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Symmetry energy ESYM(u = nB/ns, x = np/nB)
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C. Drischler et. al. 2020

Neutron star matter  Pure neutron matter = Symmetric nuclear matter + Symmetry  energy≈

BE +
K
18

(u − 1)2 + …

Sv +
L
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(u − 1) +
KSYM

18
(u − 1)2 + …

E(nB, x) ≈
ESNM(u) ESYM(u)+ (1 − 2x)2 + …

Neutron Skin  

is “perpendicular” to others

ΔR = Rn − Rp

L = 30 − 90 MeV
ΔR208Pb = 0.11 − 0.25 fm
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CREX PREX

(N,Z) (28,20) Ca (126,82) Pb

q (fm-1) 0.8733 0.3977

Fch, Rch(fm) 0.1581, 3.481 0.409, 5.503

Apv 2668±106(stat)
±40(syst)

550±16(stat)
±8(syst)

Fw 0.1304±0.0052(stat)
±0.002(syst)

0.368±0.013(exp)
±0.001(theo)

Fch-Fw 0.0277±0.0052(stat)
±0.002(syst)

0.041±0.013(exp)
±0.001(theo)

Rw 3.64±0.026(exp)
±0.023(theo) 5.8±0.075(tot)

Rw-Rch 0.159±0.026(exp)
±0.023(theo) 0.297±0.075(tot)

Rn-Rp 0.121±0.026(exp)
±0.024(theo) 0.283±0.071(tot)

Flowchart of Applying PREX and CREX Data

PREX II 2021PREX I 2012CREX 2022

Bulk Nuclear Properties

Skyrme & RMF Models

Prior in Bayesian Analysis
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FSU-type RMF model
ℒ = ℒ0 + ψ̄(gσσ − gωγμωμ −

gρ

2
γμτρμ)ψ −

κ
3!

(gσσ)3 −
λ
4!

(gσσ)4

L

Λ

Lmin Lmax

+
ζ
4!

(g2
ωωμωμ)2 + Λωρ(g2

ρ ρμρμ)(g2
ωωμωμ)

Scalar Vector

Isoscalar

Isovector

σ
⃗τ ⃗δ γμ ⃗τ ⃗ρ μ

γμωμ
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W. Chen et. al. 2014 A. Steiner et. al. 2005
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Finite nuclei with MFT
• Nucleon densities of : 

(1) Guess the initial 4 density profiles. 
(2) Solve Klein-Gorden Eq for 4 mesons fields. 
(3) Construct local 4 single-particle potentials. 
(4) Solve Dirac Eq for lowest Z (N) proton (neutron) levels. 
(5) Compute ground state 4 density profiles. 
(6) Repeat (2) To  (5) until converge.
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Parity violating asymmetry APV

• Parity violating asymmetry:  

where ,  are cross-sections of the scattering problem:  
 

where , 
 

,    

where electric distribution  is approximately proton distribution, 
and weak charge distribution  is approximately neutron distribution.

APV =
σR − σL

σR + σL
σR σL

[αp + VL,R(r)] ΨL,R = EψL,R, VL,R(r) = V(r) ± A(r)

V(r) = ∫ d3r′￼

ρE(r)
|r′￼− r |

A(r) =
GF

23/2
ρW(r)

ρE
ρW

The observable in PREX and CREX

8

48Ca − CREX
208Pb − PREX
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Electric Charge Distribution
Well measured!!!

dσ
dΩ

= [ dσ
dΩ ]

Mott
|F(q) |2 F(q) =

∫ j0(qr)ρ(r)d3r
∫ ρ(r)d3r

Moca-Maza et. al. 200810

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.78.044332


Extremely hard!!!
Weak Charge Distribution

•  

           

              (spherical symmetry)


