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Lead ( Pb) Radius Experiment: PREX208
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Adhikari et al., PRL126, 172502 (2021)

● Parity-violating asymmetry in longitudinally 
polarized elastic electron scattering :

         
        Donnelly et al., NPA503, 589 (1989);
          Horowitz et al., PRC63, 025501 (2001).

● Free from most strong interaction uncertainties.

● PREX-2 results (  :  

     

⟨𝑄2⟩ = 0.00616 GeV2)



PREX-2
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◆ Superstiff symmetry energy from relativistic EDF 
analysis: 

◆ Challenge our understanding of the symmetry energy.

Reed et al., PRL126, 172503 (2021)



Calcium ( Ca) Radius Experiment: CREX48
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● Model-independent determination of charge-weak form 
factor difference: 

● Extracted neutron skin of Ca48 

● Strong tension between CREX and PREX-2 results? 

Too small Nskin of 48Ca or too large Nskin of 208Pb
Challenging modern nuclear EDF theory!

CREX, PRL129, 042501 (2022)

ΔF48
CW(q) = 0.0277 ± 0.0055, q = 0.8733fm−1, CREX

ΔF208
CW(q) = 0.041 ± 0.013, q = 0.3977fm−1, PREX



PREX-CREX Puzzle
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Tension between the results of CREX and PREX measurements and the predictions of current 
global models. 

https://frib.msu.edu/news/2022/prl-paper.html



Spin-orbit interaction and neutron skin
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Chen, Ko, Li, &Xu, PRC82, 024321 (2010)

❖The Nskin of Ca48 is sensitive to spin-orbit coupling W0 in the standard SHF! 
❖ Spin-orbit coupling makes significant contribution to  electroweak skin Rwk-Rch . 
❖Ca48 and Pb208 have different shell and surface structures – Both are related to 

Spin-Orbit interaction

Horowitz & Piekarewitz, PRC86, 045503 (2012)

SHF



Spin-orbit interaction 
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❖Strong spin-orbit interaction-> magic numbers

Relativistic effects 
 (Duerr, PR103), 469(1956) 

❖Naturally introduced in Relativistic mean-field models. 
❖Nonrelativistic energy density functionals (Skyrme): 

Spin-orbit interaction: 
Spin-orbit energy density: 

❖Is the neutron spin-orbit interaction the same with that of 
proton?

iW0σ ⋅ [P′￼× δ(r)P]

ℋso =
1
2

W0 [J ⋅ ∇ρ + Jp ∇ρp + Jn ∇n]

Mayer and Jensen (1949) 
Nobel Prize, 1963 (Also Wigner)

Chabanat, et al., NPA 627,  710 (1997)



Isovector spin-orbit interaction 
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Standard Skyrme EDF:  
  

Relativistic mean field model (nonrelativistic reduction): 
  

Lack experimental probes to constraint 

bIV = bIS/3 = W0/2 ≈ 60 MeV ⋅ fm5

bIV ≈ 0

bIV

Hamiltonian Density from Spin-Orbit Interaction:

Isovector
Reinhard and Flocard, NPA 584, 467488 (1995)
Bender, Heenen, and Reinhard, Rev. Mod. Phys. 75, 121 (2003).
Ebran, Mutschler, Khan, and Vretenar, PRC 94, 024304 (2016).

❖The isovector spin-orbit coupling  is expected to have significant effects on lighter 
nuclear with larger .

bIV
Jn − Jp



Spin-orbit density in  and 48Ca 208Pb
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Spin-Orbit density (spherical nuclei)：

❖Contributions from   largely cancel with each other
• : positive contribution 
• : negative contribution 

❖  is large in , but relatively small in 
• Ca40:   
• Ca48:    due to the 8 neutrons of unpaired l•s partner

• Pb208:  due to 14   neutrons and 12  protons
✦The isovector spin-orbit coupling  is expected to have significant 

effect on Ca48 while essentially no influence on Pb208!

