
Parity violating measurements 
of neutron densities

CREX at Jefferson Laboratory uses parity 
violating electron scattering to accurately 
determine the neutron radius of 48Ca.  
• Introduction to PV measurements of 

neutron densities and PREX.
• Some implications for astrophysics 

• Radiative corrections including transverse 
asymmetry An.
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Charge Density of 208Pb, 
accurately measured in 
elastic electron scattering.

Ingo Sick 
et al. 1977

Cross section measured over 12 
orders of magnitude.

These elastic charge densities are our 
picture of the atomic nucleus!



Parity Violation Isolates Neutrons
• Apv from interference of photon 

and Z0 exchange.  In Born 
approximation

• One can map out weak charge or 
neutron densities in a way free 
from most strong interaction 
uncertainties.

– Donnelly, Dubach, Sick first 
suggested PV to measure neutrons.
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• In Standard Model Z0  boson 
couples to the weak charge.

• Proton weak charge is small:

• Neutron weak charge is big:

• Weak interactions, at low Q2, 
probe neutrons.

• Parity violating asymmetry Apv is 
cross section difference for 
positive and negative helicity 
electrons
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208Pb

• PREX measures how much neutrons stick out past protons (neutron skin). 



Weak Form Factor FW(q2)
FW(q2)=GWn(q2) Fn(q2) + GWp(q2) Fp(q2)

• Point proton, neutron form factors

Fn(q2) = ∫d3r j0(qr) ρn(r)

Fp(q2) = ∫d3r j0(qr) ρp(r)

• Weak single nucleon form factors

GWn = qpGEn + qnGEp + q0GEs

GWp = qpGEp + qnGEn + q0GEs

• Weak nucleon charges including radiative cor.  

qp≈0.0712,   qn=q0≈-0.9877



Weak, Charge, and Point Radii

• Charge radius Rch is observable in (unpolarized) 
elastic electron scattering.  Rch2≈Rp2+rp2

• Weak radius RW is observable in parity violating 
electron scattering.  Define weak skin = RW - Rch 

• Point proton Rp, neutron Rn radii, and neutron 
skin = Rn - Rp are important for nuclear 
structure (because nuclear forces are often 
assumed to act on nucleon center of masses). 

• Differences between charge/weak and point radii 
from single nucleon E+M and weak form factors 
(and from meson exchange currents ...).



PREX results from 2010 run
• 1.05 GeV electrons elastically 

scattering at ~5 deg. from 208Pb

• APV = 0.657 ± 0.060(stat)      
± 0.014(sym) ppm

• Weak form factor at q=0.475 fm-1:   
FW(q) = 0.204 ± 0.028

• Radius of weak charge distr.        
RW = 5.83 ± 0.18 ± 0.03(model) fm

• Compare to charge radius 
Rch=5.503 fm --> weak skin:        
RW - Rch = 0.32 ± 0.18 ± 0.03 fm

• First observation that weak charge 
density more extended than (E+M) 
charge density --> weak skin.

• Unfold nucleon ff--> neutron skin: 
Rn - Rp= 0.33+0.16-0.18 fm

• Phys Rev Let. 108, 112502 (2012), 
Phys. Rev. C 85, 032501(R) (2012) Rp

Weak charge 
density (gray) 
consistent with 
PREX



•Atomic parity violation 
depends on overlap of electrons 
with neutrons in nucleus.

•Measurement of Rn in 208Pb and 
48Ca constrains nuclear theory 
--> Rn for atomic parity nuclei.   

•Combine neutron radius from 
PV e scattering with an atomic 
parity exp for best low energy 
test of standard model.

•Use atomic parity to measure 
neutron densities?

CREX and Atomic Parity Violation

Berkeley Yb exp.

See talk by John Behr



Pressure of Neutron Matter vs Density

• Alex Brown found strong 
correlation between 
Rn(208Pb) and pressure of 
neutron matter at 2/3ρ0.

• Chiral EFT calc. of 
pressure of neutron 
matter by Hebeler et al. 
including three neutron 
forces (blue band)   
PRL105, 161102 (2010)

• PREX agrees with results 
including 3n forces.   Three 
neutron forces are very 
interesting, unconstrained.  

Rn-Rp=0.23 fm

0.15 fm

0.31 fm

0.07 fm

PREX

nn forces 
only

nn+3n 
forces



Both the laboratory and the heavens are 
made of the same material

• For Newton the material was mass.  In 19th century it was chemical 
elements.  Observation that spectral lines are the same in lab and in 
outer space created astrophysics.

• Today the material is neutron rich matter.  In astrophysics and in the 
laboratory it has the same neutrons, the same strong interactions, and 
the same equation of state.  

• A measurement in one domain (astronomy or the lab) has important 
implications in the other domain.



