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X AXAAY The Symmetry Energy of Nuclear Matter

SHANGHAI JIAO TONG UNIVERSITY

EOS of Isospin Asymmetric Nuclear Matter (Parabolic law)

EQEOCE,(0)5YOG). 5=(p,-p,)

Symmetric NdClear Matter Isospin asymmetry
(relatively well-determined) Symmetry energy term (largely uncertain)
emenenem ;1 Nuclear Matter Symmetry Energy ey

——RHF(2)
40 - /o 90 [~ ——DD-RMF(2)
| — Gogny-HF(2)

Incompresszibility: g | AN E (o) 1 82E( 0,0) § [ —swr@)
d2E Ezo - K = — = 60
Ko=90s (=), " | - K 2 052 of

dp ’ 30

. K,=201 MeV
-20 | | I | 1 | 1 |

KS J I Y 4
| L _ ym 9 sym 3 sym g4 5 .
00 05 10 15 20 25 30 ESYIH(IO) - Esylll(p()) + Ly + 21 A 31 X+ 4! X+ Ok ’ 0 1 2 3
PIPO . . . /
plp,

Saturation: p, ~0.16 fm* ~ 2.7 x10'g/cm® v = 93‘;‘)0 LWC, EPJ Web of Conf. 88, 00017 (2015)
£0

O While the EOS of symmetric nuclear matter is relatively well determined, the density dependence
of the symmetry energy is still largely uncertain!

O Determining the density dependence of the symmetry energy has been one of the main scientific
goals in large-scale scientific facilities of nuclear physics, e.g., CSR/HIAF in China, RIBF/RIKEN
In Japan, FRIB/MSU in USA, FAIR/GSI in Germany, RAON in South Korea, ...
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X AXAAY The Symmetry Energy of Nuclear Matter

SHANGHAI JIAO TONG UNIVERSITY

Isospin asymmetric nuclear matter may exist in various systems in nature

Nuclei Heavy-lon Collisions  Supernovae Neutron stars NS Merger

Esym plays a critical role in many issues of nuclear physics and astrophysics!




X FXAAKE Esym: Many-Body Approaches

SHANGHAI JIAO TONG UNIVERSITY

L.W. Chen, Nucl. Phys. Rev. (R F+Z$1E21¥iL) 34, 20 (2017)

[arXiv:1708.04433]
120 . | . . | ' | ' I
| = = NL-RMF(18) . * BHF (Vidana) o
% BHF (Z.H. Li) "

[ —-= RHF(2) " A DBHF (Fuchs) *’i k
90 |-=--=DD-RMF(2) A& DBHF (Sammarruca) P
— IECEEE Gogny-HF(2), | ¢ VMB-APR %/

= —— SHF(33) g o VMB-FP *
g - ~ 4 % VMB-WFF1 / 0%

= L ’ X

|_|_]m LA Z _ 5 $P ik ;@@I@E'
- B B BRI 0000
30 | 7 --.- --_ ——— - R ':: v S 7 B

0 Y 'Er'.‘ I | I |

0 1 2 3 0 1 2 3

Theoretical predictions of Esym is quite uncertain, especially at high densities!




Esym: Experimental Probes

Promising Probes of the Ey ,(p)

At sub-saturation densities (XSS BEATR)
» Sizes of n-skins of unstable nuclei from total reaction cross sections  Nskin is an golden probe of Esym around nuclear

e Proton-nucleus elastic scattering in inverse kinematics saturation density!
e Parity violating electron scattering studies of the_n-skin in 2°®Pb B.A Brown PRLSS 5-296 (2000) (Citations: 801+)
* Vp ratio of FAST, pre-equilibrium nucleons | S, Typel/B.A. Brown, PRC64, 027302 (2000) (Citations: 303+)
e Isospin fractionation and isoscaling in nuclear multifragmentation R.J. Furnstahl, NPA706, 85 (2002) (Citations: 408+)
° I'\?OSD'” d'ffus'ong_';?”s"oftl ’ LWC/Ko/Li, PRC72, 064309 (2005) (Citations: 300+)
* Neutron-proton ditterential flow _ M. Centelles et al., PRL102, 122502 (2009) (Citations: 506+)
e Neutron-proton correlation functions at low relative momenta LWC/Ko/Li/Xu, PRC82, 024321 (2010) (Citations: 314+)
3 1 ' y .
* t"He ratio Zhang(3$%)/LWC, PLB726, 234 (2013) (Citations: 205+)

e Hard photon production

e Pigmy/Giant resonances
e Nucleon optical potential

Towards high densities reachable at CSR/Lanzhou, FAIR/GSI, RIKEN,
GANIL and, FRIB/MSU (&% BE4TH)

e 1 /n”ratio, K*/K° ratio?

