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Chiral Effective Field Theory (YEFT)

Low-energy-constant uncertainty:
nucleon contact vortex is fitted to

light-bound states, e.g. Deuteron.
Piarulli and Tews 2021

Regulator uncertainty for EFT:
Cut-off A = 450 MeV, 500 MeV

tested. Entem and Machleidt 2003

Manybody uncertainty:
tested to be subdominant,

controlled by model mixing.
Hu et al. 2022

Truncation uncertainty for yEFT:
modeled with Gaussian Process.

Drischler et al.
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https://arxiv.org/2002.00032
https://arxiv.org/abs/nucl-th/0304018
https://www.nature.com/articles/s41567-022-01715-8
https://arxiv.org/abs/2004.07232

Hartree-Fork Approximation

Nucleon Green’s function: x 7 J
_’_
Gi(x, xX)=< y/j(x)l/{].T(x’) > ‘@'
+ ] é >2 i
/ S .
X X | S
—x

Two body interactions: X 7 X
aVaVaVaV¥ J
V(x, x)
Hartree potential:
VHartree(x) — Z [V(X, XI)G]-(X,, x/)dx/ ° Schrodmger equation:
Ji (Hkinetic T VHartree T VFO?‘k)l/ji — &Y
Fork potential: * Skyrme model:

Vi, (Ow(x) = Z JV(X, x)Gi(x, x W (x)dx’ V(x,x") « o6(r — r')X (spin, momentum)
J



Relativistic mean-field model (RMF)

Relativistic Hartree Approximation

1. Nucleon interactions: e.g. gwl/ﬁyﬂa)/"l// for vector isoscalar sector
Yukawa interactions mediated by scalar(vector)-isoscalar(isovector) mesons

2. Relativistic Hartree potential Vi ......(X):

from classical meson fields 6(500), 6(980), w(783), p(776) 0.10 ——— !Fgr‘at'lolnlO' ————
| | , ” i scalarn -
3. Klein-Gordon equation:e. g. ([ ]+ m“+V, Yo =n,+ n, | /\‘\ E/ector n -
nucleons source meson fields P - \ \ 5‘22?;’ rrFr; -
| _0.05F i\ ! vector p -
4. Dirac equation: (iy*d, —m + V..o = 0 4= ' : tensorp -
eigenvalue problem determines nucleon levels. - i
spin is included automatically in the spinor. 0.00L : )




Non-relativistic mean-field model (Skyrme)

Non-relativistic Hartree-fork Approximation
* 1. Zero range nucleon interactions:

V(rf’ 7‘2),]71),]?2), Pspin) — 5(7{ o 72)) X (pl)’pZ: Pspin)

—

» 2. Asin local density approximation, Hamiltonian # (p,, ., 7,, ,, J ,, ,) contains:

spin-orbit current J , (7) = — iz l/f,ip(?)( VXs ) wn’p(g)lo

. Sy >y 12 —
baryon density p, ,(7) = ) 1y, ,(F) I, | S
. . . _ N o - .xklne.tlc n |
and kinetic density 7, (r) = E | Vl/fn,p(r)‘ , — N~ —— Spin-orbitn
: : : : | 0.05F — vectorp = _
arrived from summing up single particle levels. _ — 20xKinetic p -

n (fm

Spin-orbitp -

* 4. Shrodinger equation: v = Ey _
eigenvalue problem determines nucleon levels. 0.00 -
Spin appears through densities, not operators T L
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Infinite Nuclear Matter E(u = ng/ng, x = n,/ng)

Neutron star matter =~ Pure neutron matter = Symmetric nuclear matter + Symmetry energy
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https://www.physics.umass.edu/acfi/sites/acfi/files/slides/mthiel_overview_exp.pdf
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Parity violating electron scattering

CREX PREX
(\ ¥4 (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) 550+16(stat)
+40(syst) +8(syst)
Fw 0.1304+0.0052(sta 0.368+0.013(exp)
t)+0.002(syst) +0.001(theo)
0.0277+0.0052(sta 0.041+0.013(exp)
t)+0.002(syst) +0.001(theo)

3.64+0.026(exp)
+0.023(theo)

0.159+0.026(exp)
+0.023(theo)

0.121+0.026(exp)
£0.024(thag) | 0-283+0.071 (tot)

CREX 2022 PREX 12012 PREX Il 2021
MREX: 208Pb at different momentum q (expected 2030)

5.8+0.075(tot)

0.297+0.075(tot)

long.
polarized

unpolarized
target

Y, Z°

The form factors

The parity violating asymmetry :

Apy =

Op — Oy

0R+0L

The weak interaction violates parity :

JH= -

2

W My — sin®(@)pyty

Bohn approx.
“back-up slide”


https://arxiv.org/pdf/2205.11593.pdf
https://arxiv.org/pdf/1201.2568.pdf
https://arxiv.org/pdf/2102.10767.pdf

Can CREX Measure Neutron skin?