F(q) =
1
Q ∫ eiq⋅rρ(r)d3r

=
1
Q ∫ (1 + iq ⋅ r −

1
2

(q ⋅ r)2 + …) ρ(r)d3r

= 1 −
1
6

q2 < r2 > + …

lim
q<< < r2 >

< r2 > =
6[1 − F(q)]

q2

CREX 2022

CREX 2022

Tao Ye 2021
Robert Radloff 2022

Krishna Kumar 2018
Jefferson Lab
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Born approximation

• Axial weak potential, 


• Scattering amplitude: 




•  

where ,  and   is spherical Bessel function

A(r) =
GF

23/2
ρW(r)

∫ < ψin |A(r) |ψout > d3r =
GF

23/2 ∫ eiq⋅rρW(r)d3r =
GFQW

23/2q2
FW(q)

APV =
σR − σL

σR + σL
≈

GFq2 |QW |

4 2παZ

FW(q)
FE(q)

∝
(FE + FW)2 − (FE − FW)2

(FE + FW)2 + (FE − FW)2

F(q) =
∫ j0(qr)ρ(r)d3r

∫ ρ(r)d3r
j0(qr) =

sin(qr)
qr

Back
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Figures from CREX 2022

Tension between PREX and CREX

https://arxiv.org/pdf/2205.11593.pdf


How Much Tension?

• Confidence discrepancy: 
 P(Δ ⃗x ) = ∫ Pdata( ⃗x )Pposterior( ⃗x + Δ ⃗x )dn ⃗x

Pdisagree = ∫P(Δ ⃗x )>P(0)
P(Δ ⃗x )dnΔ ⃗x

RMF models

Sigma Tension Rch, BE, Fch +PREX
Rch, BE, Fch 1.98 (95.2%) 2.12 (96.6%)

+CREX 1.59 (88.8%) 1.52 (87.2%)

Roca-Maza et. al. 2015

IMSRG, MBPT and CC calculation of 48Ca and 208Pb. 
Hu et. al. 2022

• Consistent with Ab-initio calculation:

16

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.92.064304
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How Much Tension?

• Confidence discrepancy: 
 P(Δ ⃗x ) = ∫ Pdata( ⃗x )Pposterior( ⃗x + Δ ⃗x )dn ⃗x

Pdisagree = ∫P(Δ ⃗x )>P(0)
P(Δ ⃗x )dnΔ ⃗x

Sigma Tension Rch, BE, Fch +PREX
Rch, BE, Fch 2.59(99.0%)
 2.72(99.3%)

+CREX 2.34(98.1%) 2.44(98.5%)


IMSRG, MBPT and CC calculation of 48Ca and 208Pb. 
Hu et. al. 2022

• Consistent with Ab-initio calculation:
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Skyrme models

https://www.nature.com/articles/s41567-022-01715-8


Attempts to Solve the Tension
18

Density dependence of symmetry energy:
• L30-L130 are traditional
• Sv31-Sv51 are unusual

‘localized’ density variation‘bulk’ density variation



Can CREX Measure Neutron skin?

• Form factor to radius mapping is much less accurate for CREX: 
1. Momentum transfer q is a bit too large for CREX. 
2. MFT uncertainty increase for lighter nuclei.


• Better use form factor to constrain nuclear model.

19

208Pb

48Ca

• RMS radius: 


• Form Factor:    


•

< r2 > =
1
Q ∫ r2ρ(r)d3r

F(q) =
1
Q ∫ eiq⋅rρ(r)d3r = 1 −

1
6

q2 < r2 > + …

lim
q<<1/ < r2 >

< r2 > =
6[1 − F(q)]

q2

208Pb 1 -0.8 0.19
48Ca 1 -1.56 0.73



Sensitivity to Symmetry Energy Slope L
20

•  form factor is sensitive48Ca

48Ca

•  skin is not sensitive48Ca
48Ca Neutron skin = 0.12-0.15 fm


Hagen et. al. 2016
Neutron skin = 0.141-0.187 fm


Hu et. al. 2022
Neutron skin = 0.126-0.154 fm


From other experiment 

• Skin and form factor of  have similar sensitivity208Pb

208Pb 208Pb
Neutron skin = 0.139-0.20 fm


Hu et. al. 2022
Neutron skin = 0.142-0.167 fm


From other experiment 

https://www.nature.com/articles/nphys3529
https://www.nature.com/articles/s41567-022-01715-8
https://www.nature.com/articles/s41567-022-01715-8


cov[p(n1), p(n2)]