j>and j<
j> = l + 1/2
j< = l − 1/2

|Jn − Jp | 48Ca 208Pb
Jp ≈ 0, Jn ≈ 0
Jp ≈ 0, Jn > > 0 1f 7

2
Jp ≈ Jn > > 0 1i13

2
1h 11

2

bIV

48Ca

208Pb

Jn Jp
Colo et al., Phys. Lett. B 646, 227 (2007)



(Extended) Skyrme EDF with tensor force
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Standard Skyme interaction: 

Momentum-dependent three-body interaction: 

Zero-range tensor force: 
Zhang & Chen, PRC 94, 064326 (2016)

Stancu, Brink, and Flocard,  PLB 68, 108 (1977)

Chabanat, et al., NPA 627,  710 (1997)



(Extended) Skyrme EDF with tensor force
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Energy density functional: 

❖Construct 6 new EDFs to simultaneously fit  CREX and PREX results, ground- and excited-state of  
a number of typical (semi-)closed-shell nuclei, and constraints on EOS of nuclear matter.

   (e)S500T, (e)S240T, and (e)S240. [ e: extended, T: tensor force, number: the value of bIV



Six New EDFs with strong isovector spin-orbit interaction
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The isovector spin-orbit coupling bIV should be larger than ~ 
240 MeV fm5 to fit CREX/PREX data (bIV ~60 MeV fm5 in 
conventional non-relativistic EDFs. Note: bIS ~120 MeV fm5 )

p S500T and eS500T overpredict the measured 
electric dipole polarizability alphaD at RCNP 

p S240/eS240/S240T/eS240T: 
      Nskin(Pb208) ~ 0.19 fm, Nskin(Ca48) ~ 0.12 fm 
      Esym(ρ0)  ~ 34 MeV, L ~ 55 MeV 
      (Nicely agree with World Average Values!)

Tong-Gang Yue, ZZ, Lie-Wen Chen, arXiv:2406.03844

✦Strong isovector dependence of spin-orbit interaction 
(bIV~ 240 MeV fm5 versus bIS ~120 MeV fm5)



Correlation analysis for  in Ca48 and Pb208ΔFCW
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Tong-Gang Yu, ZZ, and Lie-Wen Chen, arXiv:2406.03844

•  of  is only sensitive to L.

•  of  is positively(negatively)  
correlated to 

• A large L can still reproduce the CREX  
result with a large 

ΔFCW
208Pb

ΔFCW
48Ca

L(bIV)

bIV



Ground-state properties: mass, radius, spin-orbit splitting
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❖The new EDFs with strong isovector spin-orbit interaction can well describe the 
nuclear global properties! 

Tong-Gang Yu, ZZ, and Lie-Wen Chen, arXiv:2406.03844



EOS of symmetric nuclear matter and neutron matter
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❖The new EDFs with strong isovector spin-orbit interaction can well describe the empirical EOS of SNM and 
PNM! (but S500T and eS500T predict too stiff PNM EOS)

Tong-Gang Yu, ZZ, Lie-Wen Chen, arXiv:2406.03844

 Huth et al.,   
Phys. Rev. C 103, 025803 (2021)

Danielewicz et al.,   
Science 298, 1592 (2002)



Summary
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p PREX-CREX puzzle can be resolved by introducing a strong isovector spin-orbit interaction. 

p Such a strong isovector spin-orbit interaction is expected to have significant impacts on 
essentially all properties of neutron-rich nuclei: The location of neutron-drip line, shell evolution 
in exotic nuclei, the new magic number, the properties of superheavy nuclei, … 

p Future PVES for some stable nuclei (MREX/MESA):  
     Pb208, Ni60,…: Not sensitive to the isovector Spin-Orbit interactions (Esym);  
     Ca48, Zr90,…:  Sensitive to the isovector Spin-Orbit interactions (bIV )
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