e Neutron-proton differential transverse flow

e n/p ratio at mid-rapidity B.A. Li, LWC, C.M. Ko
e Nucleon elliptical flow at high transverse momenta | Phys. Rep. 464, 113(2008)
e n/p ratio of squeeze-out emission [arXiv:0804.3580] (Citations: 1336+)




E,,n: Around saturation density

T T T '_;_. T T 1 LWC et aI., Invited Review
— S 58 analyses of terrestrial nuclear
== = - -
—i - T experiments and astrophysical
. ¥ i observations
'_._u:.-. :;.
—51 o Eqm(po) =31.7£3.1
—r —n L =57.5£24.5 MeV
l—’rO—l . *
o [ Similar conclusion has been obtained in:
— &"3 ® B.A.Liand X. Han, Phys. Lett. B727, 276 (2013);
B = — e & M. Oertel, M. Hempel, T. Klahn, and S. Typel, Rev.
S s Mod. Phys. 89, 015007 (2017).
—0— ——
Z3 — . .
et e Assuming all the constraints
— — are equally reliable !!!
=0 ._"_._.:
® i | — Very recent PREX-11/CREX data suggest
30 10 10 80 120 160  Stiff/soft Esym around saturation density,
I I |
Eqm(po) (MeV) L(p,) (MeV) and strong tension is observed!

p. 5



Outline

[0 The Symmetry Energy (Esym)

B Neutron Skin (Nskin): CREX/PREX puzzle
[J Isovector Spin-Orbit Interaction

[0 Summary and outlook




Ay X AXAAE Neutron Skin
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M. Thiel et al., JIPG46, 093003 (2019) Neutron skin
Rgkin = R, — Rp

>
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8 p 8 \P & > P R,, : (point) neutron rms radius
\ \
R = - R, : (point) proton rms radius
Figure 1. Schematic representation of charge and neutron density distributions. Left: H a.l 0 nu CI el

Symmetric nuclear matter (N = Z) where ¢, = ¢, and a, = a,. Middle: Asymmetric
nuclear matter (N > Z) having a neutron skin: ¢, > ¢, and a, = a,. Right:

s . 11 &
Asymmetric nuclear matter (N > Z) with a halo-type structure: ¢, > ¢, and a, > a,,. Halo nucleus *Li

o i is a halo nucleus with a two-neutron halo. Note that the odd-N
isotope !'Li does not exist.

P = el —o)/a]

p,. "Central” density; c: Half-density radius; a: Surface diffusion parameter | & Phys Rev. Lot 55, 2676 (1955) Saen .modiurs Sels 0

g Interaction cross section

'g measurements at Bevalac

= (790 MeVi/u)

E

’ o
é IID (almo;t) bare NN interaction
Mass number CltatiOnS: 1470+ weak in-medium effects
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Y FEXLAE Neutron Skin
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Nskin Data Tables
o i S o e e e e e 9+ 1. Zhang, X.L. Tu, P. Sarriguren, K. Yue et al., PRC104, 034303 (2021)