Neutron Star radius vs 208Pb Radius

2RNS

2Rn

208Pb radius depends on pressure near nuclear density.  NS radius 
depends on pressure at nuclear density and above. Look for strong 
density dependence of EOS, could signal phase transition.

Andrew Steiner will 
discuss measuring 
neutron star radii.



Discovery of 2Msun Neutron Star 
Demorest et al: PSR J1614-2230 has 1.97+/- 0.04 Msun.
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• The equation of state of neutron rich matter 
(pressure vs density) at high densities must be stiff 
enough (have a high enough p) to support this 
mass against collapse to a black hole.  All soft 
EOS are immediately ruled out!

• However this does not tell composition of dense 
matter be it neutron/ proton, quark, hyperon...

• NS cooling (by neutrinos) sensitive to composition.  

Orbital phase

Delay 
in 
pulse 
arrival

NS + 
White 
Dwarf
Binary

Green Bank 
Telescope



What are neutron stars made of?
• NS cool by nu emission from interior.  

Additional hadrons allow further beta 
decay and faster cooling.

• Beta decay of neutrons (direct 
URCA process) will be Pauli blocked 
unless proton fraction Yp is large. 

• A large sym E makes NS core more 
symmetric and increases Yp.

• If Rn(208Pb) is large, direct URCA will 
quickly cool massive NS.

1.Confirm rapid cooling of some NS 
2.Rule out (or in) direct URCA with 

PREX II --> Dense matter contains 
additional hadrons beyond n, p.
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If Yp > red line NS cools quickly 
via direct URCA n -> p+e+ν 
followed by p+e -> n+ν

Rn-Rp(208Pb)

Cooling Plan



Radiative corrections
• Increasingly important for many precision 

measurements.

• Can isolate some radiative corrections with only 
polarized electrons (no need for positrons).

• PREX, CREX provide unique data sets on high Z 
targets.  Comparing these to low Z data allows 
“Rosenbluth like” separations of different coulomb 
distortion, dispersion ... contributions vs Z.  
Instead of long / transverse vs angle, have coulomb 
distortion / dispersion contributions vs Z.

• Analyzing high Z and low Z data together can 
provide important additional insight even if only 
interested in low Z experiments. 



Radiative corrections

• Coulomb distortions are coherent, order Zα.  
Important for PREX (Pb has Z=82). 

• Dispersion corrections order α (not Zα).  Important 
for QWEAK because correction is order α/Qw ~ 10% 
relative to small Born term (Qw).  --- M. Gorshteyn

• Both Coulomb distortion and dispersion cor. can be 
important for Transverse Beam Asymmetry An for 208Pb.  
Note Born term gives zero by time reversal symmetry.  

γ,Z0 γ,Z0 γ,Z0γ γ
Elastic Inelastic

+ +

Born Coulomb distortions Dispersion corr.



Coulomb Distortions for PREX

• We sum elastic intermediate states 
to all orders in Zα by solving Dirac 
equ. for e moving in coulomb V and 
weak axial A potentials. 

• Right handed e sees V+A, left 
handed V-A

• Coulomb distortions reduce Apv by 
~30%, but they are accurately 
calculated.  Q2 shared between 
“hard” weak, and soft interactions 
so weak amplitude GFQ2 reduced.

--- With E.D. Cooper
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Transverse Beam Asymmetry An 

• Left / Right cross section asymmetry for 
electrons with transverse polarization.

• Potential systematic error for PV from small 
trans components of beam polarization.  

• An vanishes in Born approx (time reversal)  --> 
Sensitive probe of 2 or more photon effects.

• Full dispersion calculations include all excited 
states but only for 2 photon exchange.



Measure An for Calcium

• Measure An for both 40Ca, 48Ca during CREX to 
study dependence of coulomb distortions on Z and 
dispersion contributions on N.

Theory, 
experiment 
agree for H, 
4He, 12C, 
but 
disagree 
completely 
for 208Pb.

Ca ??



Experiment Questions
1. Is the current design of CREX and the projected total error on A_PV in the JLab proposal well 

matched to make an important and unique contribution to nuclear structure and nuclear 
astrophysics?  

2. At the Q of the experimental design, what are the relative rates and the relative sizes of PV 
asymmetries (with appropriate theoretical errors) on the first few excited states of Ca-48? Our 
acceptance falls off to zero above about 5 MeV, but we may accept a small fraction of events up to 
5 MeV of inelasticity.  

3. At the level of accuracy proposed, are there any other outstanding theoretical issues that might 
cloud the interpretation of results such as radiative corrections, specific box graph uncertainties and 
vector analyzing power?  

4. Is it worth thinking about improved accuracy beyond CREX for Ca-48? This might be feasible at 
Mainz if the motivation is compelling enough.  

