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Motivation

@ The Quark-Meson Coupling (QMC) model describes a self-consistent
relationship between the dynamics of the quark structure of a nucleon
and the relativistic mean fields arising within the nuclear medium.
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Motivation

@ The QMC model energy density functional (EDF) was successfully
employed to investigate several ground state properties of even-even
finite nuclei across the nuclear chart
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Motivation

@ Several nuclear observables are left to be studied using the QMC
model and further development in the model is sought for better
predictions of such observables
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The QMC Model
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The QMC Model

@ employs relativistic mean-field theory

@ interactions are described through the
scalar ¢ meson for the intermediate
range attraction, vector meson w for
the short-range repulsion, and
vector-isovector p for isospin
dependence
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The QMC Model

Nucleon effective mass:

x d
Mg = Mp — g-0 + 5(g00)2
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The QMC Model

Nucleon effective mass:

« d
Mg = Mp — g-0 + E(gaU)Z

The classical total energy

Eame = 3 /P2+ M2(o(R)) + ghw(R) + g,01.B(R)
=1

+E5; + Ewp
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The QMC Model

To get the Hamiltonian, Hopc, we eliminate the meson fields by solving
the equations of motion:

5HQMC . 5HQMC - 5HQMC —0

so(f)  ow()  0B(R)
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The QMC Model

To get the Hamiltonian, Hopc, we eliminate the meson fields by solving
the equations of motion:

5HQMC . 5HQMC - 5HQMC .

So(7)  ow(d)  0B(A)

HF calculation

Eqmc = (P|Homc|P)
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QMC model for finite nuclei

Densities
N\ N\ 5 — 2
,Om(F) — >J>J‘¢I(r707m) y P:pp+pn7
I€Fm ©
N —\ — : - 2
Tm(F) = >J>J Vo' (r,o,m)| , T=1Tp+ Tn,
IcFm ©
I = 0 o x |V (7o, m)| 67 (70", m)
icF,, oo’
J=J+ 7
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QMC model for finite nuclei

The contributions to the QMC Hamiltonian can be written as

HQMC — HO + H3 + Heff + Hfin + Hso + H7r

Ho + H3 < p* QMC density-dependent terms

Har o< pT effective mass term
Hg, < V?p finite size effect
Hso < V - J spin-orbit

H, single-pion exchange
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QMC model for finite nuclei

The contributions to the QMC Hamiltonian can be written as

HQMC — HO + H3 + Heff + Hfin + Hso + H7r

Ho + H3 < p* QMC density-dependent terms

Har o< pT effective mass term
Hg, < V?p finite size effect
Hso x V - J spin-orbit

H, single-pion exchange

Model parameters: G, = % (u=o0,w,p), My, and A3
I
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The pairing EDF

HF+BCS pairing
1 A\
Epair,q = ZSq(F)Pf,, Xq(F) = Z Uonoz|¢oz(r_)|2

acq

Pairing strength

<o-ul ()

Pc

Volume pairing / Delta force (DF) pairing
Surface pairing / Density-dependent delta interaction (DDDI)
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The QMC-derived pairing EDF

Pairing potential

G, G
—»_—/ — o L __p —»_—[
V(r r) (]_—I—d’GJ,O(F) w 4 ) 5(r r)
, 1
d :d+§GJ)\3
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The QMC-derived pairing EDF

Pairing potential

G G
F= (1+dfcap(f> 4)5“ ")
, 1
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Coulomb and center-of-mass correction

1 pp(P)pp(F) 3 573\3
_ 2= 3 ;3.Pp\r)Pp 9 23 3 4/3
ECoulomb = € 2/d rdr 4e (w) /d rlpp]

r=r

Ecom = —(P2)/(2mA)
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QMC versions

version pion o mass o self- spin- spin- pairing
coupling orbit tensor

QMC-lp3 v DF
QMCrr-l4 v v DF
QMCﬂ'— |[2,5] v bare v v DF
QMCm-11ls7 v D
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Parameterization procedure
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Experimental data set
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POUNDerS algorithm