antiprotonic atom, giant dipole resonance, spin dipole resonance, and

pygmy dipole resonance, respectively. TABLE 1. (Continued.) TABLE L. (Continued.) ° °
o
Experimental Evaluated  Difference Experimental Evaluated Diff@fﬂﬂgs Experimental Evaluated Diff@fe“:f IJSkln Of Ca, Nl’ Sn, I b, Cdo
AP (fm) Method  Ar€™ (fm) Ay - Arp? (fm) Method  Arf (fm) % Arp? (fm) Method  Aripf (fm) M‘;'r%
np np error ] L3
4 L]
Ocq —0.080(1000) [21.36]  AA  0.007(13) 0.1 0.210(50) [56] P.p) —04 0.230(90) [49] (@, @) -1 1. O;-. Interacthn Cross SeCthIl
0.020030) [31] 7. p) o4 0.230(50) [57] »p —038 0.250(200) [64] P —06 |
00700120y 149] ) 06 0.180(30) [581] (.p) 01 0.180(60) [70] SDR —07 o .
N~ : - 0.160(100) [59] r.p 03 2280 0.146(16) [6] (pp)  0.151(15) 03 2 AAO A t t t
—0.016(50) [30] (o, @) 03 0.220(110) [60] P —03 0.220(70) [70] SDR ~10 . . nuaprotonic atom
—3-883(51‘30%[3]” (o, @) g-l 0.168(55) [61] . p 04 0.200(90) [73] (e, a) 05 R .
—0.009(40) [52 () 4 0.146(60) [29.62] or 08 ™ 3 ‘ :DR- ‘ : td
) - 29.62 - Sn o 0.185(17) [6] (pp) 0.183(13) —0.1 p
0.010(140) 153 (p-p) OO s 0.000(160) 21361 AA —0.008(17) 0.5 0.140(30) [21.36] AA 14 ° ° 1an 1pol€ resonance
2-8?3(28) ::i} ®.p) g-; —0.010(30) [31] ».p 0.1 0.160(90) [49] (@, a) 03 o .
-014(30) [55 p.p) —0. 0.010(100) [49] (at.a0) —0.2 0.250(50) [57] p.p) -13 4 SDRO S d l
—0.070(50) [56] P.p) 1.5 —0.097(137) [51] (a, @) 0.6 0.220(70) [67] . p -0.5 L L pln lpO € resonance
0.100(50) [57] @.p) -19 0.010(50) [57] »p —04 0.190(70) [70] SDR —0.1 .
0.010(80) [58] ».p 0.0 0.030(120) [63] (a, @) —03 0.200(60) [71] P.p) —03 5 PDR. P d l
—0.010(100) [59] ) 02 0.180(200) [64] r.p —0.9 0.210(110) [72] GDR —02 . . ygmy lpO e resonance
0.030(50) [60] P.p) —0.5 0.010(80) [65] ».p) —02 ph - 0.220(90) [74] (@.a)  0.191(49) -03
—0.010(49) [61] ».p 0.3 *0-0:100) [66] @.p 0.1 0.178(59) [75] (P.p) 02
2ca 0.080(30) [31] (p.py 00355(16)  —08 :g‘g]gtzggﬁ;él g' 2; g'é WPy 0,190(90) [74] (@a) 018204 —01 N o
0.043(47) [50] (o, ) 03 0.096(248) [69] o iy 0.180(64) [75] (p.p) 0.0 S l R t R A% Y% f N k °
. p-p) 0.4
—0.030(134) [51] (a, @) 0.6 oo 0.010(150) 12136 ar 001158 00 0.181(45) [76] (p.p) 0.0 ee a SO a ecen eVle 0 S ln.
0.027(38) [52] (@, @) 0.7 ! 70-080:]60; {;'9‘13 ! e 68 oo Py 0.150(20) [21,36] AA 0.167(11) 09
0.055(30) [55] ».p 0.0 —0.051(132) [51] (@) 03 0.250(90) [49] (@, @) —-09 .
_ . ’ : - 0.080(50) [56 (p.p 1.7
0.080(80) [58] P.p 0.3 —0.080(100) [68] ».p 0.7 016030 |;7I bp o1 M. Q. Dlng, D.Q. Fang and Y.G. Ma, NST35,
0.060(130) [60] (. p) 0.0 i ) _on - ) [57] (p.p) :
Ni0.090(100) [49] (@,@)  0075(62) 02 0.060(100) [59] "
i 211 (2024) [arXiv:2409.07059
Ca  0.130(30) [31] (p.py 0.091(15) —1.3 0.080(100) [68] p.p) —01 0.180(70) [67] P.p —02 . '
0.090(160) [49] (o, @) 0.0 SNi0.040(80) [21.36] AA 0129034 L1 0.190(90) [72] GDR -03
0.079(45) [50] (o0, @) 0.3 0.100(123) [51] (o, @) 0.2 0.300(70) [74] (e, @) -19
—0.011(129) [51] (@, o) 0.8 0.170(50) [57] «».p -0.8 0.211(63) [75] (p.p) —07
0.044036) [52] (@ o) 13 0.180(30) [65] n.p —0.6 0.197(42) [76] p.p -07
—0.020(120) [53] . p 0.9 0.040(100) [68] p.p 0.9 0.260(130) [77] (a,a) -0.7 - - - - -~
b s oomppie An oooo oo While Rc can be determined with high precision,
0.100(30) [58] .p) =01 gy g, 040(50) 1701 SDR 0.040(50) 00 oyt :;2: ‘(‘: ‘;’); o
0.110(170) [60] P.p) —0.1 Usgn  0.110(18) [6] . p) 0.111(13) 0.1 - ol g o H P H H
oSG o7 oinGo 15 an DHOAD O] () o the high precision determination of neutron rms
©Ca 0.151(50) [29.62] o 0.151(50) 0.0 008000, [49] @0 0.3 0.120(70) [82 GDR 07
N . X X 01;0(50)[57] P.p —08 0160(45;:81: N P d' N k' - b' h II f
Ca  0090650) 21,30 AL 019103 20 0130001671 (pp) —03 e an o raalus SKIN) remains a Ig cha enge, even 1or
0.210(30) [31] . p) 0.6 0.120(60) [70] SDR —02
0.330(120) [49] (@, ) —12 0.120(60) [71] ».p -02 1%Cd - 0.100(140) [21,36] AA - 0.100(140) 0.0 -
0.196(42) [50] (@, ) —o0.1 0.020(120) [72] GDR 08 eg 0.076(14) [33] (@) 0.076(14) 00 Stable nLICIel !
0.096(119) [51] (o, @) 08 Misn 0.145(16) [6] (p.py  0.145(15) 0.0 2¢d 0.074(14) [33] (@) 0.074(14) 0.0
0.214(50) [52] (o, @) 05 0.170(90) [49] (o, —03 Hed 0.000(15) [33] @a)  0.090(5) 00
0.390(100) [53] (. p) —2.0 0.130(60) [70] SDR 03 e
e e Cd - 0.150(40) [21.36] AA - 0.111(14) -10
0.130(60) [54] ®.p 1.0 Sn 0.147(33) [6] . p) 0.137(23) 03 0.105(15) [33] (@ a) 04
0.190(30) [55] p.p) 0.0 0.080(40) [21,36] AA 1.4 S ' -
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NSkin: Model Dependence