04F208pp e
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Pearson Correlation

COV[X p(nB) P] _ Z P (X X)(p1 p)
Ox

Observable

leellhood
Pressure at given density

— nN-EXP

— K-EXP

— Spectral4
Quarkyonic
PP3+1
RMF

— Average

0.4 06

ng(fm=3)

0.8

1.0

1.00 . .
3 Y
o
©0.100 ] wexp
a &— Spectral4
‘; Quarkyonic
o PP3+1
o RMF
— Average
0.01 0.2 0.4 0.6 0.8 1.0
ng(fm=3)

1.00¢ —~——
Y/
N —
< \\\\
20200 rexe .
E: | +—— Spectrald -
< I Quarkyonic ]
o PP3+1 .
O RMF \\

[— Average \-
0.01 0.2 0.4 0.6 0.8 1.0

ng(fm=3)

arXiv:2000.06441

1.00 —
~~
Q
N
ad
?; n-EXP
< 0.10f k-EXP
E: B Spectral4
‘; Quarkyonic
O . PP3+1
O RMF
— Average

00176527704 06 08
ng(fm=3)
1.00 —
N S
3>
<
~ L n-EXP
éﬂ 0.10F [f/— wexp >
o - f —— Spectral4 \ )
< | Quarkyonic ]
O - PP3+1 -
o / RMF -
— Average \
0.01 P—

ng(fm=3)

02 04 06

0.8

1.0


https://arxiv.org/abs/2009.06441

13

cov[p(n,), p(n,)]

Pearson Correlation
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COV[X p(np), P] = ZP o S(X,ny) = Tano: exp| o7 ]
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Pre PREX-CREX era
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Post PREX-CREX era

e What bulk nuclear properties can we learn from the experiment?
e Why are Skyrme models more compatible than RMF models”?

e How may the mean-field model improve in the future®?
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Skyrme and RMF samples
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Skyrme models



Symmetry energy S,

5(n) =Sy 0.06 Gmev
n "4
R &
5 0.05 :
— 140
AF and AFFP?08 3re . :
positively correlated for § 0.04 4135
nuclear models with fixed Sy, 5 3
=30
The correlation is linear: 0.03
S, = aAF ™ + bAFP"?® 4 ¢ - _ 05
PREX & CRE>§,/_‘
Fitting parameter for RMF 0.0 Lt wba ity 10,20,30 TR - 50
(Skyrme) models: "0.00 0.02 0.04 0.06
a b c AFPP208 ]
RMF —-575.2x5.1 916.3 4.6 32.2 4 3.7
Skyrme —503.2 4+ 7.8 945.2 + 5.5 31.9 + 2.9 Form factor difference for 48Ca and 208Pb




Symmetry energy slope L
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Constraints on (S, , L) from (AF©«8, AFFP205)

Sy and L can be fixed by
AF¥S and(or) AFFP208.

SV — aAFCa48

bA FPbZOS

J — a/AFCa48 _I_b/AFPb208 1

PREX:

AFTP208_0 041
+0.013(exp)=0.001(theo)

CREX:

AF“95-0.0277
+0.0052(stat)+0.002(syst)

PREX+CREX:

(Sv,L) = (56.7, 66.8)skyrme, (53.8, 30.9)rrmF
19.6 31.2
Ve T (31.2 56.5) Skrme
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Bayesian Prior & Likelihood