Pearson Correlation
21

n1

n2 =

cov[X, p(n2)]

S(X, n1) =
rX

2πσX

exp[−
(n1 − μX)2

2σ2
X

]

[fm] Fch-Fw Skin Fch-Fw Skin
0.147 0.0932 0.121 0.113
6E-04 7E-04 0.0522 0.0616

0.00214 0.00197 0.00250 0.00268

μX

σX

rX

cov[X, p(nB), P] = ∑
i

Pi
(Xi − X̄)(pi − p̄)

σXσp

= ∫ cov[p(n1), p(n2)]S(X, n1)dn1

Observable
Pressure at given density

Likelihood



Bayesian Analysis

• The weak form factor of PREX+CREX: 
 , 


• Dipole polarizability of :  
 

SV = 33.2+5.7
−7.33MeV L = 41.8+15.5

−16.7MeV
208Pb

L = [6.11 ± 0.316] Sv − [146 ± 1] MeV
SV = 30.6+3.12

−2.79 MeV

Posterior of Sv and L

22

Moca-Maza et. al. 2013

Skyrme EDF

Z. Zhang et. al. 2022

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.88.024316
https://arxiv.org/abs/2207.03328


Skyrme Bayesian Analysis

• The weak form factor of PREX+CREX: 
 , 


• Dipole polarizability of :  
 

SV = 30.5+5.47
−3.78MeV L = 64+20

−32.2MeV
208Pb

L = [6.11 ± 0.316] Sv − [146 ± 1] MeV
SV = 34.1+3.93

−3.84 MeV

Posterior of Sv and L

23



RMF vs Skyrme
due to Rch+Fch+BE constraints



RMF vs Skyrme
due to Rch+Fch+BE constraints



Credit: MaxPlanckSociety Credit: Walt Feimer Credit: NASA

Compared with Astro

P(ℳ |𝒪) = ∫ dM exp [−
(β𝒪 − β(M |ℳ))2

2σ2
β𝒪

−
(M𝒪 − M)2

2σ2
M𝒪

]
P(ℳ |𝒪GW170817) = Θ(Λ𝒪

1.4 − Λ1.4)

P(ℳ |𝒪Mmax
) = exp [−

(Mmax − M𝒪
max)2

2σMmax
]

• Likelihood in uniform L

26

Remove

https://www.youtube.com/user/MaxPlanckSociety
https://svs.gsfc.nasa.gov/20268
https://nasa.tumblr.com/post/166466378849/when-dead-stars-collide


Impact on Equation of State(EOS)

• PREX is sensitive to EOS at 0.1 fm .


• CREX is sensitive to EOS around saturation.


• PREX+CREX modulates posterior consistent UG and 


• Astronomical constraints are relatively weak at low density.

−3

χEFT

27



Direct Urca Process

• Modified Urca process with 
superfluidity explains majority 
cooling data.


• PREX+CREX is consistent with 
the small probability of a direct 
Urca process.

ν̄ + p + e ← n
p + e → n + ν

pe
F + pp

F > pn
F

np/nn ≳ 0.14

28

• Direct Urca Process:


• Kinetic condition:



Conclusion

• There’s 1.5 to 2 sigma tension between PREX + CREX and the model.


• The mild tension helps constrain density dependence of symmetry energy


• CREX indeed provides more information than PREX.


• PREX + CREX is consistent with ab-initio calculation, dipole polarizability, and 
other experiments regarding symmetry energy.