The R,, (Rskin): usually determined from strong processes, generally involved
In significant model dependence!

Clean/model-independent approaches to determine R,, (Rskin):

O PVES: Parity-violating asymmetry A, in the elastic scattering of polarized electrons from
the nucleus since the A;,, Is particularly sensitive to the neutron distribution due to its large
weak charge compared to the tiny one of the proton (T.w. Donnelly et al., NPA503, 589 (1989); C.J.
Horowitz et al., PRC63, 025501 (2001))

0 Coherent elastic neutrino-nucleus scattering (CEvNS) (D. z. Freedman, PRD 9, 1389 (1974);

Spallation Neutron Source at Oak Ridge: D. Akimov et al. (COHERENT Collaboration), Science 357, 1123 (2017);

M. Cadeddu, C. Giunti, Y. F. Li, and Y. Y. Zhang, PRL120, 072501 (2018); X.R. Huang/LWC, PRD 100, 071301
(2019); Supernova Neutrinos: X.R. Huang/LWC, PRD106, 123034(2022))

While the statistics of CEVNS data is too poor to claim a determination of Nskin,
the PVES experiments have made significant progress !




208Ppp Radius EXperiment: PREX
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O Parity-violating asymmetry in longitudinally
polarized elastic electron scattering :

__OrR—O0L _ GrQ’|0w| Fw(Q?)
or+0,  4\2rnaZ Fa(Q?)

T.W. Donnelly et al., NPA503, 589 (1989); C.J. Horowitz et al., PRC63,
025501 (2001).

O Free from most strong interaction uncertainties.
O PREX-2 results ((Q%) = 0.00616 GeV?) :

pv. = 550 + 16( stat ) & 8( syst )ppb
Fw({Q%)) = 0.368 + 0.013(exp) =+ 0.001( theo )

208ph Parameter Value

Weak radius (Ry) 5.800 £ 0.075 fm
Interior weak density (p$}) —0.0796 =+ 0.0038 fm™3
Interior baryon density (pg) 0.1480 £ 0.0038 fm3
Neutron skin (R, — R),) 0.283 £0.071 fm




SHANGHAI JIAO TONG UNIVERSITY

CREX, PRL129, 042501 (2022)

PHYSICAL REVIEW LETTERS 129, 042501 (2022)

Editors' Suggestion

Precision Determination of the Neutral Weak Form Factor of ¥Ca

O Model-independent determination of charge-weak form
factor difference:
F&w(g)=0.0277 £0.0055, ¢= 0.8733 fm™' CREX

F&%(¢)=0.0414+0.013, ¢g= 0.3977 fm ! PREX-2
O Extracted neutron skin of Ca48

Quantity Value £ (exp) £ (model) (fm)

Ry — Ry, 0.159 £ 0.026 £+ 0.023

R,—R, 0.121 + 0.026 + 0.024

n

O Strong tension between CREX and PREX-2 results?
Too small Nskin in “8Ca or too large Nskin in 2%8Pb

See also:

X EX AT 48Ca Radius EXperlment CREX

R-R (*Ca, fm)
o
I
5
E

R,-R (" Pb, fm)
Challenging modern nuclear EDF theory!
“PREX-CREX Puzzle (Pb/Cah FHE Zik)”
Reinhard/Roca-Maza/Nazarewicz, PRL129, 042501 (2022)
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SHF

base data of nuclel

TABLE II. Experimental data and adopted errors used in
the Bayesian analysis. The second line shows the globally
adopted error for each observable. That error is multiplied
for each observable by a further integer weight factor given in

the parenthesis next to the data value.

Nuclei Eg Te Ry

o JAYT S

(1 MeV)  (0.02 fm) (0.04 fm) (0.04 fm) (20%)

BO  —127.620(4) 2.701(2) 2.777(2) 0.839(2) 6.30(3)

0Ca  —342.051(3)
BCa  —415.990(1)
PONi  —483.990(5) 3.750(9)
%Ni  —590.430(1)
10080 —825.800(2)
13280 —1102.900(1)

6.10(3)

3.478(1) 3.845(1) 0.978(1)
3.479(2) 3.964(1) 0.881(1)

1.35(1)
1.65(1)

28Ph —1636.446(1) 5.504(1) 6.776(1) 0.913(1) 1.32(1)

0.90(1)
1.77(2)

Note. Ae¢, data are for "°O(1p,, 1pn), *?Sn(2p,, 2d,,),

and ?"*Pb(2d,,, 3pn, 2fn), respectively.

