at Mainz to improve the precision
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L = 106 ± 37 MeV

In tension with NICER, 
dipole polarizability, tidal 
deformability 