Objective function F(X) for minimisation

L © _.._ . 2
AR =33 (%)
P

where
n total number of nuclei
o total number of observables wge = 1.0 MeV
s;j experimental values wgr_, = 0.02 fm
5;; fitted values wa, , = 0.12 MeV

Wi effective error
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Results
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QMC and pairing parameters

Parameter

Gy [fm?]
G, [fm?]
Gp [fm?]
M, [MeV]
A3 [fm_l]
V,[MeV]
Vih[MeV]

QMC~-11I

9.62
5.21
4.71
503

0.05

QMCr-IlI

9.66
5.23
4.75
493
0.05
258
237

QMCr-I

11.16
8.00
6.33
712
302
291

QMC-I

11.85
3.27
7.68
(22
284
326
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QMC nuclear matter properties

Accepted ranges:

Saturation density pg 0.16 fm—3

Saturation energy Eg -16 MeV

Symmetry energy S 29-33 MeV

Slope of symmetry energy Lg 58.9 MeV

Incompressibility Kj 200-315 MeV

NMP  QMCr-III QMCr-Il  QMCr-I QMC-1  SV-min
po (fm™3)  0.15 0.15 0.15 0.16 0.16
Eo (MeV) -15.7 -15.7 -15.8 -15.9 -15.9
So(MeV) 29 29 30 30 31
Lo (MeV) 43 40 17 23 93
Ko (MeV) 233 230 319 340 222
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QMC predictions for binding energies of even-even
superheavy elements (SHE)

-7.36 -
Fm No
-7.38 | —
S 74t -
()
é 7.42
< E —a—
3 Xpt
7.44 | . QMC-|
QMCrt-|
-7.46 - QMCr-Il  »
QMCrt-lll o
-7-48 | | | | | | | | | |
3t il
% A A A A a a A A a A
> 15 A | A R
= e o o f
© o ® o o ° o ¢ ° A
5 0 ® o e o ° ° ® o
N °
)
= .15 | —
LLl
o
g 3f 1
e
45 | 4
| | | | | | | | | |
142 146 150 154 158 146 150 154 158 162

Neutron number, N

BE per nucleon and total BE residuals along Fm and No chains.

K. M. Paglinawan XVIth Quark Confinement and the Hadron Spectrum 2024 August 19, 2024 24 / 49



QMC predictions for binding energies of even-even
superheavy elements (SHE)
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QMC predictions for binding energies of even-even
superheavy elements (SHE)
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QMC predictions for binding energies of even-even
superheavy elements (SHE)

Comparison of total BE residuals for Z > 112 from different QMC

Versions.
Element 2 N  QMC-I QMCr-I QMCx-Il  QMCr-IlI
Cn 112 164 -1.8 -1.2 2.7 0.2
112 166 -1.7 -1.9 2.5 -0.8
112 168 -1.4 -2.5 1.5 -0.6
112 170 -0.8 -2.8 1.0 -0.6
112 172 -0.4 -3.4 0.4 -1.1
FI 114 170 -1.2 -1.7 1.6 0.3
114 172 -0.5 -2.0 1.4 0.2
114 174 0.1 -2.4 1.0 -0.6
Lv 116 174 -0.4 -1.2 2.4 -0.3
116 176 0.3 -1.6 2.1 -1.3
Og 118 176 -0.7 -0.8 3.5 -0.8
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Comparison of binding energies of even-even
superheavy elements (SHE)

10

S v v
— v v v v v
g v Y v 3 AR b 4 v 7 v
v
2 s s $ YT Vs 0 5 s | ° *
e 4 8 v v § o 9 ‘ L Y
= 0 s 3 i s $ ¢ s 2 3
w : 2 : A 4 4 8 LI } s ° .
A A A A
L J
A
-2k 2 A : A .
. A A a
A & A A A A
A
FRDM &
. A
“4r SVmin-HFBTHO
UNEDF1 v
QMCrt-lll @ o
-6
-8
250 255 260 265 270 275 280 285 290 295