Also n-p Fermi energy difference

of 160’ 40’48C3., 56Ni, 1328”, 208pp

and GMR of 208pp

PREX and CREX: A Bayesian analysis

Zhang/Chen, PRC108, 024317 (2023) [arXiv: 2207.03328]

N BARS,
. B-AF0S
mm B-Al

L(2po/3) = 3417505 Mev

+2.1(3.6
Eaym(po) = 29.173 150 MeV

I — 17.1—}—23.8(39.3) MeV

—22.3(36.0)
o1 0z o3 00 02 o4
ArdS (fm) Ari® (fm)
T0.019(0.031) & 10.036(0.059) .
|0'150—0.019(0.030) fim) 0.136 _ 435(0.056) M

O CREXand PREX are (in)compatible in (68)90% C.L.
O PREX s less effective to constrain Esym due to its lower precision compared to CREX
O Combining CREX+PREX favors mildly soft Esym around saturation density!

a-Clustering effects? S. Yang, R.J. Li, and C. Xu, PRC108, L021303 (2023)
Symmetry energy? Reed, Fattoyev, Horowitz, and Piekarewicz, PRC 109, 035803 (2024)
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NSKin vs Spin-Orbit Interaction
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012 :f’l | :__I Lova bl |___ | 1 | 1 | 1 f-l 111 L1 |—_
30 60 90 -40 O 4(3 120 1405-17 -16 25 30 35
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0-28 _I T T ] T T l__ T | T 1T hl | T T ] T I T I LI ] LI ] I_
C(f T T T (i T ( .
024 __() ____(g) + (h) T 0 = 0) E
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=8 — 4 - + ]
AT S ks s SO SRR (I S
012 :I [ |: 1 | 1 1 1 | 1 + | 1 | 1 ____l 11 | |_—
200 240 0.7 0.8 0.6 0.7 0.150.160.17 160
K, (MeV) m*; /' m m*, /m p, (fm?) W, (MeV)

Horowitz/Piekarewitz, PRC86, 045503 (2012)

e P e e e e e e
0.5 ®m w/oSpin Orbit 200 0.5 ® w/o Spin Orbit 2
@ with Spin Orbit ) ® with Spin Orbit Oe
[ R\\'skiannskin > 5 - — Ryskin=Ruskin n 28
04— 1326, — 0.4 il
‘E i 208p}, | ;.E i 132g, T
% 0.3 4XCa. 6Yb 2 %03'— 43Ca )
& T U 5 Qf B ® . i 7
158 Aa 13855, Vb
o2f. W - 02| . g =
907 "ny
= [a) - L ()()Zl_ HRS al
@ n
0.1— (a) NL3 - 0.1 (b) FSU —
e e e B e S ] e ] R
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 0.5
Rpgkin(fim) R M F Rykin(fim)

FIG. 2. (Color online) Electroweak skin (Ry-R.) with and
without spin-orbit corrections as a function of neutron skin (R,-R,,)
for the various neutron-rich nuclei considered in this work. Predic-
tions are made using both the (a) NL3 and (b) FSU interactions.

O The Nskin of Ca48 is sensitive to spin-orbit coupling WO in the standard SHF!
O Spin-orbit coupling makes significant contribution to Rwk-Rch
O Ca48 and Pb208 have different shell and surface structures — Both are related to Spin-Orbit interaction
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swan wore s CREX/PREX: Strong Isovector Spin-Orbit Interaction

_4s: 184 ]

T29, 3% 178 1% Nuclear Magic Numbers:
- Strong Spin-Orbit

29, 156 (Ies) Interaction 3

=P o, 126 104 \

_%1 ﬁ% V(r) = V(r) + W(r)L.S / ‘

Sy 92 hoY1av 3

a2 = w(r) =—|lésl[m—c] - dl(f) Mayer and Jensen (1949)

===5_% g ’ Nobel Prize, 1963 (Also Wigner)

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

—1gs = O O Strong SO interaction naturaly appears in RMF

:Zf 1 gg 38 O Nonrelativistic energy density functionals (e.g., SKyrme)

3 ]
_ 28 @ Spin-orbit interaction: iW,o - [P’X 5(r)P]
1d; 20 Spin-orbit energy density:
et 283 16 1
— 14 o =Wy [J- Vp+Jprp+JnVH]
 — 122 5 O Is the SO interaction of neutrons significantly different from
= that of protons?