• Astronomical observation has very limited constraints on EOS below saturation.


• Small probability of a direct Urca process is supported by PREX + CREX.


• Looking forward to MREX confirming PREX.

29
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RMF Skyrme

Posterior (Rch+Fch+BE) vs Posterior (+PREX+CREX)



RMF Skyrme

Posterior (Rch+Fch+BE) vs Posterior (+PREX+CREX)













Why electron-weak probe?

• 


• The only source of parity violation:



• Approximately zero-range, since : 




• Weak compared with Coulomb interaction: 

ℒ = … +
gW

cos(ΘW)
Jμ

ZZμ −
M2

Z

2
ZμZμ + …

Jμ
Z = −

1
2

ψ̄LγμψL − sin2(Θ)ψ̄γμψ = −
1
4

ψ̄ [1 − 4 sin2(ΘW) − γ5] ψ

MZ ≈ 500 fm−1

ΦW(r) = ∫
ρW(r′￼)e−MZ|r−r′￼|

4π |r − r′￼|
dr′￼3 ≈

ρW(r′￼)
M2

Z

ΦW < < ΦE

39

sin2(ΘW) = 0.223

GF =
g2

W

4 2M2
W

•           <<         
(0.0721 with correction)                  (−0.9878 with radiative correction)
Qp = 1 − 4 sin2(ΘW) Qn = − 1

48Ca − CREX
208Pb − PREX



Sv-L Posterior with RMF
40
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Skyrme Result

42

n1

n2 =

RMF Result

cov[p(n1), p(n2)] cov[p(n1), p(n2)]

Pearson Correlation



Finite nuclei with MFT
• Nucleon densities of : 

(1) Guess the initial 4 density profiles. 
(2) Solve Klein-Gorden Eq for 4 mesons fields. 
(3) Construct local 4 single-particle potentials. 
(4) Solve Dirac Eq for lowest Z (N) proton (neutron) levels. 
(5) Compute ground state 4 density profiles. 
(6) Repeat (2) To  (5) until converge.

A
ZX
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FSU-type RMF model
ℒ = ℒ0 + ψ̄(gσσ − gωγμωμ −

gρ

2
γμτρμ)ψ −

κ
3!

(gσσ)3 −
λ
4!

(gσσ)4

L

Λ

Lmin Lmax

+
ζ
4!

(g2
ωωμωμ)2 + Λωρ(g2

ρ ρμρμ)(g2
ωωμωμ)

Scalar Vector

Isoscalar

Isovector

σ
⃗τ ⃗δ γμ ⃗τ ⃗ρ μ

γμωμ
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Dipole Polarizability

• Strength function of Dipole operator : 




• Moments of strength function: 

                   


• Common Observable: 
Centroid energy ,  

Polarizability ,  in terms of photo-absorption, 

D
S(ω) = ∑

k>0

< k |D |0 >
2

δ(ω − ωk) ∝
σabs(ω)

ω

mn = ∫
∞

0
S(ω)ωndω m1 ≈ 15

NZ
A

fm2MeV

E0 =
m1

m0
E−1 =

m1

m−1

αD =
8πe2

9
m−1 αD =

ℏc
2π2e2 ∫

σabs

ω2
dω

J. Piekarewicz 2014

E.M. interaction probe: photo-absorption
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• Photon excitation works below neutron ionization.