5. How big is the vector analyzing power for Ca-48 at 2 GeV as well as lower beam energy (e.g. 150 
MeV) at the proposed Q?   

6. What is the importance and significance of improving the Pb-208 A_PV beyond PREX-II at the 
same Q? It seems feasible to do a factor of 2 better than PREX-II at Mainz  

7. How different is vector analyzing power expected to be for Pb-208 at the same Q but a beam 
energy of 150 or 200 MeV, in light of the PREX-I measurement of an unusually small vector 
analyzing power?  

8. Does the surprising measurement of small A_T in PREX-I motivate dedicated new measurements 
of A_T on Pb-208 or other nuclei?   

9. Under what circumstances of potential PREX and CREX results would it be motivated to 
contemplate new A_PV measurements at other Q points in Ca-48 or Pb-208 or in new nuclei?  By 
the same token, is there a scenario where the results of PREX-II and CREX, assuming they 
achieve their proposed errors, form a pair of definitive measurements that provide the necessary 
information for nuclear structure and nuclear astrophysics being sought? 



Theory / Nuclear Structure Questions
1. How does the ratio of 3N/NN contributions to bulk properties vary with mass? 
2. What is the role played by 3N T=3/2 forces in finite  nuclei? 
3. How does structure of 48Ca depend on 3N forces? 
4. What do we know about the spin-isospin dependence of 3N forces and what can 

48Ca teach us about them? 
5. How does structure of 48Ca depend on isovector fields? 
6. Can the precise data on the neutron radius of 48Ca reduce the theoretical 

uncertainties of low-energy coupling constants of nuclear models and discriminate 
between various models? 

7. How stringent do precise data on (i) the neutron radius of 48Ca, (ii) the neutron 
radius of 208Pb, and (iii) the electric dipole polarizability of 208Pb constrain the 
density dependence of the symmetry energy (or the isovector sector of EDFs)? 

8. Do "ab-initio" calculations of 48Ca place stringent constrain on EDFs? 
9. Do "exact" calculations of dilute pure neutron matter place stringent constraints on 

the neutron radius of 48Ca?  
10.Is it realistic to measure the weak-charge form factor of 48Ca [or 208Pb] at an 

additional momentum transfer to extract both the radius and the diffuseness? 
11.Are radiative corrections / coulomb distortions really under control?  How can this 

be verified?  
12.How well does CREX, in addition to PREX, allow us to predict Rn all across 

periodic table?  in particular for atomic parity?
13.What is best way to constrain L (density dep of symmetry E) from Rn 

measurements?  What is needed accuracy?



Parity violating measurements 
of neutron densities

• PREX-I: Rn - Rp(208Pb)= 0.33+0.16-0.18 fm 
• PREX-II: More statistics for 208Pb. Goal 

Rn to 1%, ±0.06 fm.
• CREX: Rn(48Ca) to +/- 0.03 fm.
• Workshop organizers: Bob Michaels, 

K. Kumar, W. Nazarewicz, J. 
Piekarewicz, 
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PREX measurements
• PREX: APV=0.66±0.06(stat)±0.014 

(sys) ppm --> Rn - Rp = 0.33+0.16-0.18 fm 

• PREX-II (approved for 25 days)  Run 
208Pb again to accumulate more 
statistics. Goal: Rn to ±0.06 fm. 

• Implications of 208Pb neutron radius.  
Pressure forces neutrons out against 
surface tension.  Alex Brown finds 
correlation between Rn in 208Pb and 
P of neutron matter at 2/3 nuclear 
density.  P related to density 
dependence of symmetry energy L. 

• CREX: Follow on  48Ca measurement 
conditionally approved. 
– Goal: Rn to ±0.03 fm. 

48Ca

Pressure



PREX Analysis 1: Fit to Mean Field Models

• Consider set of seven mean field 
models that give good charge 
densities and binding energies, and 
span a large range of neutron 
radius Rn.

• Calculate weak charge density 
from model ρn and ρp ,  
ρW(r)=qpρch(r)+qn∫d3r’[GEpρn

+GEnρp]

• Solve Dirac Eq. to calculate APV(θ) 
given ρW and experimental ρch. 

• Integrate APV(θ) over angular 
acceptance --> <APV>

• Compare least squares fit of 
model Rn vs predicted <APV> to 
measured  APV = 0.657 
±0.060(stat) ±0.014(sym) ppm

• Phys Rev Let. 108, 112502 (2012)
Analysis I Result: Rn - Rp = 0.33+0.16-0.18 fm

Rp

also Roca-Maza



Analysis II:  Helm model weak form factor

• Solve Dirac eq. for wood saxon 
ρW and experimental ρch.  
Integrate over acceptance.

• Adjust ρW until <APV> agrees with 
PREX measurement.  

• Calculate weak form factor     
FW(q)=∫d3r sinqr/qr ρW(r) / QW.