TABLE V. Prior distribution of Skyrme and RMF parameters. ns, B,

m* (or M), K and Sy map to to, t1, t2, t3, y for Skyrme models TABLE VI. The list of experiment and observation with adopted er-
and go, g, gp» K, A for RMF models. rors. Mean value of the binding energy per nucleon[58] and charge
parameter prior radii[59]. Charge and weak form factor F.; and Fw listed here cor-
ns [MeV] 0.14,0.165][35] respond to momentum transfer ¢ = 0.8733 fm ' for “*Ca in CREX
B [MeV] -15.5,-16.5][35] [62] or 0.3977 fm ! for in PREX [61].
Both m*, M"” [MeV] 0.5,0.8]1x 939 [81] .
K [MeV] 210,250] [82] Pr408perty Mean Standard Deviation
Sv (MeV] 20,50] [83] R,,°® [fm] 3.48 0.070
mo [[11\\446\\;]] ;;%0,550] R, 7" [fm] 4.27 0.085
ms [Me 208 py,
RMF m, [MeV] 763 Basic nuclei B/A ©? [MeV] 8.67 0.433
L [MeV] L~,LY] constraints  B/A” 2" [MeV] 8.71 0.436
gsll 91300} B/A" P [MeV] 7.87 0.393
Co [ 0,0.03] is g,
zo [ -1.81,2.15] F%’és [] 0.1581 0.005
z1 [ -7.53,3.77] F, Fbq 0.409 0.005
Skyrme vl o0 CREX FoyCo— F. 000 0.0277 0.0055
by [fm?] -0.36, 0.72 PREX F, PP F PP 0.041 0.013
b} [fm*] -0.36, 0.72]




Bayesian posterior
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Isovector spin-orbit force

e |sovector spin-orbit force is /
independent of Sy, and L 0.067 Slkyll‘mle L | b4[fm4]
0.8

in Skyrme (not in RMF) model. i

] UG boung%efg:: ]
e Spin-orbit force in Skyrme model: 0.05 g - 0.6
Hyo=b,J - Vn — 104
/ 00 Yot £ un i R 4 1Y,
+b4('Jn * Vi, T Jp ) Vnp) E 0.04 + SZ 50 fsyd-%Tov-min /T~ - :
The freedom b, improves the TNES . e 10.2
Skyrme model performance. < ) :

0.0

e VY X c limit of RMF model: —0.2

Nl |

2 2 - \ PREX & CREX,~
b, ~ : 5 gp i /\ DO N 10,20,30}:&’ i
AFPb208 []

large 0-meson coupling improves
the RMF models.

Linear correlation of form factor difference



Impact of »; on neutron skin AR,

AR, of “98pp increases with b,

0.10
AR, of *8Ca decreases with b
0.08
Large b, reduces the tension =~ —
between PREX and CREX. IE 0.06
’
90% lower bound of b: < 004
1 2 0.74 fm;L (Skyrme)
2 2 0.54 tm™ (RMF) 0.02
The large density fluctuation 0.00

inside nuclel may be reduced by
introducing addition tensor interactions,
see M. Salinas and J. Piekarewicz 2024
(arXiv:2312.13474)
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https://arxiv.org/abs/2312.13474

Impact of »; on neutron skin AR,

e Larger b, =

Larger(smaller) splitting for n(p).
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Issue of varying only isovector spin-orbit potential
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e A. Kunjipurayil, M. Salinas and J. Piekarewicz 2024 (arXiv:2503.07405)
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https://arxiv.org/abs/2503.07405

Free Tensor Interaction

e Spin-orbit force in Skyrme model:

00— | |
H SO — b 4‘J *VIN ¢ < Nonrelativistic EDFs -l l..
/ . m Relativistic EDFs m
b4(Jn . vnn + Jp . Vnp ) 0 05 _ [ ’ l CX _
Tensor force in Skyrme model: ! o -
— 2 2 2 i ’ ‘ -Sym
Hy = bJ* + bj(J; + J3) | -"’ T _
The freedom by, by and bjimprove ~_°94f Sy erovms ;
the Skyrme model performance,  {° | _ 90% |
see arXiv.2406.03844: < 003l a/: :
S240 and eS240: b, = 0.6 fm™* .
S500 and €S500: b, = 1.3 fm™ L
4 ‘ 0.02}| ™ -
 which is consistent with our analysis: 001 | | | | | | | |
by, = 1.37 £ 0.49 fm™* 000 001 002 003 004 005 006 0.07
and 90% lower bound: AFGw

> 0.74 fm* (Skyrme)

T.G. Yue, Z. Zhang, L.W. Chen arXiv.2406.03844
"> 0.54 fm* (RMF) J


https://arxiv.org/abs/2406.03844
https://arxiv.org/abs/2406.03844

Take away

e What nuclear properties can we learn from the experiment?
PREX+CREX prefers much Larger S, than expected.

e Why are Skyrme models more compatible than RMF models??
The freedom In isovector spin-orbit interaction b;.

e How may the mean-field model improve in the future?
Increase the degree of freedom on surface-related isovector
Interactions, e.g. isovector spin-orbit interaction, isovector
tensor interaction.

see arXiv.2400.052607
Tianqgi Zhao, Zidu Lin, Bharat Kumar, Andrew Steiner, Madappa Prakash
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