—_— sy 2
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+~ CREX/PREX: strong Isovector Spin-Orbit Interaction

O Hamiltonian Density from Spin-Orbit Interaction:

brs brv issi i '
B, = /d3 [ J - Vp+ —=(J, — Jp) -V (pn — pp) Sharma, Lalazissis, Konig, and Ring, PRL 74, 3744 (1995).

2 Reinhard and Flocard, NPA 584, 467488 (1995).
Isovector
O Standard Skyrme EDF:
: 5 Reinhard and Flocard, NPA 584, 467488 (1995);
bIV - bls/3 = VV()/2 ~ 00 MeV - tm Bender, Heenen, and Reinhard, Rev. Mod. Phys. 75, 121 (2003).

O Conventional relativistic mean field model (nonrelativistic reduction):
bIV ~ ( Ebran, Mutschler, Khan, and Vretenar, PRC 94, 024304 (2016).

O Lack of experimental probes to constrain b,

O The isovector spin-orbit coupling b,,, is expected to have significant effects on lighter nuclear
with larger J, - J,.
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_4s: 184

Z20, 3% 178 122 O Spin-Orbit density:
—-jz ' 164 1 48
—— 148 Jo(r) =—— Z v? (25; + 1) 3
29, 136 @ drr -
2, e O 3
SR <Gt )=t ) = 3| B0 (e
— Mh 92
Ahy oo 82 o _ ) Jn Jp
~2d; ' 68 O Jq ~ 0 for spin-saturated nuclei:
X, o Both j. =I+1/2 and j. =I-1/2 are fully occupied, and j. (positive) and j.
i = (negative) largely cancel each other out
—2p3 ! 40
—2p; 8 2 @ Cad40: IJn=0,Jp=0
— 5 a48: Jp~=0,Jn>>0 due to the neutrons of unpaired lss partner
i 28 (7o) Ca48: Jp=0,J 0d he 8 1f7/2 f ired |
1d 20 Pb208: Jn = Jp >> 0 due to 14 1i13/2 neutrons and 12 1h11/2 protons
—_— 25 16
— 14 14 So Jn - Jp >> 0 for Ca48 while Jn - Jp = 0 for Pb208:
—_— 1y 8
e ° Therefore, the isovector spin-orbit coupling b, is expected to have
: , 4—@ significant effect on Ca48 while essentially no influence on Pb208!
—




o oo e =XTENAEd Skyrme EDF with tensor force

O Standard Skyrme interaction:

~ 1 ) - ~ g 9 / ~
v(ry,re) =to (1 +20P;) d(r) + Stl (14+2,P,) [k'“()(r) — ()(r)k“] +t(1+ 2P, ) K -d(r)k

1 r— - —y D. Vautherin and D. M. Brink, PRC5, 626 (1972);
+ gta (1 +23F5) [p(R)]%4(r) +iWo(o1 + 02) - [k’ x 5(r)k], D. Vautherin, PRC7, 296 (1973)

E. Chabanat, et al., NPA 627, 710 (1997);
NPA 635, 231 (1998)

O Momentum-dependent many-body interaction:
v' =v+ Sta (1 + 24F5) [k”p(R)?8(r) + 0(r)p(R)PK?] +t5 (1 + 25 P5) k' - p(R)5(r)k.
N. Chamel, S. Goriely, and J.M. Pearson, PRC80, 065804 (2009)
Zhang & Chen, PRC 94, 064326 (2016)

O Zero-range tensor force:

7 1 / / 1 2 N N 1 2
Vr =3T{[(01 k) (o2 -K) — 2k™ (o '02)] o(r)+0o(r) [(01 -k) (02 - k) — Ek‘(m -02)]}

<

1
L," -k’ O‘ b: ,")'k -in . P k,-d s k N
+ {(m )o(r) (02 - k) — 5 (01 - 02) [k -9 (r) ]} Stancu, Brink, and Flocard, PLB 68, 108 (1977)




S FXELE Extended Skyrme EDF with tensor force

O Energy density functional:

e = =2 +QBBPQ 2B +QB"’pO p* + (By + Buyp® + Bsp")pr — (B} + Byp® + BLp" )jp7
+QB2 + (28 + 34)34173 — Bsp” (Vp)? — 2B; + 3BE1PB — Bsp? (Vj)? — 353 P15Vp-Vp
+C1 -+ CQ;;B + Cyp J? 4 C| + Cép; + C4p7 72
+bITSVp'J+ b2£V/3-j+ aT:BTJQ_*_ ar;.BTJQ.
Prr) = Zl? :,"),1(1‘)|2, P=pPn+Pp, T=Ta+Tp, J=Ja+Jp,
Tq(r) = Z v? |Vir)|?, P=Pn—Dpy T=Ta—Ty J=du—Jp,