• Helm model for FW(q)=3/qR0 
j1(qR0) exp[-q2σ2/2] with 
diffraction radius R0.

• Use surface thickness 
σ=1.02±0.09 fm from least sqs. fit 
to mean field models.

• Weak radius: RW=[3/5(R02+5σ2)]1/2

FW(q)=0.204 ± 0.028 at q=0.475 fm-1

RW=5.83±0.18(exp)±0.03(model) fm

Helm model weak charge density for 208Pb 
(red)  Gray band includes exp. and model 
errors.  Blue dots is a typical mean field 
model (FSU).  Black dashes is (E+M) charge 
density.



Analysis II:  Weak form factor

• Compare Rw to well measured Rch=5.503 fm implies weak charge skin             
Rw-Rch=0.32±0.18(exp)±0.03(model) fm.  Experimental milestone: direct 
evidence that weak charge density is more extended than E+M charge 
density.

• Rch slightly larger than point proton radius, Rch2=Rp2+<rp2>+N/Z<rn2>  
(neglecting small spin-orbit and meson exchange currents).

• Proton size <rp2>=0.769 fm2, neutron <rn2>=-0.116 fm2 --> Rp=5.45 fm.

• (Qw/qnN)Rw2=Rn2+(qpZ/qnN)Rch2+<rp2>+Z/N<rn2>-(A/qnN)<rs2> 

• Total weak charge Qw=Nqn+Zqp=-118.55.  Radiative corrected neutron 
weak charge is qn=-0.9878, proton qp=0.0721.

• Nucleon strangeness radius <rs2>≤±0.04 fm2 from HAPPEX, G0, A4...

• From Rw deduce Rn=5.751 ±0.175(exp) ±0.026(model) ±0.005(strange) fm.

• Neutron skin: Rn-Rp=0.302 ±0.175 ±0.026 fm, consistent with Analysis I,              
Rn-Rp=0.33+0.16-0.18 fm, within limitations of Helm model (≈ ± model error).

-- Phys. Rev. C 85, 032501(R) (2012)



Possible parity violating neutron 
density measurements

• Rn exp. are feasible for nuclei with low density of states.
– 208Pb (relation to sym E / neutron matter P)
– 48Ca (smaller nucleus with large N excess)
– Tin isotopes,... Your favorite nucleus here!

• Measure 2nd Q2 point --> surface thickness of n density.
– What nuclear structure does one learn?  
– How accurately does one need to measure? 
– Which nuclei are most interesting?

• “Ultimate exp.” over longer time scale: measure 5 or 6 
Fourier Bessel coefficients of neutron density of 48Ca.  
Hard but not as hard as it sounds.  Minimize run time 
for high Q2 points: asym grows with Q2, need less 
accuracy, measure at high energies and small angles 
where cross section is larger.  This directly tells us 
where the neutrons and protons are in a nucleus.



FP

TM1
Solid

Liquid

Liquid/Solid Transition 
Density

• Thicker neutron skin in Pb means 
energy rises rapidly with density-> 
Quickly favors uniform phase. 

• Thick skin in Pb->low transition 
density in star. 

Neutron Star Crust vs 
208Pb Neutron Skin

• Neutron star has solid crust  
(yellow) over liquid core (blue). 
• Nucleus has neutron skin. 
• Both neutron skin and NS crust 
are made out of neutron rich 
matter at similar densities.
• Common unknown is EOS at  
subnuclear densities. 

208Pb
Neutron 
Star

J Piekarewicz, CJH



Neutron Skins for Atomic PNC

29
• A. Brown claims n skins of APNC isotopes track 

208Pb.  PREX constrains them. 



Neutron Skins for Atomic PNC

30
• A. Brown claims n skins of APNC isotopes track 

208Pb.  PREX constrains them. 



Neutron Skins for Atomic PNC

• A. Brown claims n skins of APNC isotopes track 
208Pb.  PREX constrains them. 31



PAC39 Report on CREX

• Issue: The main question is: why repeat the PREX-II measurement with 
another nucleus? While the PAC believes that a strong case can be made 
based on the fact that a measurement on 48Ca can be used to test 
microscopic models and confirm the PREX-II result, the current proposal did 
not convincingly make this case. No microscopic calculations for 48Ca were 
provided in the proposal and the arguments for how the experiment would test 
three nucleon effects were only indirect. The case for the measurement based 
on figure 2 of the proposal was not convincing since the experimental error 
bars will be large compared to the spread of the theoretical predictions. The 
arguments to test anomalies in transverse parity violation and the connection 
to atomic parity violating experiments were not viewed as convincing.

• Recommendation: The experiment is conditionally approved, with a C2 
status. The proponents should return to a future PAC with a proposal that 
makes a stronger case demonstrating how the 48Ca result will test 
microscopic models.
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