• Proton Coulomb excitation at RCNP, Osaka


•  is a better observable than αDSV αD

Reinhard and Nazarewicz, 2010

Hagen et. al. 2016

Electric Dipole Polarizability of 48Ca and Implications for the Neutron Skin

Picture by L. Pellegri

Dipole Polarizability
Pygmy

Giant

Complete Electric Dipole Response and the Neutron Skin in 208Pb Moca-Maza et. al. 2013
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.107.062502
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Electric Charge Distribution
Well measured!!!

dσ
dΩ

= [ dσ
dΩ ]

Mott
|F(q) |2 F(q) =

∫ j0(qr)ρ(r)d3r
∫ ρ(r)d3r

Moca-Maza et. al. 200847

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.78.044332


Extremely hard!!!
Weak Charge Distribution

•  

           

              (spherical symmetry)


F(q) =
1
Q ∫ eiq⋅rρ(r)d3r

=
1
Q ∫ (1 + iq ⋅ r −

1
2

(q ⋅ r)2 + …) ρ(r)d3r

= 1 −
1
6

q2 < r2 > + …

lim
q<< < r2 >

< r2 > =
6[1 − F(q)]

q2

CREX 2022

CREX 2022

Tao Ye 2021
Robert Radloff 2022

Krishna Kumar 2018
Jefferson Lab
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Direct Urca Process

• Modified Urca process with superfluidity explains most cooling data.


• PREX+CREX is consistent with the absence of evidence for the direct Urca process.

Yakovlev & Pethick 2004

ν̄ + p + e ← n
p + e → n + ν pe

F + pp
F > pn

F
np/nn ≳ 0.14
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QED and Weak interaction

• Lagrange involving electron: 

 

 is electron 4-current, 
and  

Weak mixing angle:  

 GeV,    GeV,   


• Z boson propagator:   


• 4-Fermi effective interaction at zero momentum : 

ℒ = iψ̄γμ∂μψ − mψ̄ψ + eJμAμ +
gW

cos(ΘW)
Jμ

ZZμ −
M2

Z

2
ZμZμ + …

Jμ = (ρE, j) = ψ̄γμψ
Jμ

Z = −
1
2

ψ̄LγμψL − sin2(Θ)ψ̄γμψ = −
1
4

ψ̄ [1 − 4 sin2(ΘW) − γ5] ψ

cos(ΘW) =
MW

MZ
= 0.882

MW = 80.4 MZ = 91.2 sin2(ΘW) = 0.223
gμν

M2
Z − q2

GF =
g2

W

4 2M2
W

Back
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Maxwell Equations of E.M. and Weak fields
• Lagrange involving photon and Z boson: 

 

where ,  
,  are gauge boson fields, 

and  is E.M. 4-current of an electron.


• E.M. field follows Maxwell Equations:  + (  for massive Z boson) 

 Static electric potential:   

 Static Z-boson potential:  

ℒ = [−
1
4

FμνFμν + eJμAμ] + [−
1
4

ZμνZμν +
gW

cos(ΘW)
Jμ

ZZμ −
1
2

M2
ZZμZμ]

Fμν = ∂μAν − ∂νAμ Zμν = ∂μZν − ∂νZμ

Aμ = (Φ, A) Zμ = (ΦZ, Z)
Jμ = (ρE, j) = ψ̄γμψ

∇2Φ −
∂2Φ
∂2

t
= ρE M2Φ

Φ(r) = ∫
ρE(r′￼)

4π |r − r′￼|
dr′￼3

ΦZ(r) = ∫
ρZ(r′￼)e−MZ|r−r′￼|

4π |r − r′￼|
dr′￼3 ≈ ρZ(r′￼)∫

e−MZ|r−r′￼|

4π |r − r′￼|
dr′￼3 =

ρZ(r′￼)
M2

Z

Weak interaction is approximately zero-range, since MZ ≈ 500 fm−1

Back
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Dirac equation in E.M. and weak field
V-A theory

• Lagrange involving electron: 




• Electron weak 4-current: 



• Dirac equation:  

where ,   ,   


• In the massless limit(Weyl basis): where 

ℒ = iψ̄γμ∂μψ − mψ̄ψ + eJμAμ +
gW

cos(ΘW)
Jμ

ZZμ −
M2

Z

2
ZμZμ + …

Jμ
Z = −

1
2

ψ̄LγμψL + sin2(Θ)ψ̄γμψ = −
1
4

ψ̄γμ [1 − 4 sin2(ΘW) − γ5] ψ ≈
1
4

ψ̄γμγ5ψ

[αp + βm + ̂V(r)] Ψ = Eψ

̂V(r) = V(r) + γ5A(r) V(r) = ∫ d3r′￼

ρp(r)
|r′￼− r |

A(r) =
GF

23/2
ρW(r)