=FSELE Extended Skyrme EDF with tensor force

0 Nucleon mean-field Hamiltonian:

A n* 208 0& o& o
h,=-V- V+U,+iW,-(0cxV), g=n, — =, Uyj=—-V- LW, =—
q 2m:<7 q q ( ) q P Zm(’;f. aTq q 3,0q 8[qu] q an
L. L. oa+2 B, L
U, = Bop—t,Byp+Bi7—1,B,7+ TB3p‘”1 — 73(0,70+2tqp),0‘I l;o
+(B+ D)BapPt + (y + 1)Bsp”t — (BiS0P + BLyp?)pt —t,(B; + Bio” + Blp")¥ : :
_ _ 7i 7i ) o
BB +3)Byp’ 1 — Bsyp?~! 5 2By +(2B+3)BypP — Bsp? _, — = — + (B + By’ +Bsp")p—1,(B, + Bjpf + Bip?)p
- 4 (VP) - > \Y% P 2my, 2m
38B, P —yBLpY~! 2B +3B,p° — B.p”
_ pB 5 Vp-(2t,Vp+Vp)— 2 4;6 5t t,V°p

4
BB, 5\ .0 BBy 5 o BB-DB, ., 5 BBy 5, Note:

\% - Vp+—= Vp)“t Vop)t
IR 2 o 2 AR 2 AR Spin-Orbit Interactions: Ug and Wq

2
CopP 4+ yCap?! CoP !t +yCipr™ b by, - :
BCpP 1yt BCT 9 Clp pobsg o vey Tensor force: Wq
2 2 2 2
b b -
Wq:§Vp+zq%wpn—pp)+“J;BJJHQC”T’QJ(J”—JP)

O 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.

(€)S500T, (e)S240T, and (e)S240. [e: extended, T: tensor force, number: the value of b,/]
p. 18
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Tong-Gang Yue/Zhen Zhang/CLW, arXiv:2406.03844

0.06 ————1———1——

g T T S240  eS240 S240p  eS240r  S5007  eS5007
L eI EDES ot B ; po 0.16359 0.15580 0.16498 0.15442 0.16342 0.15089

. . “1x SHF: by, ~60 MeV fmS Ey  -16.147 -16.170 -16.220 -16.190 -16.288 -15.957

00T RMF: by, ~0 & " ) Mmeo 0982 0.939  0.993  0.865  1.022  0.921

[ ol @ Sv.symi : meo 0816  0.898  0.883  0.765  0.602  0.662

004l e ] S 34.08 3445 3519  34.06  39.03  36.96
s L 46.6  60.5  52.7 574 99.7  80.6
0 Keym -207.4  -87.3  -190.4  -133.1  -101.1 -189.5
“ o003l AFEy 0.0280 0.0288 0.0291  0.0287  0.0400 0.0408
. AFSy 0.0329 0.0312  0.0321  0.0310  0.0291  0.0288

. Ard® 0189 0.195  0.194  0.195  0.263  0.273

002 ™ Arps 0139 0.090  0.128  0.099  0.100  0.105
ai® 19.35  20.15  19.51 20.20  22.77  22.98

[ | | | | | ' | o 2.29  2.29 2.29 2.23 2.68 2.85

0'0(1.’4.00 0.01 002 003 004 005 0.06 0.07

AFGW
O The isovector spin-orbit coupling b,,, should be larger than ~
240 MeV fm? to fit CREX/PREX data (b,,,~60 MeV fm® in O S240/25240/S240T/eS240T:
conventional non-relativistic EDFs. Note: b, ~120 MeV fm>) Nskin(Pb208) ~ 0.19 fm, Nskin(Ca48) ~ 0.12 fm

O Neutrons and protons have very different spin-orbit interaction ~ Eg(po) ~ 34 MeV, L ~ 55 MeV
strength! (b,,~ 240 MeV fm> versus b,s~120 MeV fmd) (Nicely agree with World Average Values!)

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

p. 19
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CREX/PREX: strong Isovector Spin-Orbit Interaction

Tong-Gang Yue/Zhen Zhang/CLW, arXiv:2406.03844
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The new EDFs with strong isovector spin-orbit interaction can well
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describe the nuclear global properties of typical (semi)-closed shell nuclei!
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TQ Zhao et a|" arXiv:2406.05267 PHYSICAL REVIEW C 112, 014310 (2025)

Role of the isovector spin-orbit potential in mitigating the CREX-PREX dilemma

Characterizing the nuclear models informed by PREX and CREX: a view from Bayesian inference

Tiangi Zhao," > * Zidu Lin,* T Bharat Kumar,** Andrew W. Steiner,>>-% and Madappa Prakash? ¢ . ) ) )
'Dcpar!mem of Physics, University of California Berkeley, Berkeley, California 94720, USA ) Athm KuP]1purayll ran_d_-'l: Plekarewicz ida 323
zDeparnn(;nr of Physics and /\‘SII"{)II()I}I:\‘. Ohio University, Athens, Ohio 45701, USA Department of Physics. Florida State University, Tallahassee, Florida 32306, USA
*University of Tennessee, Knoxville, Tennessee 37996, USA
*Department of Physics & Astronomy, National Institute of Technology, Rourkela 769008, India
3Physics Division, Oak Ridge National Laboratory
(Dated: June 11, 2024)