Mass number, A

Comparison of SHE binding energy residuals from nuclear models plotted against
mass number A and computed using AME 2020][2].
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Comparison of rms percent deviations and rms
residuals for SHE with available data

Model rms % deviation rms residual (MeV)
QMCr-IlII 0.03 0.52
QMCr-I1 [11] 0.11 2.04
QMCr-1 [6] 0.12 2.42
QMC-I [5] 0.08 1.50
FRDM 0.11 2.25
SV-min 0.36 6.99
UNEDF1 0.07 1.31
DD-MEo 0.12 2.28
y
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Subshell

Two-neutron separation energies, Sy, plotted against neutron number.

S,, (MeV)

closures in the SHE region
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Results from QMOCr-11l are shown as filled symbols and connected by lines while experimental data and errors are shown as

empty symbols with vertical errorbars. Inset shows the S, values plotted against N for SHE with Z > 112.
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Subshell closures in the SHE region
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(), energies
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« decay half-lives

Viola-Seaborg relationship (VS): logio(T1/2)
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« decay half-lives
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Logio( T1/2) values of Fm, No, Rf, and Sg isotopic chains from NUBASE 2020
data, AME 2020 Q. data, predictions from QMCx-3, and other nuclear models
computed using the Viola-Seaborg relationship.
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« decay half-lives
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Logio( T1/2) values of Hs, Ds, Cn, and Fl isotopic chains from NUBASE 2020
data, AME 2020 Q. data, predictions from QMCx-3, and other nuclear models
computed using the Viola-Seaborg relationship.
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Deformation properties
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Deformation plots for even-even SHE with 100 < Z < 110 and with N from the
proton dripline up to N < 186 obtained from QMC-3.
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For QMCrr-Ill, the first minima are shown as filled red symbols, while the other minima, which are very close to the first, are
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shown as empty red symbols and labelled ‘QMCr-I11*’,
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Even-even nuclei across the nuclear chart

- : 1 N9 (c.. )2
Root-mean-square residuals: \/3 >.i 2 (S —sij)

Model BE (MeV) Rcn (fm) # of parameters
QMCr-IlI 1.59 0.024 5
QMCr-ll 2.34 0.029 5+2
QMCrr- 2.78 0.028 4+-2
QMC-I 3.84 0.030 4+2
SV-min 3.64 0.024 11+3
UNEDF1 2.06 0.029 1142
DD-ME& 2.41 0.035 144-2
FRDM 0.89 - 17
y
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observables.

@ QMCr-Il and QMCr-1ll produced nuclear matter properties within

the acceptable ranges and showed considerable improvement for L
and Ko.

@ The latest version of the QMC model performs very well in the
superheavy region, yielding excellent results for binding energies and
energy differences compared to available data.

@ Improvement in the predictions was seen as the QMC model
developed.

@ In regions where data for ground-state observables are not yet
available, QMCm-I1l showed comparable results to other nuclear
models even though there are significantly fewer model parameters.
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Thank you for your attention.
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Same as in Figure 37 but for Hs, Ds, Cn and Fl isotopic chains.
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Deformation plots for even-even SHE with 100 < Z < 110 and with N from the
proton dripline up to N < 186 obtained from QMC-3.
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Deformation plots for even-even SHE with 100 < Z < 110 and with N from the
proton dripline up to N < 186 obtained from QMC-3.
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Even-even nuclei across the nuclear chart
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QMCr-11I predictions for (a) BE residuals and (b) absolute BE % deviation for
even-even nuclei (Z > 8) with known masses.
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QMCr-11I predictions for (a) Ry residuals and (b) absolute R., % deviation for
even-even nuclei (Z > 8) with known masses.
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