[αp + VL,R(r)] ΨL,R = EψL,R, VL,R(r) = V(r) ± A(r)

Back
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Parity violating asymmetry APV

• Parity violating asymmetry:  

where ,  are cross-section of the scattering problem: 
where , 

,    

which is called “Coulomb distortion” in this context: 
Coulomb distortion stands for repeated electromagnetic interactions with the 
nucleus remaining in its ground state. This is of order Zα/π, 20 % for 208Pb.

APV =
σR − σL

σR + σL
σR σL

[αp + VL,R(r)] ΨL,R = EψL,R, VL,R(r) = V(r) ± A(r)

V(r) = ∫ d3r′￼

ρp(r)
|r′￼− r |

A(r) =
GF

23/2
ρW(r)

The observable in PREX and CREX

Back
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Form Factor

• Point charge Coulomb (Mott) scattering: 


• Extended  Coulomb scattering:    

 

 

                                                       assuming spherical symmetry


• At small q, 

[ dσ
dΩ ]

Mott
=

Z2e4(1 − β2 sin2 θ
2 )

64π2ε2
0 p2β2 sin2 θ

2

−
Ze2

r
⟶ e2 ∫

ρ(r′￼)d3r′￼

|r − r′￼|
dσ
dΩ

= [ dσ
dΩ ]

Mott
|F(q) |2

F(q) =
1
Q ∫ eiq⋅rρ(r)d3r =

1
Q ∫ (1 + iq ⋅ r −

1
2

(q ⋅ r)2 + …) ρ(r)d3r

= 1 −
1
6

q2 < r2 > + …

lim
q<< < r2 >

< r2 > =
6[1 − F(q)]

q2

Back
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Born approximation

• Axial weak potential, 


• Scattering amplitude: 




•  

where ,  and   is spherical Bessel function

A(r) =
GF

23/2
ρW(r)

∫ < ψin |A(r) |ψout > d3r =
GF

23/2 ∫ eiq⋅rρW(r)d3r =
GFQW

23/2q2
FW(q)

APV =
σR − σL

σR + σL
≈

GFq2 |QW |

4 2παZ

FW(q)
FE(q)

∝
(FE + FW)2 − (FE − FW)2

(FE + FW)2 + (FE − FW)2

F(q) =
∫ j0(qr)ρ(r)d3r

∫ ρ(r)d3r
j0(qr) =

sin(qr)
qr

Back
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Weak Charge of Nuclei
• Weak charge:  

where weak isospin  for , and  for  

Neutron weak charge:  (−0.9878 with radiative correction) 
Proton weak charge  (0.0721 with radiative correction)


• Neutron form factor:  
Proton form factor:   


• Weak charge distribution: 


• Electric charge distribution:  

Additional complicity: many-body correction, center-of-mass correction, the magnetic 
contribution from spin-orbital current(SHF) or tensor density (RMF)

QW = 2T3 − 4QE sin2(ΘW)
T3 = −

1
2

e−, u+ 2
3 , n T3 =

1
2

ν, d− 1
3 , p+

Qn = − 1
Qp = 1 − 4 sin2(ΘW)

GW
n = QnGE

p + QpGE
n + QnGE

s

GW
p = QpGE

p + QnGE
n + QnGE

s

ρW(r) = ∫ d3r′￼[GW
n (r − r′￼)ρn(r) + GW

p (r − r′￼)ρp(r)]
ρE(r) = ∫ d3r′￼[GE

n (r − r′￼)ρn(r) + GE
p (r − r′￼)ρp(r)]
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