Marc Salinas
Lawrence Livermore National Laboratory, Livermore, California 94550, USA

208

A o i . Pioneering electroweak measurements of the neutron skin thickness in lead-208 and calcium-48 are challeng-
New measurements of the weak charge density distributions of ““Ca and =""Pb challenge existing nuclear . . . . . .
models. In the post-PREX-CREX era, it is unclear if current models can simultaneously describe weak charge g our underslandmg of nuclear dynamlcs. Many theoretical models SUggCSt that the SlOpC of the symmetry

distributions along with accurate measurements of binding energy and charge radii. In this letter, we explore the energy controls the development of a neutron skin in neutron-rich nuclei. This led to the expectation that if
parameter space of relativistic and non-relativistic models to study the differences between the form factors of

heelbomic andweik chimeistibotions AT = Fui— o 0¥ Caand 22ph, We show for e firstaime, the lead-208 exhibits a large neutron skin, calcium-48 should as well. Given that the PREX Collaboration reported
parts of the mean-field models which are the most important in determining the relative magnitude of the neutron a relatively thick neutron skin in lead, we anticipated that calcium would also have a signiﬁcant neutron skin.
skin in lead and calcium nuclei. We carefully disentangle the tension between the PREX/CREX constraints and ) . ] i ter andal . . e

the ability of the RMF and Skyrme models to accurately describe binding energies and charge radii. We find Instead. the CREX Collaboration repoﬂed a thin neutron skin in calcium. AlthOUgh many suggestions have
that the nuclear symmetry energy coefficient Sy and the isovector spin-orbit coefficient by play different roles been proposed, the “CREX-PREX dilemma” remains unsolved. Recem]y‘ an imriguing scenario has emerged.
in determining AF of **Ca and 2**Pb. Consequently, adjusting Sy or b, shifts predicted A F" values toward or . . . o ; . .

away from PREX/CREX measurements. Additionally, Sy and the slope L are marginally correlated given the suggestng that an enhanced isovector spm-orblt interaction could SlI’I’ll.llt{lI]COl.lSly account for both results.
constraints of our Bayesian inference, allowing us to infer them separately from PREX and CREX data. Following this approach, we performed relativistic mean-field calculations with an increased isovector spin-orbit

potential. Our findings indicate that, while this modification significantly affects the structure of calcium-48, it
has only a marginal impact on lead-208, thereby bringing the results into better agreement with experiment.
However, the strong enhancement required to mitigate the CREX-PREX dilemma destroys the agreement with
a successful spin-orbit phenomenology, primarily by modifying the well-known ordering of spin-orbit partners.

O The effects of isovector spin-orbit interaction have been confirmed by other works.

O b,,~ 240 MeV fm> does NOT destroy spin-orbit phenomenology in our self-consistent Skyrme
EDF calculations, although b,,,~ 500 MeV fm> DOES (also violates the measured aj at RCNP)!

O A self-consistent covariant Point-Coupling EDF also confirms our conclusions
(Qiu/Yue/Zhang/Chen, in preparation)

p. 21
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e Lol Ll L With strong IVVSO interaction:

2030 40 00 A0S I I PREX-I1/CREX data suggest L ~ 55 MeV/
Egm(Po) (MeV) L(py) (MeV)

p. 22
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Some implications

O Relativistic view: Isovector mesons — (Fock) exchange, tensor coupling, ...

O 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 nuclet, ...

O Future PVES for some stable nuclei (MREX/MESA):
Pb208, Ni62,...: Not sensitive to the isovector Spin-Orbit interactions (Esym);

Ca48, Zr90,...: Sensitive to the isovector Spin-Orbit interactions (iIsovector
spin-orbit coupling b,,, )




Outline

[0 The Symmetry Energy (Esym)

[ Neutron Skin (Nskin): CREX/PREX puzzle
[J Isovector Spin-Orbit Interaction

B Summary and outlook




Summary and Outlook

® PREX-11/CREX puzzle can be solved by introducing a strong
Isovector Spin-Orbit interaction (four times larger than conventional EDFs)!

Nskin(Pb208) ~ 0.19 fm, Nskin(Ca48) ~ 0.12 fm
Eym(po) ~ 34 MeV and L~55 MeV

® PVES experiment for more nuclei is very helpful:
Pb208, Ni62,... are insensitive to isovector Spin-Orbit interaction
but Ca48, Zr90,... do! --- Can simultaneously determine IVSO and Esym
with minimum model dependence

® |sovector spin-orbit effects: Shell evolution, new magic numbers, ...
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